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Introduction

1. Introduction
1"""'"'- This document is the 1992 Research and Develop-

ment and Engineering Plan for the Solenoidal Detec
tor Collaboration(SDC). The detector proposed by
the SDC is a general-purpose detector aimed at pur
suing a. "broad .range of physics goals at the sse. The
Solenoidal Detector Collaboration presently consists
of about 700 physicists and engineers from about 100
institutions- in the United States, Japan, the Soviet
Union, the United Kingdom, France, Italy, Canada,
the Peoples Republic of China, Bulgaria, Czechoslo
vakia, Romania, and Israel. In addition, the SDC
is being aided by collaborators from IBM, Hughes
Aircraft, Rockwell International Corporation, Kaiser
Engineering, Martin-Marietta Corporation, Quan
tum Research Services, RTK Engineering, Silicon
Dynamics, Inc., the Westinghouse Science and Tech
nology Center, and Draper Laboratories

In early January 1991, the SDC was approved
to develop a Technical Proposal. During the last
months, the SDC has been working vigorously to
better define the parameters of the detector, to carry
out critical R&D activities, to develop conceptual
engineering designs of most of the major detector

r--. subsystem, to compile much more detailed cost and
schedule estimates and to develop the organization
of the collaboration. These activities have been
supported by resources internal to the collaboration,
monies from the Large Subsystem R&D Program ad
ministered by the SSCL, funding from the TNRLC,

1

and direct support of the SDC administered by the
SSCL.

In FY1992 we must continue or complete vital
R&D work on all of the major components of the
SDC detector. Furthermore, we must accelerate the
pace of engineering design of the components and ex
pand our efforts in systems integration. The design
of the experimental facilities to house and support
the detector is proceeding in parallel with the de
tector R&D and design. We must provide detailed
requirements for these designs to keep pace with the
schedule for facilities design. A baseline cost and
schedule must be completed and will undergo exten
sive review during FY1992. All of these activities
will be supported by resources internal to the col
laboration and by funds administered by the SSCL.

This document contains a brief description of
progress since the submittal of the Letter of In
tent (LoI), very brief summaries of progress in all
aspects of the detector and almost equally brief de
scriptions of the R&D and engineering required in
FY1992 to meet our goal of initiating construction
in FY1993. We are requesting a total of $19.9M
from the SSCL to support R&D and engineering in
FY1992. In addition, there will be substantial sup
port from outside the US for work ongoing in non-US
countries. The scope of this work is described in
this document, but not the funding requests from
the non-US countries.
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2. Progress since the Letter of Intent

Since the submission of the LoI there has been in
tensive activity in all areas of detector R&D and en
gineering design. with full collaboration meetings ev
ery 1! months augmented by a large number of spe
cialized meetings focused on specific subsystems. We
summarize below some of the main developments:

1. The Collaboration has expanded significantly
with the addition of groups from Iowa State
University. Los Alamos National Laboratory.
Louisiana State University, Northeastern Univer
sity, Northern illinois University, Yale University,
and TRIUMF Laboratory (Canada). Applica
tions from groups in Brazil, Poland, Montreal,
and from the Universities of Kansas and Okla
homa are in process. We are expecting more
applicants both from the US and from abroad.
We have also had interactions with some of the
Soviet groups formerly in the EMPACT/TEXAS
Collaboration and are hopeful that many of their
members will join us.

2. An improved costing process has been imple
mented. A new cost estimate based on an
updated detector design is being prepared, and
used to develop a cost-optimized detector scope
for the preparation of the technical proposal.

3. Facilities integration efforts ha.ve involved close
cooperation among the SSCL experimental facil
ities group, some members of the Conventional
Construction Division, and the SDC facilities in
tegration group. A major focus has been the
design of the underground hall, and particularly
the determination of its size, mode of construc
tion, and location. Important detector considera
tions have included physical size, requirements for
assembly and disassembly, space for electronics
located in the hall, and requirements for the var
ious facilities. At the same time hall construction
issues such as cost, time to construct, feasibil
ity of the needed span dimension, depth, etc.
were also taken into account. Recent efforts have
focused on the design of the surface facilities.

4. Detector integration efforts have focused on issues
of access, placement and quantity of on-detector
electronics, provision of space for cables, cryogen
ics and other facilities, procedures for assembly
and disassembly, design of supports for the steel
structure and for the various subsystems, etc.
Considerations of ease of access to the calorime
ter, tracking and inner muon chambers have led
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to some modifications of the toroid steel geometry
from that shown in the Lol. This will be evident
in the figures of the next section. A general design
concept for the construction and assembly of the
central iron toroids has been chosen after careful
review of various possible design directions, and
a full conceptual design is being prepared.

We now move to progress in the subsystems:

5. Central tracking system: Appropriate tolerances
for both the silicon and the outer tracking have
been developed. For the silicon system there has
been development of the support structure, ca
bling arrangements, and cooling system. The
optimized detector configuration is under study,
including strip length and stereo angle, with
a final decision to be based on an evaluation
of performance, technical risk, cost, maintain
ability, reliability. and safety. Newly fabricated
double-sided silicon detectors (DSSD) are being
subjected to radiation damage studies.

6. Outer tracking: R&D is continuing on both straw
tube and scintillating fiber technologies. Beam
tests are being prepared for both technologies.
Bench tests with fibers and VLPC's indicate
good photoelectron yield and attenuation lengths
of about 6 m for scintillating fibers and 8 m for
fiber wa.veguides. Engineering work on support
structures for both straws and fibers, includ
ing stereo elements, is in progress. The general
support concept based on thin continuous cylin
ders is common to both technologies. Procedures
for assembly and alignment are under develop
ment. We will substantially narrow options for
the tracking system by February 1, 1992. The in
termediate region tracker design is still very much
under study. To cope with SDC design luminos
ity, scintillating fiber and gas microstrip systems
look like potential candidates, but substantial
R&D, especially for the latter case, is required.

7. Solenoid magnet: R&D and design is a collabora
tive effort between FNAL and KEK. The devel
opment of superconductor satisfying the strength
and resistivity requirements has been successful,
and fabrication of full-size superconducting cable
is in process. Design efforts on thin vacuum shells,
the cryogenic chimney, the coil supports, the re
quired cryogenics, and calculations of the effects
of iron geometry on coil forces are all proceeding.
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8. Calorimetry: The option of scintillating tile with
wavelength shifting-fiber readout has been se
lected for the central calorimetry. The rela.tive
amounts of lead and iron absorber in the hadronic
section are still to be determined by December. In
preparation for these decisions, simulation stud
ies ha.ve been done or a.re in progress to study the
physics impact of particular choices of depth, e/ h;
segmentation, shower maximum detector granu
larity etc. At the same time, beam tests of various
modules are either under way or about to start.
These include electromagnetic lead/scintillator
modules, an iron/scintillator hadronic prototype,
and a scintillator test calorimeter specially de
signed to study the e]h impact of various choices
of absorbers. There are also extensive studies
of radiation damage in scintillator/lead modules
at various electron linac facilities (Beijing, KEK,
Kharkhov, Orsay}, coupled with analyses of how
to calibrate and correct for localized damage in
the EM compartment. Forward calorimetry poses
special challenges of its own, and the SDC has set
up a task force to better define the requirements,
to evaluate the candidate technologies, and to set
up a process for reducing the present options to
the point of making a specific choice.

9. Muon systems: The evolution of the design for
the iron toroids has been -discussed earlier. The
development of the muon tracking chambers is
now the object of increasing R&D effort. This
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program includes the determination of an optimal
arrangement of wire orientations to fulfill momen
tum resolution and trigger goals while minimiz
ing cost, the study and evaluation of various drift
chamber structures, and the study of alignment
and support issues. Prototype chambers are now
being constructed. Prototype designs for the bar
rel chambers will be evaluated by February 1,
1992 and a single design selected by that da.te. A
beam test is about to run at FNAL to determine
the properties of charged particles accompanying
muons emerging from absorbers, and to deter
mine the efficiency of muon track reconstruction.

10. Electronics: There is continuing progress in the
R&D on individual components, and increased
effort in the development of complete system de
signs including all front ends, trigger, and data
acquisition. The integration activity has focused
on physical layout, and interfaces between elec
tronics systems as well as between mechanical
and electronics systems. Choices between al
terna.tive design concepts, based on flexibility,
performance, and cost, will be made toward the
end of calendar 1991.

The above list, while far short of presenting all
recent SDC activities, does provide an indication
of the substantial level of effort under way as the
collaboration heads toward the preparation of its
Technical Proposal.
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3. Description of the SDC Detector

The design of the SDC detector has evolved sub
stantially in detail since submission of the Lol.

An isometric view of the present SDC detector
concept is shown in. Fig. 1. A quadrant view is shown
in Fig. 2 and an end view in Fig. 3. Fig. 4 shows a.
blowup of the central tracking and calorimetry.

We compare "the present design with that pre
sented in the LoI:

3.1. Tracking

The scope of silicon system has been reduced by
about a factor two in area from that described in
the Lol. The outer tracking in the barrel region will
be either a straw tube array, a scintillating fiber
array Or a combination of the two. The interme
diate tracking system shown here consists of three
modules of gas microstrip chambers at each end.

The design of the tracking system is under intense
review. By November, the number of options will
be reduced, with a selection of the option(s) for the
Technical Proposal to be made by February 1, 1992.

3.2. Solenoid

The magnet is unchanged from the 101 version,
as is the tracking volume.

Description of the SDC Detector

3.3. Calorimetry

The shape of the tile/fiber calorimeter differs
somewhat from that shown in the Lol in being more
oval and less rectangular. The depth of calorimeter
has been reduced to 9>' at 117 1= O. The granularity
and sampling ratios are all under intense study in
preparation for a final selection of the configuration
of the hadronic absorber by December.

3.4. Muon system

A significant change has been made in the iron
toroids. In contrast to the LoI version, there is an
84 cm radial gap between the central toroid and
the forward toroids, and the central toroid has been
lengthened. This change, made to allow relatively
easy access to the calorimeter and tracking system
without the necessity of moving some 5000 tons
of forward toroid, was incorporated after study of
several alternative access schemes. There has also
been some rearrangement of muon tracking cham
bers, partially motivated by the toroid modifications
and by cost. The number of la.yers in the barrel
region has been reduced by about 35% from the Lol.

3.5. Forward calorimetry

The forward calorimeter has been shifted inward
to avoid interference with the first quadrupole during
large-scale disassembly in which the forward toroids
are moved out. The technology for the forward
calorimetry has not been selected.
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4. Overview of FY1992
~ R&D and engineering plans

By October 1992 we must have completed the
following:

• preparation. of a detailed Technical Proposal de
scribing a conceptual design for our detector

• preparation of a detailed cost estimate and sched
ule

• extensive review of the detector design and cost
by the SSCL, the PAC, the DOE, and others

• completion of most of the basic or proof-of
principle R&D leading to choices of technology or
design directions

• sufficient conceptual and preliminary engineering
design as a. basis for assessing performance, devel
oping cost, and allowing the rapid build-up of re
sources required to begin construction in FY1993

• organization of the collaboration to manage the
construction of the detector

The 1992 R&D and Engineering Plan has been
developed to meet all of these goals. In the sections
below we briefly summarize the critical R&D needs,

,.-... engineering plans for detector subsystems, the en
gineering needs to integrate the subsystems into a
coherent detector and resources required to develop
and defend a detailed cost and schedule. The US
budget request for FY1992 is summarized at the end
of this section.

4.1. Overview of goals for detector subsys
terns

The major subsystems in the detector are the
tracking system, the calorimetry, the superconduct
ing solenoid, the muon system, the electronics sys
tems and the computing. The major R&D and
engineering goals in FY1992 for each of these are
briefly described below.

4.1.1. Tracking system

The tracking system consists of two major compo
nents: an inner silicon tracker, possibly including a
pixel section at the innermost radius, and an outer
tracker. The outer tracker is further-divided into a
barrel section and an intermediate section.

r-.. Silicon tracking system

The silicon tracking system will have either pixel
or strip detectors for radii less than 10 cm and strip
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detectors outside this radius. We are evaluating the
cost and benefits of the pixel detector and will reach
a decision regarding its inclusion in the Technical
Proposal by November 1991. The silicon tracking
system is the critical element in pattern recognition
for all tracks, has the ability to fully reconstruct
tracks within jets of Pt up to about 1 TeV [e, and
provides secondary vertex detection capability.

The major accomplishments in the last year for
the silicon strip part of the detector include:

• demonstration that double-sided detectors will
function properly up to doses of 1014 particles
per cm2 , or about the equivalent of 20 years at a
radius of 15 em at the design luminosity

• demonstration that bipolar and radiation-hardened
CMOS electronics will function for the same flu
ence as above

• preliminary demonstration of a working wick
cooled ring

• substantial progress on the conceptual design of
the mechanical structure, including finite-element
calculations showing that tolerance goals can be
met

• construction of a mechanical prototype of a de
tector module that satisfies rigidity and other
requirements

• completion of a detailed, though preliminary, cost
and schedule estimate

In FY1992, R&D is required to develop the front
end electronics, data acquisition and trigger cir
cuitry. A prototype front-end chain of circuitry
must be complete and ready for test by the end of
FY1992 since exhaustive tests, including radiation
studies, are required to validate the design. The
cabling and packaging for electronics and detectors
require a substantial engineering effort in FY1992.
In the mechanical arena, a full-scale prototype of a
barrel region superlayer section will be constructed
to verify design concepts and structural stability.
Optical techniques developed to measure the stabil
ity will be used in the final production process. Since
butane is used as an evaporative cooling fluid, a full
safety analysis must be completed. Materials com
patibility studies will continue. Most of the design
effort to date has focussed on the barrel region. In
FY1992 the design work for support, alignment, and
cooling of the forward disks should begin in earnest.
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Progress has also been made in the development
of the pixel detector. Test integrated circuits to read
out single pixel cells and arrays have been fabricated.
The results of these tests will lead to the develop
ment of new chips this summer. More advanced
designs are .being pursued, but have not been im
plemented yet in silicon. These more sophisticated
architectures will be needed in the eventual detector.

Unfortunately, because of the limited funds allo
cated to SDC efforts, it is not possible to support the
pixel detector R&D in FY1992 through these funds.
The SDC hopes that such continued support through
generic R&D funds will be possible. Assuming that
continuing pixel detector R&D can be supported,
the SDC can la.ter have the option of replacing, in
the inner layers, the strip detectors by pixel detec
tors, provided such replacement can be justified in
terms of cost and performance considerations.

Outer tracker

At the present time, the outer tracker is divided
into a barrel region and an intermediate tracker. In
the barrel region, the techniques being considered
are straw tubes, scintillating fibers, or a combination
of the two. In the intermediate region, scintillating
fibers and gas microstrip detectors are possibilities.

Work on straw tubes is at an advanced stage of
conceptual design, but important R&D is still re
quired. Testing of straw tubes of 4 mm diameter
and 4 m length for efficiency, stability and timing
characteristics is necessary. The design concept for
fiber tracking is currently being developed. Impor
tant beam tests at FNAL are planned to confirm
proof-of-principle. Essential R&D is required to
develop large scale fiber manufacture, provide for
further optimization of VLPC's including their cryo
genic support and control, and develop appropriate
placement and registration techniques for the fabri
cation of cylindrical layers for the central region and
disks for the intermediate region. Work on gas mi
crostrips is directed toward proof-of-principle, with
the goals of demonstrating both stable, long-term
operation and the ability to detect minimum ionizing
particles with good efficiency.

Barrel tracker

The barrel tracker provides Level 1 and Level 2
triggers for high Pt charged particles, and, in com
bination with the silicon tracker, high precision
measurements of momenta. The barrel tracker must
provide a precise point at the outermost radius of
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the tracking volume to obtain the best momentum
measurement accuracy. It must also have one or
more superlayers instrumented to provide a prompt
Level 1 trigger on stiff tracks. The number of layers
required for pattern recognition, in conjunction with
the silicon, is still under study. The relative cost and
pattern recognition capability of the overall tracking
system depend in turn on the number of silicon and
outer tracking elements. We plan to complete this
optimization study by November 1991.

There are two technologies under consideration for
the barrel tracker: straw drift tubes of about 4 mm
diameter arrayed into superlayers, and scintillating
fibers of about 0.85 mm diameter, also in superIayer
arrays. While we are also considering designs which
combine the two technologies, cost considerations
strongly indicate the desirability of selecting a single
technology for the barrel tracker to minimize the en
gineering design and prototype construction efforts,
which represent a substantial fraction of the total
cost. We intend to complete a preliminary review of
options by November 1991 with a final selection to
follow by February 1992.

Two different approaches are being pursued for
mounting the straws in superIayers. In one approach
the straws are contained in thin self-supporting mod
ules that are then located precisely on a thin support
cylinder. Two modules, each about 4 m in length,
would be needed to cover the 8 m axial length of the
tracking volume. In the other approach, Individual
straws or straw bundles are constructed and the wire
tension is held by stiff end rings, in turn supported
by thin cylinders. In this case each straw covers the
full 8 m length, but has a mid-tube terminator that
electrically decouples its two halves.

Modules of one foot length have been constructed
and tested. AIm long prototype is under construc
tion and is being evaluated. Of particular interest
is the accuracy of location of the straws, which can
only be evaluated in a prototype. A 4 m prototype
is in the planning stage and should be completed
early in FY1992. 'For the single or bundled straw
approach, 3 m long stacks tha.t meet tolerances have
been constructed by hand. A preliminary review of
these two approaches was made in May, and fur
ther review will occur in November. A selection of
the design approach will be made before large pro
totype construction is initiated in FY1992. In either
case the major goals in FY1992 will be to design
and initiate construction of a full-scale prototype
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of about 2000 tubes and to complete a preliminary
engineering design of the support structure.

Studies of intermediate wire supports, gas prop
erties, radiation-induced aging, attenuation lengths,
wire termination, and electronics connections are
mostly common to either approach for mounting the
straws. Attenuation lengths of about 6 m have been
demonstrated. In FY1992 these studies will continue
to optimize-the thin conductive coating on the cath
odes of the tubes. Wire supports are required about
every meter in either approach. Prototype supports
have been fabricated and methods for wire insertion
with the supports in place have been demonstrated.
In FY1992 studies of mass production techniques
to accommodate to the intermediate supports will
begin. Good efficiency and resolution have been
obtained with CF../isobutane mixtures and detailed
aging studies are in process. In the final tracker,
low-mass terminations, gas connections and connec
tion to front-end circuitry must be realized. This
work began in the last half of FY1991 and must
continue in FY1992.

In the fiber option, scintillating fibers with lengths
up to 4 m would be precisely located on support
cylinders. Each scintillating fiber would be joined
to a clear fiber that transmits the light outside
of the tracking volume to photodetectors located
on the back of the central calorimeter. The solid
state photodetectors, Visible Light Photon Coun
ters (VLPC's), have a quantum efficiency of about
85% and operate at about 7° K. Recent tests of a
4 m fiber (mirrored at the end) coupled to a 4 m
clear fiber readout by a VLPC have detected 4-5
photoelectrons from 207Bi and l06Ru sources.

Larger scale-tests have been initiated. A 16
channel array is ready for bench tests, and a 96
channel prototype will be undergoing beam tests
at FNAL. In addition, work to develop a complete
conceptual design for the VLPC system, including
cryogenics and preamplifiers, has been initiated in
collaboration with the Rockwell Corporation, the
manufacturer of the VLPC's. This first concep
tual design will be available by December 1991, and
will include a cost estimate for the system. Very
preliminary indications are that the cost per chan
nel of VLPC system, including preamplifier, will be
$20-$25 in large quantities.

The work plan for the fiber option in FY1992 also
includes a significant component of fundamental
R&D on the scintillating and clear fibers to increase
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the light yield. In addition, fiber manufacturing en
gineering must be completed both to produce the
large amount of fiber with consistent quality and to
understand how to produce fiber ribbons that have
the proper pitch and precision. Additional concep
tual engineering is required to develop the tooling
and means toprecisely lay fibers or ribbons onto sup
port cylinders and to preserve the registration of the
fibers within layers and, equally important, between
layers on the same support structure. The struc
ture must not only provide the needed precision and
strength but be light-tight as well. Methods of mak
ing removable connections between the scintillating
fibers and the clear fibers must also be studied.

If the fiber option is selected, design and fabri
cation of a prototype system, including large arrays
of VLPC's would be initiated. A prototype system
of about 1000 fibers would be completed in early
FY1993 and be available for extensive tests.

Intermediate tracker

The intermediate tracker covers the pseudorapid
ity region 1.8 < I'll < 2.5. The precise boundary
between the intermediate tracker and the barrel
tracker remains to be determined. The intermediate
tracker is essential for the provision of a Levell elec
tron trigger in the intermediate region and is also
used in the higher level triggers. In conjunction with
the silicon tracker it provides tracking capability and
extends the lever arm for momentum resolution in
this region.

While the general goals of the intermediate tracker
are well understood, the implementation in a par
ticular technology has not yet been decided. The
scale of the intermediate tracker is such that addi
tional R&D and design are possible through at least
1992 before a decision must be made on the technol
ogy. Candidate technologies are scintillating fibers
and gas microstrip detectors.

Groups in the United Kingdom, Canada and the
United States are considering gas microstrip or sim
ilar techniques for the intermediate region. While
the promise is great, substantial fundamental R&D
must be done to determine the basic feasibility of
the technique. In addition, some conceptual engi
neering design must also be done to determine if
these devices can be employed at reasonable cost
even if the fundamental R&D proves successful. Our
goals are to establish the basic "proof-of-principle"
for microstrip detectors and to complete sufficient
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engineering design by the end of 1992 to assess the
viability of the technique.

The R&D required to develop an intermediate
angle fiber tracker is identical in almost all respects
to that required for the barrel region. In addition,
a conceptual design must be developed for laying
fibers in a space-filllng spiral or other patterns suit
able for the intermediate region. Furthermore, the
trigger requirements for this region must be assessed
carefully and be reflected in the mechanical design.

4.1.2. Superconducting solenoid

The responsibility for the superconducting solenoid
is shared between Japan and the United States.

There has already been substantial progress in de
veloping a high-strength, aluminum-stabilized con
ductor in Japan. Coil winding tests are underway in
Japan under contract with Toshiba. In the US there
has been development of preliminary concepts for a
thin-walled vacuum vessel, for the chimney carrying
the cryogenic lines, for support of the coil by the
calorimeter, and for the cryogenic and power sys
tems. There has also been extensive magnetostatic
modeling to understand the in!uence of calorimeter
geometries containing iron.

The primary goal in 1992 is to begin the develop
ment of a prototype coil of full diameter but of 25%
of the length required for the SDC detector. This
prototype would be completed and tested in 1993 in
Japan. In a.ddition to design assistance, the US will
provide the test vacuum vessel, the support mem
bers and other aspects of the cryogenic systems, and
will also continue design work aimed at integration
of the solenoid with other detector systems. Most
of the support for the prototype magnet design and
construction will come from Japan.

4.1.3. Calorimeter system

Our calorimeter system is comprised of a cen
tral calorimeter covering the pseudorapidity region
1111 < 3 and a forward calorimetery covering the range
3 < 1111 < 5.5. The central calorimetry provides elec
tron/photon identification and measurement, and jet
measurements. The forward calorimeter completes
the angular coverage to allow missing transverse
energy measurements and to tag the presence of
forward-going jets. Electron identification will not
be done in the forward region.

Central calorimeter

Since November 1990 we have been considering
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two options for the central calorimetry: lead/iron
absorber with scintillating tile/fiber readout and
lead absorber with liquid argon readout. Test beam
studies relevant to the scintillating tile/fiber option
are now underway at FNAL, and studies of liquid
argon calorimetry with fast shaping time have been
completed at BNL. Irradiation of scintillator test
modules in intense electron beams has been com
pleted at KEK, Orsay, and mEP (Beijing). In early
August we had an extensive review of the two op
tions and further review in mid-September. The
scintillating tile fiber option was selected.

Most of our engineering resources have gone into
the scintillator option. The scintillator design con
sists of a lead electromagnetic (EM) section followed
by either a lea.d/iron hadronic section or an all iron
hadronic section. The lead sections may be fab
ricated by casting complete modules or by using
plates. A successful test casting of an EM mod
ule has been completed and a cast EM module is
being tested at FNAL. The iron hadronic sections
may either. be fabrica.ted from plates fastened to
gether or from thin stamped laminations stacked
into modules. An iron hadronic module made from
laminations is under construction and will be studied
in a FNAL test beam in the next few months. Suffi
cient conceptual engineering has been completed for
the cast-lead, iron-plate version to form the basis for
a detailed cost estimate. The other fabrication op
tions will be investigated to allow cost comparisons.
The engineering design effort for the scintillator op
tion in FY1992 will be guided by results from the
beam tests, our assessment of the need for the more
uniform magnetic field that results from an all-iron
hadronic section, a performance assessment, and
cost. It is already clear from our preliminary cost
estimate that a major industrial engineering effort
must be started in FY1992 to develop tile-fiber man
ufacturing techniques on a mass scale. By the end
of FY1992 we should be well into preliminary engi
neering design of the barrel and endcap sections of
the calorimeter.

In addition to engineering considerations, there
are a. large number of R&D issues to be addressed
for the scintillator option. The SDC calorimeter
requires definitive solutions to many fundamental is
sues (light output, masking requirements, the use of
glue to join the fibers to the tiles and many others)
in FY1992 so that the industrialization of the pro
duction process can proceed with proper guidance.
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Resolution of these issues requires both beam tests
(e.g. uniformity) and bench tests. The upgrade to
the CDF endplug is also using the tile-fiber tech
nique, and we expect to gain valuable experience
from this construction effort.

Radiation damage to scintillator is being addressed
by source tests of tiles and fibers and by irradia
tion of test EM modules at KEK, Orsay, and in
China. Although many parameters must be con
trolled in these tests, they have already indicated
that existing scintillators can function, with suitable
calibration, up to doses of at least 1 Mrad, The ac
cumulated dose in the barrel region is everywhere
less than 1 Mrad even for 10 years of operation at a
luminosity of 1034cm-2s-1• Finally, the results must
be extrapolated to the low dose-rate situation at the
SSC. We are working with chemists at Sandia to de
velop a model for this scaling. Radiation damage
tests will continue in FY1992. The precise plan will
be worked out after evaluating the results from the
current round of tests.

We plan to improve electron identification by us
ing a fine-grained detector consisting of narrow strips
located at shower maximum. For the scintilla.tor op
tion, this shower-max detector (SMD) would consist
of scintillator strips read out by fibers. Many of the
R&D issues are common to both the tower and the
SMD parts of the calorimeter. The SMD R&D ef
fort is collaborative between US groups which are
responsible for the photodetectors and the Sa.clay
group whose responsibilities include the scintillator
and mechanical design. In FY1992 the engineering
efforts will be aimed at producing a full design and
cost estimate for the SMD.

Forward calorimeter

The forward calorimeter design has two distinct
geometrical options. The conventional geometry for
the forward calorimeter is as shown in Fig. 2. We
are also considering a geometry like an inverted
cone that has a more gradual transition between
the endcap region of the central calorimetry and the
forward region. Simulation studies are underway to
evaluate the two concepts. Readout options include
ionization (liquid argon, warm liquid or high pressure
gas) and scintillation (liquid scintillator). R&D
efforts on these technologies will continue in FY1992
by groups from Canada, J apan, USSR, and the US.
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4.1.4. Muon system

The major components of the muon system are
steel toroids, muon chambers and the scintilla
torjCerenkov trigger counters. A conceptual design
now exists for the barrel steel toroids, and one is
almost complete for the intermediate toroids. De
sign of a. support structure for the toroids (and
thereby most of the detector) has begun. Design
of muon chambers is underway in the United States
and Japan. A preliminary layout of scintillation and
Cerenkov counters is complete. A test beam effort
to measure the electromagnetic "debris" accompa
nying high energy muons as they exit an absorber
is ready to take data at FNAL. Other efforts are
underway at FNAL to measure neutron yields and
spectra in and near calorimeters.

In FY1992 both the barrel and intermediate
toroids will enter the preliminary engineering de
sign phase. Most of this work will take place at the
SSCL in collaboration with physicists and engineers
from the USSR.

Since the submission of the Letter of Intent, rapid
progress has been made in the pursuit of four alter
native chamber designs primarily intended for the
barrel region. The options under consideration are
extruded octagonal or round aluminum drift tubes,
an oriented cell design with oval extrusions con
taining field-shaping inserts, and an open modular
jet-cell geometry. These differ substantially in their
mechanical construction, drift length and other pa
rameters. Full length (about 9 m) prototypes will
be completed in la.te 1991 or early 1992 for the three
designs to allow realistic comparisons to be made.
One design will be selected by February 1, 1992 on
the basis of performance and cost.

Extensive work on the design of the support
structure and alignment system for the chambers is
required in FY1992. To minimize costly installa
tion time, it is planned to preassemble very large
sections of the muon chamber and counter systems,
which would be installed as units on the toroid steel
structures. Detailed engineering studies are required
to optimize the design and to obtain the precision
required. In addition, we plan to initiate construc
tion of a so-called "super-tower" prototype to gain
hands-on experience with construction, alignment,
and monitoring of the very large chamber assem
blies. This work will take place at the SSCL.
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R&D in FY1992 for the scintillator and Cerenkov
trigger counters is relatively modest. The primary
issue for the scintillation counters is light collection,
since the use of a single tube per counter would
significantly reduce the cost. Design work on the
Cerenkov system will continue.

4.1.5. Electronics systems

Electronics sIstems include front-end electronics,
the data acquisition system, the trigger system, and
the control system. Work in all of these areas is well
along. Front-end systems for wire chambers are un
der development in Japan and the United States and
will be available for testing with straw tube chambers
this year. The conceptual design of the front-end
system for calorimetry is similarly advanced, and op
tions are being explored. Preliminary detailed cost
estimates now exist for all front-end systems.

Budgetary constraints compel us to select among
options for front-end electronics by early 1992. This
will be a. major focus of activity during this year as
the results of the R&D program over the last few
years are evaluated. Once selections are made, de
sign and prototyping will commence. Since actual
production is not required for some years, there will
be time to design, construct and test full prototype
systems.

A "straw-man" design of a data-acquisition sys
tem with detailed cost information now exists, and
extensive work is under way to define protocols and
simulate the system. Similarly a "straw-man" design
for the trigger system is being produced and docu
mented. A preliminary design and cost estimate of
the slow control system has been completed.

In 1992 the R&D and engineering issues that must
be pursued for the data acquisition system include
modelling and simulation of the data flow, study
of data transmission options and reliability analy
sis motivated by the fact that a large fraction of
the electronics system will not be easily accessible
during operation. The "straw-man" design will be
improved in preparing the Technical Proposal as will
the related cost estimate. The design of a portable
data acquisition system will be launched. This sys
tem will be utilized for subsystem tests. and beam
tests and would be the first attempt at defining SDC
standards for data acquisition.

The design of the trigger system is intimately re
lated to the design of the detector subsystems. De
sign work will continue for tracking, calorimetry and
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muon triggers. Preliminary designs exist for all of
these systems, and these must be evaluated and their
impact on the subsystem assessed. Location of the
trigger components also has a significant impact on
cable routing and plant. Global Levell and Level 2
trigger systems will also continue to be designed. A
"straw-man" design and detailed cost estimate will
be completed in time for the Technical Proposal.

4.1.6. Computing

In the last year the SDC computing effort has
been focussed on a conceptual design of the on-line
computing system for the purposes of estimating
costs, on developing simulation tools and a struc
ture for event simulation, and on the development
of computing models for the off-line computing sys
tem tha.t will be needed for the SDC. IBM is an
industrial affiliate with the SDC and is commit
ting substantial resources in the areas of scientific
database development, data storage, and software
design and management.

Our principal need in FY1992 is to develop a
greater presence at the SSCL to develop and main
tain codes for simulation of detector response and for
assessment of physics performance. Permanent staff
devoted to these tasks are needed at the SSCL. In
addition, as part of the Technical Proposal we must
generate a conceptual design of the complete off-line
computing system that is both consistent with the
needs of the SDC and consistent with realistic bud
get expecta.tions. Although much of the eventual
SDC computing will be located at the SSCL, there
must be substantial resources elsewhere in the US
and outside the US, and these must be integrated
into the overall plan. R&D on advanced database
systems and data storage is also required to guide
the design. Conceptual design and costing of the
on-line system will also continue.

4.2. Project management and systems in
tegration

Funds are required to support the operation of
the management of the Collaboration, compilation
of cost/schedule estimates from all of the subsys
tems and engineering coordination to integrate the
subsystems into an overall detector concept. In addi
tion, coordination on a detailed level with the SSCL
facilities group, responsible for the civil construction
for the underground hall and the associated sur
face buildings, must be maintained. To date LBL
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has borne the primary responsibility for coordinat
ing these functions. During FY1992, these activities
will shift to the SSCL with the goal that all project
management and engineering integration coordina
tion be fully operational at the SSCL by the latter
part of FY1992.

4.3. Summary of budget request

Our budget request for fiscal year 1992 is summa
rized in Table 1 by WBS element. We are requesting
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a total of $19.9 for FY1992. In addition, we are
requesting $900K to support work on off-line com
puting. These amounts are required to keep the
SDC project on schedule. Within this budget enve
lope we already are forced in some cases to select
technologies and design directions b~fore R&D is
completed. .AJJ.y significant reduction in the bud
get for FY1992 will greatly exacerbate this situation
and either force us to make premature choices of
technologies or produce significant delays.

r:
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Table 1
FY1992 budget request summary
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5.1 FRONT-END SYSTEMS 1450
5.2 DATA ACQUISmON SYSTEMS 350
5.3 TRIGGER SYSTEMS 500
5.4 CONTROL SYSTEMS 0
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7.2 ELECfRICAL UTILITIES 0
7.3 SAFETY SYSTEMS 0
7.4 STRUCI1JRAL SUPPORT SYSTEMS 0

:1:::m~~~11.m!iI~::~m~;~~:]fi1~ff@11~iigt!;0::i;%}}1::~ttJltt::):;i:::::\;::\\;~:\;;\::(1:i;(;1;:);l,\;'!j:):\:f;j;ttl{~:ri@'®lt%mlm
8.1 TEST BEAM PROGRAM 0
8.2 SUBSYSTEM INSTALL. AND TEST 0
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9.6 DETECTOR INTEGRATION 1600
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5. Tracking system

5.1. System Description

The tracking system is schematically shown in
Fig. 4. For radii below 0.5 m it consists of mul
tiple layers of silicon strips and/or pixels covering
a pseudorapidity interval 1'71 < 2.5. The main goal
for this part of the tracking is to provide a. system
with strong pattern recognition capability and sur
vivability, as well as the ability to identify vertices
associated with heavy quark decay.

For radii from 0.5 m to the outer tracking radius
of 1.7 m the same pseudorapidity range is covered
by an outer system whose functions are to provide
a Levell high Pt charged particle trigger, and, in
combination with the inner silicon system, high pre
cision measurements of momenta.. This outer system
is divided into a central and two intermediate-angle
structures. For the central part, the two technologies
under consideration are gas/wire with 4 mm straw
tubes and scintillating fibers of about 800 /lm diam
eter. The former is relatively well understood and
suffers principally from marginally large occupancy
at design luminosity, except near the outer radius.
The fibers have about an order of magnitude less
occupancy and afford the prospect of successful oper
ation at the highest luminosity. However, experience
with them is relatively limited, the readout needs
much development and, in view of the large channel
counts needed, the costs may be relatively large.

For the intermediate-angle outer tracking system
the technologies under consideration include scin
tillating fibers and gas microstrip chambers. The
considerations of geometry, occupancy, and reason
able cost make the problem difficult.

Simulation tools to allow simultaneous consider
ation of the signals from both silicon and outer
trackers in understanding pattern recognition needs
are almost ready. These tools will be used to de
velop more optimized structures of inner and outer
detectors.

Tables 2 through 5 list milestones separately for
the silicon, straw, scintillating fiber and gas mi
crostrip technologies, respectively. The budget re
quests for the whole tracking activity are in Table 6.

5.2. Silicon subsystem

The silicon tracking system plays the critical role
in pattern recognition for the tracking system. When
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combined with measurements from the outer track
ing structures, including, in the case of muons, the
chambers beyond the calorimeter, it provides high
precision momentum information over the full pseu
dorapidity region 1771 < 2.5. It also provides high
resolution vertex information, and the potential for
Level 2 trigger information. The system consists
of either pixel detectors or special strip detectors,
within 10 em in radius, and strip detectors at larger
radii.

The parameters of the system are determined by
several general considerations. The pa.ttern recog
nition role dictates a minimum number of detection
layers. This issue is still being clarified by our sim
ulation studies. The vertexing requirement dictates
a ratio between inner and outer radii of about four
in order for the vertexing accuracy to be compare
ble to the individual detector measuring accuracy.
To allow extrapolation to the outer tracker with an
accuracy comparable to the size of an outer tracker
measuring element (2 mm) requires about 25 em of
silicon tracking length. In the forward direction, the
silicon -is the main element determining the momen
tum measuring accuracy and thus should have the
largest lever arm affordable.

Work on the silicon system is proceeding in a large
number of areas, all of which are critical to achiev
ing a system with adequate performance. These
areas include: low-power, low-noise, radiation-hard
electronics; low-mass, ultra-stable, mechanical struc
tures; low-mass, Vibration-free, cooling systems; the
development of maximally radiation-hard detectors;
and the development of data acquisition and trig-.
gering schemes using the silicon.

Major accomplishments over the past year have
included:

1. Demonstration that double-sided silicon detectors
will function properly up to doses of 1014 par
ticles em-2, implying 20 years of lifetime at a
radius of 15 em for the SSC design luminosity.

2. Demonstration that bipolar and radiation hard
ened CMOS electronics will function for the same
fluences as listed above for the detectors.

3. Construction of a prototype wick-cooling ring
demonstrating the removal of heat for hours by a
fully passive system (that is one with no pumps).

4. Finite element calculations for the major me
chanical elements of the detector satisfying our
dimensional tolerance goals.
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5. Demonstration of the basic mechanical structure
of a detector module, with sufficient rigidity and
ruggedness.

5.2.1. Electronics

Front-end electronics

The development of front-end electronics is the re
sponsibility of LBL with contributions from UCSC,
KEK, Oxford, and RAL.

Scope

Front-end electronics for the silicon tracker in
cludes:

1. The circuitry immediately associated with each
detector, i.e., the readout chips with preampli
fiers, shapers, comparators, time-stamping, data
buffering, and sparse readout circuitry.

2. Bus selector chips that organize the signal flow
to the output lines.

Fiber optic drivers and associated circuitry, i.e.,
serialization and transceive control are included un
der data acquisition.

Ouemll Schedule

For sse turn-on in fall of 1999, mass production
of electronics must commence in late summer of
1994 to allow assembly and testing. Prior to mass
production of the Ie's needed in this system they
must pass exhaustive tests, individually and to the
system level, including radiation exposure. This
means that a complete chip set representing the final
design must be completed by fall of 1993. This leaves
FY1992 and FY1993 for the complete design cycle,
which includes several iterations with interspersed
tests. It is important that chips including subsets
of the signal processing chain be available early
on to allow tests of the module assemblies with
detectors, both to assess system performance and
overall radiation resistance. Hence a prototype front
end chain must be available by the end of FY1992
to allow time for testing and subsequent iterations.
This leaves little time for ramping up the effort.

Architecture

The front-end electronics must meet the following
specifications:

Noise--

Qn < 1200 electrons

Timing accuracy-

Tracking system

t < 15 ns for 1 fC 5 Q $ :$ 8 fC

Power per channel-

Pch < 1 illW (including data buffering and
sparse scan)

Double-pulse resolutiou-e-

tdead < 160 ns

Inefficiency per channel-

< 0.5% (including losses due to pile-up, circuit
recovery time, finite buffer capacity, ete.)

The preamplifier will be either of the current or
charge sensing type, operating continuously without
external resets. The front-end rise-time will be de
termined primarily by this stage. The pulse width
will be determined by the equivalent of a single CR
differentiator, either by appropriate preamplifier de
sign, or by a network following the preamplifier. The
overall pulse response will be designed for a peaking
time of ",20 us.

Since the allowable time walk of the overall timing
chain must' not exceed the bunch period of 16 ns,
the comparator design must explicitly account for
the detector collection time, the electronic shaping
time constants, and comparator overdrive to meet
this requirement reliably.

The stages including the preamplifier through the
comparator will be implemented with bipolar tran
sistor Ie's.

The digital time stamping and data buffering will
be designed to allow some latitude in trigger latency
time. This specification requires further work. The
sparse scan circuitry will be activated in response
to a trigger signal and detect whether any channels
were struck in the correct time window. Output
drivers will be activated only when a chip has de
tected a valid trigger. The time stamping and sparse
readout circuitry will be implemented in CMOS.

Cabling and module design

Cabling for the silicon tracker electronics must be
of low mass and be designed to provide adequate
isolation between various power and signal busses
to preclude interactions between channels that could
have disastrous consequences. With several million
channels of electronics the silicon tracker relies on
on-chip data sparsiflcation. With only a hit/no-hit
indication one is essentially "flying blind" with re
spect to signal diagnostics. Hence, reliable control of

,-
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cross-talk and any other causes of spurious hits is of
extreme importance. The cabling scheme must also
consider fault isolation, to preclude that individual
defects render substantial parts of the detector to
be unusable. Cross-talk can be reduced by proper
selection of the front-end shaping time constants,
to reduce electronics response to the spectral dis
tribution of bus activity (especially high-frequency
clocks). Differential lines are required to reduce cou
pling from the cable to the input amplifiers through
the detector strips. For local bussing the signal levels
on these lines can be kept small; just how small must
be determined by careful analysis and experiments.

On a simpler level, local bus rates and the organi
zation of the signal bussing must be determined in
detail. Although bus activity is driven by individual
read-out chips, intermediate bus selector chips are
necessary to combine busses from groups of readout
chips within a readout section, Le., the unit feeding
one optical link.

Tasks

The primary goal .for FY1992 is to produce a
prototype system that includes at least all of the
front-end electronics circuitry through the compara.
tor output (bipolar transistors). We also intend to
produce a second prototype .chip that implements
time-stamping, data-buffering and sparse readout
(rad-hard CMOS). The chip-set will provide a test
bed for debugging and system!circuit refinement to
arrive at a final design at the end of FY1993.

Details of FY1992 work depend on the outcome
of several key tests that are currently underway:

1. Radiation tests of the Tektronix bipolar process;

2. Cross talk measurements on various detector
electronics-cable configurations;

3. Initial circuit analysis and design of preamplifiers,
shaping circuitry, and comparators.

Data acquisition and triggering R&D

This area is the responsibility of the collaboration
members from the U.K., in particular the Ruther
ford Laboratory, Oxford and Bristol groups. The
work on data acquisition at present' and into next
year aims at clarifying the general issues rela.ted to
fiber optic readout. Three alternatives for the driver
are under investigation (lasers, LED's and optical
modulators) and a study of fiber radiation resistance
is also underway. Comparisons of options will be
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made from the point of view of radiation hardness,
cost, material, and performance.

Trigger studies are emphasizing the reconstruc
tion of high transverse momentum tracks for a
second-level trigger. This requires readout of the
silicon after a first-level trigger. Issues of band
width and noise generation for such.a scheme are
part of the LBL work on the front-end, which will
be coordinated with the work in the U.K. A specific
second-level trigger scheme using hit patterns has
been defined and an estimate of the number of trig
ger cards completed. This scheme will be looked at
carefully, including simulation studies, next year. At
lower priority, schemes for generating a. contribution
to the first level trigger are also under study.

5.2.2. Mechanical engineering

The mechanical design work for the silicon tracker
is being done at the Los Alamos National Labora
tory. A major technical goal for FY1992 will be to
perform the critical mechanical stability and cooling
tests utilizing a prototype of the central region. We
placed emphasis on three specific technical tasks in
FY1991 to insure attainment of this goal. The tasks
were: (1) wick development tests; (2) design and con
struction of a graphite composite cooling ring; and
(3) development of a mechanical support method
for the silicon detectors. Successful completion of
those tasks will lead to construction of a prototype
in FY1992 in which the individual detector modules
(complete strip detectors/electronics sub-assemblies)
will be simulated by full scale replicas made from en
gineering grade silicon and resistive heat loads. We
will construct a full-scale replica. of a central region
super-layer section with associated graphite support
structures, kinematic supports, and an integral heat
pipe cooling network. The stability will be moni
tored with an external optical set-up. This approach
will provide confirmation of data extracted from an
internal fiber-optic optical position monitoring sys
tem. The internal optical system could become a
part of the overall detector assembly.

Demonstration of our alignment/assembly con
cepts will be required before we construct the full
scale central region prototype. Additionally, the
FY1992 work will involve a demonstration of aJ.l steps
essential to performing a highly repetitive, precision
assembly operation, Development and demonstra
tion of opto-mechanical work stations suited to per
forming important elements of this task are planned.
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Operational tests of the prototype central region
superlayer will instill confidence in the 'safety plans
developed specifically for the silicon tracking system.
We are concentrating on seeking early resolution of
all issues in that area. In the final system de
sign we will provide double-walled sealing for key
'penetrations through the butane vapor space.

Another critical area whose study needs to be
continued in FY1992 relates to material compatibil
ity. Compatibility tests of materials in a combined
radiation and hydrocarbon environment are continu
ing. Tests to date, although quite encouraging, have
been limited in scope, e.g., did not include impor
tant elements of a fully-active strip detector with
associated cabling. Successful completion of these
planned tests will serve to confirm our decision to
use an open butane vapor return concept.

In FY1992 we will also concentrate on addressing
design concepts relating to the forward region, space
frame and composite structures. The flat planar ar
rays are a distinctly different structural arrangement
from the central region and will require considerable
development to achieve the highly stable platform
requirements desired of the silicon system. Wedged
shaped detector modules will be constructed and
strength tests will be performed. Complementary
finite element structural solutions will be prepared
for coordination with the structural tests. Design
studies of the mounting aspects of the wedge-shaped
detector will be conducted to insure that all struc
tural aspects are correctly modelled. Aspects associ
ated with achieving kinematic strain-free support of
the forward region and the primary structural space
frame will be investigated as well.

5.2.3. Detector program

R&D using detectors with barrel geometry

The development of the basic structure of rad-hard
double-sided silicon detectors (DSSD's) is being con
tinued by our Japanese collaborators in conjunction
with Hamamatsu Photonics Company, emphasizing
the barrel part of the tracker. In parallel, exten
sive radiation damages tests will be performed to
continue to gain a deeper understanding'of the ex
pected detector performance. The schedule aims at
producing barrel DSSD's in 1992 and an extensive
beam test in 1993. A consequence of the manufac
turing runs in 1992 should be an understanding of
the yield and cost for detector production.
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The development of the forward detectors; which
are arranged in the form of disks, is being done at
Lawrence Berkeley Laboratory, Johns Hopkins Uni
versity, UC Riverside, University of Pittsburgh, and
the University of New Mexico. These detectors will
be similar to the barrel ones in their functional de
sign but their geometrical lay-out will vary. As for
the case of the barrel detectors, collaboration with
Hamamatsu will continue. An alternative source
of the forward silicon detectors is the Institute for
Space Device Engineering in collaboration with the
SDC collaborators from Dubna, USSR. In 1992 both
production and assembly of detectors will be the
focus of their R&D.

The development program of production-type de
tectors is coupled with a program to test the ra
diation hardness of a.ll DSSD components, both in
ionizing radiation (photons) and displacing radiation
(neutrons). The data. accumulated up to now allows
a fairly good prediction of the detector lifetime due
to bulk damage. The increased leakage current is
well understood and we plan to reduce it by cooling
the detectors to DoC. The change in depletion volt
age due to creation of acceptor sites is another bulk
effect whose consequences on the detector lifetime is
now understood. The more subtle surface effects af
fect the biasing resistors and the coupling capacitors
in an acceptable manner, while their consequences,
with respect to interstrip isolation and capacitance,
are still under investigation. Too large a capaci
tance degrades the signal and increases the noise of
the front-end electronics. For the low-power front
end designs being studied for detector read-out, the
capacitance is the most crucial parameter.

UC Santa Cruz will continue to study the op
timization of the DSSD's. Our simula.tions have
shown that a straightforward method of decreasing
the interstrip capacitance is to reduce the implant
width. The capacitance is a universal function of the
ratio (width/pitch) independent of pitch. Our mea
surements of the capacitance for different detector
geometries confirm the universal sealing. Conse
quently, we will design and produce detectors with
implant width which is minimal, but consistent with
safe operation and high breakdown voltages. This
work will require dedicated manufacturing runs with
radiation tests to follow.

Development of forward disk system

The R&D plan for the forward disk detectors is
as follows:



.~

Tracking system

1. Develop a full layout of Si disk detectors, includ
ing dimensions, strip geometries, and bonding
pad. layou~ for:

(a) inboard readout,

(b) outboard readout,

for two choices of stereo angle,

(a) minimum stereo angle (5-10 mrad),

(b) maximum stereo angle (of the same order as the
wedge half-angle).

As part of developing these layouts, we shall
investigate the possibility of supplying mask art
work to vendors using their design rules in order
to gain greater flexibility in specifying our needs.

This task is important in order to assess the fea
sibility of these choices and their potential impact
on the overall Si tracker; and to understand the
constraints placed on the disk detectors by the
overall Si tracker design.

2. For at least one ofthe detector types in (1.), and
for as many readout and stereo angle alternatives
as are viable, acquire samples from vendors hope
fully including, but not limited to, Hamamatsu.
These detectors may be 2- or 1-sided as avail
ability dictates, but their physical layout should
correspond closely to wha~ is specified in (1.).

If it is particularly attractive financially to do
so, we should also acquire one or more "off-the
shelf" wedge-shaped Si detectors, i.e., detectors
that have already been designed without SDC's
geometrical requirements in mind, in order to
learn what we can from them.

This task is important in order to understand
what can be supplied and how best to specify it;
and to qualify wedge detector vendors who can
to be qualified.

3. Assess the performance of the acquired detectors
emphasizing issues unique to particular geome
tries of the wedge detectors:

(a) dependence of performance on variation of strip
pitch and/or length within a single detector

(b) performance in "unusual" regions of the detec
tor, e.g., bonding-pad areas, regions without
stereo overlap, etc.

(c) comparison of performance on the p and n sides.

Under "performance," we include resolution in
the coordinate normal to the strip direction, res
olution in the stereo direction in the case of
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two-sided detectors, resolution VB. angle of inci
dence, radiation damage, interstrip isolation, and
signal/noise emphasizing the role of interstrip
capacitance.

This assessment will use various means of detec
tor illumination (IR photons, charged-particles)
and already-developed readout electronics.

4. Using engineering-grade Si, construct represen
tative wedge-shaped ladders appropriate to (1).
Using this experience, and building on the vendor
contacts in (2), assess the vendors' ability to sup
ply complete detectors in wedge-shaped ladder
format.

As part of this task, prototypes of additional
components of the forward Si structures will also
be tested and evaluated. This work will be
coordinated with Los Alamos.

5.2.4. Pixel R&D

Accomplishments in FY1991

Progress in FY1991 was made in several areas.
A complete architectural design was established by
Hughes that incorporated the following performance
features:

1. z-y storage of smart pixel hits in 32-deep pattern
registers;

2. Time stamping of hits in 32-deep content ad
dressable memory;

3. Sparse readout of valid hits in a selected time
slice;

4. On-chip rejection of ghost hits;

5. On-pixel storage of analog information;

6. Non-redundant readout of neighbors option;

7. Programmable microcontroller.

Two test IC's were fabricated by Hughes to
determine behavior of single pixel cells and two
dimensional arrays of pixel cells. The pixel cell was
designed with emphasis on smallest physical area
(50x150 mlcroas"), and employs CMOS switched
capacitor design principles. Much was learned from
these that led to a number of changes in a third
test IC, designated Foresight 5. Some major lessons
are that good substra.te isolation is very importa.nt
to prevent coupling of digital transient noise to the
sensitive analog section, and that column and row
"hit" signals must be propagated with small voltage
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swings, to prevent undesirable intercell coupling. A
small component of positive feedback has been in
cluded in the comparator to reduce time-walk. A
completely new pixel cell layout should also reduce
unwanted parasitic effects. The peripheral register
structure has been redesigned to permit operation
with an available VLSI test station.

At LBL, an advanced pixel cell design has been
pursued with encouraging results. This design incor
porates RC-CR shaping, peak sample and hold, DC
servos to stabilize operating points, and autonomous
operation, requiring no resets or initialization. The
design incorporates principles that maximize radia
tion hardness. Preliminary results indicate that the
design meets specifications for time-walk, noise and
general functionality. Many of these features will be
needed for the final pixel cell design.

Radiation damage studies using the UC Davis
cyclotron showed that results obtained with this
low-energy fa.cility can be scaled to SSC conditions.
Further studies focussing on the type-inversion phe
nomenon will be undertaken. Effort at UC Davis is
also concentrating on simulations of the pixel vertex
detector within the framework of the SDC GEANT
shell.

The Space Sciences Laboratory at UC Berkeley, in
collaboration with Hughes, SLAC, and the Univer
sity of Oklahoma have performed beam tests of high
resolution 256x256 pixel arrays. Both the intrin
sic performance of these small pixels and their use
as beam defining elements for testing the new smart
pixel arrays motivated these efforts. A high precision
telescope for more beam tests is being constructed.

Issues in pnel development

The focus of the pixel effort needs to shift
from proof-of-principle tests with small arrays of
radiation-soft smart pixels with rudimentary digital
peripheral circuitry to the design of radiation-hard
devices with sophisticated peripheral control. Al
though the major effort should continue to be VLSI
circuit design, with architectural refinements based
on experience, mechanical systems design needs in
creased attention. Radiation damage studies of both
radiation-hard IC's and detectors are necessary to
determine the survivable fluence and expected life
time at a particular radius from the SSC beamline.

Architecture

The architectural concept is data-driven, allow
ing a substantial reduction in trigger Level 1 buffer
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size relative to a clock-driven scheme. However, the
trigger Level 1 latency has steadily grown, to more
than 3 j.ts, increasing the buffer size proportionately.
Given additional uncertainty about background rates
and ultimate luminosity levels, concern has arisen
that buffer depths may have to be uncomfortably
large. This will be a concern for other systems as
w~. .

This concern has led to a reexamination of the ba
sic concept of on-chip Levell buffering. An alternate
approach that reads out every hit to a nearby data
collection chip is being reconsidered. Readout is ini
tiated upon registration of a hit, so that the array is
constantly purging itself of data, as fast as possible.
This approach would offer a very significant simpli
fication in the pixel peripheral circuitry. In some
sense this "read all" concept moves the problem from
one chip to another, but the formatted data is more
compact, and is more easily handled in a FIFO-style
structure. This architecture minimizes pileup ef
fects, as data resides on-pixel only a very short time.
The problem to be solved in the new architecture
is low-noise low-power data transmission over very
short low-mass transmission line structures.

A new architectural concept has been proposed
that aims at achieving the spatial resolution char
acteristic of an analog system, but with essentially
all digital circuitry. The basic idea is to obtain
a measure of charge sharing between neighboring
elements by making rough measurements of the
time-walk of the pixel cell comparator outputs, as

seen on the hit-column and hit-row busses. Al
though quite non-linear, the time-walk appears to
be more than sufficient to provide spatial resolu
tions in the 5 micron or less range. The time-walk
would be measured by simple ripple circuits that are
easily encoded; this time-walk "ADC" is nearly in
stantaneous. This architectural concept is naturally
compatible with the "read all" concept discussed
above. Several other advantages would be obtained
with this architecture, such as much smaller pixels,
since no sample-and-hold element is needed.

Detectors

Because the pixel arrays are positioned close to
the beams, they experience high fluences strongly
affecting detector performance. The two main ex
pected effects are type reversal, from n or p type,
and large increases in leakage current.
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Type reversal in the detector due to the creation
of acceptor sites by radiation damage mechanisms
forces us to obtain signal readout from the n side,
rather than the traditional p side. The reason for
this is that the junction will switch to the n+ side
after about one year at full sse luminosity. As ra
diation damage increases, the detector will require
a larger voltage to maintain full depletion, and at
some point, partial depletion will occur due to some
breakdown -limit. Operation of the system with par
tial depletion is still viable if the pixels are on the
n+ side, and the system will die gracefully with de
pletion depth shrinking as the square root of the
total fluence (for constant voltage).

Double-sided strip detectors have already been
successfully fabricated that accomplish the needed
inter-element isolation on the n+ side. As we in
tend to use the LBL high-temperature process that
utilizes phosphorus-doped polysilicon gettering on
the n+ side, we need to gather experience with re
gard to how sufficient isolation and gettering can be
accomplished simultaneously.

In addition, the radiation-induced leakage current
will increase greatly after the sse approaches design
luminosity. If switched capacitor reset design philos
ophy were to be used, the signal transmitted to the
readout IC must be AC coupled to avoid saturating
the preamplifier. The AC coupling can be built-in
to the detector with a polysilicon resistor and capac
itor, but the resistors must be physically small, with
good noise performance, and this needs to be tested.
However, if the pixel cell has continuous time signal
shaping with a carefully designed DC servo on the
preamp, rather than a switched capacitor, the servo
may be able to soak up the leakage current (a few
nanoamperes/ pixel).

Radiation hard pixel cell

The realization of truly radiation hard circuits
involves both design principles and fabrication pro
cess. The circuit designer must incorporate design
elements that can tolerate threshold shifts that come
with high fluence. Due to junction leakage, volt
age levels on capacitors may drift significantly. The
appropriate design tactics generallyIncrease circuit
complexity due to the use of matched differential
pairs, DC servos, etc. The challenge is to realize the
needed functionality in the smallest possible area,

In addition, the effects of radiation damage to the
detector introduces significant design changes. The
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type reversal phenomenon requires signals to be ob
tained from the n+ side, changing the input signal
polarity to negative. For the circuit designer, a
negative input signal polarity is a beneficial change.

Future efforts

Unfortunately, because of the limited funds a.l1o
ca.ted to SDC efforts, it is not possible to support the
pixel detector R&D in FY1992 through these funds.
The SD C hopes that such continued support through
generic R&D funds will be possible. Assuming that
continuing pixel detector R&D can be supported,
the SDC can later have the option of replacing, in
the inner layers, the strip detectors by pixel detec
tors, provided such replacement can be justified in
terms of cost and performance considerations.

5.3. Outer tracker

5.3.1. Straw tube systems

Although R&D already done has provided a rather
good understanding of straw tube operation in the
SDC environment, more development work is re
quired in many areas. These include the choice of
gas and gain, measurement of resolution, readout
electronics, system performance for pattern recogni
tion, momentum measuring capability, trigger, and
cost. There is also a fundamental engineering is
sue as to whether the straws should be assembled as
multiple-straw modules that are subsequently loaded
onto their cylindrical supports, or whether each in
dividual tube should be directly mounted onto the
support structure. The R&D areas listed below
do not include the development of the electronics,
which is covered in Section 9.

Straw tube R&D

1. Drift cell R&D

a) Cathode materials and preparation

Considerable progress has been made in evalu
a.ting materials (Mylar, polycarbonate, Kapton)
for the cathode tubes. A thin conductive coating
of aluminum, copper, or gold provides the elec
trode. The metallization thickness is critical in
terms of electrical resistance and lifetime in the
radiation field. The resistance must be made
sma.l1 to avoid excessive signal attenuation in
the long detectors contemplated for SDC. This
will be accomplished by increasing the thickness
of the deposited metal surface, which also pre
vents removal of the metal layer by irradiation,
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Table 2

Silicon subsystem R&D milestones

Milestones and Goals

1. Front-end electronics .
.Establish final design parameters
Fabricate first prototype preamplifier/ shaper/ comparator chip
Fabricate second prototype front-end chip
If ~ecessary, third iteration of chip
Determine architecture for time stamping/data buffering
Fabricate prototype chips as necessary using MOSIS to test circuit concepts,

followed by fabrication of tad-hard digital chip
Preliminary design of data transmission system; bus selector chip specification;

and specification of data transmission protocol for digital front-end chip
Complete prototype data-transmission system for initial system tests

2. R&D, double--sided detectors (DSSD), barrel geometry
Prototype full-length DSSD
Test prototype
Mock-up detector with LSI chip
Prototype of final DSSD
Combine detectors, chips, bussing
Beam and radiation test

3. R&D forward disk detector
Finalize size and arrangement of disk detectors
Mask specifications for given design
Procurement of wedge detectors specific to SDC geometry
Testing, DC, and signal characteristics

4. Major mechanical R&D
Cooling ring development complete
Cooling ring fabrication for prototype
Study of adhesives, candidates established
Prototype Si detector assemblies fabricated
Si-shell assembly tooling complete
Start component-shell final development
Precision prototype alignment test complete
Assemble shell
Forward region concept definition
Design work on forward region and space frame completed

Tracking system

Date

9/91
12/91
4/92
8/92
9/91
7/92

12/91

5/92

11/91
2/92
3/92
8/92
9/92
9/92

11/91
1/92
4/92
7{92

2/92
6/92

12/91
2/92
1/92
6/92
6/92
8/92

11/91
9/92

Preliminary studies have shown that a.ttenua
tion lengths of 6-7 m can be achieved, and that
the current densities at 1033cm-2s-1 are about
1/100 of those that would cause breakdown.
Studies of the removal of the metal coating by
irradiation will continue in FY1992, including
experiments with copper electrodes.

b) Wire parameters

The choice of wire diameter also affects the re-

sistance, hence a.ttenuation length, which must
be optimized along with the gain and lifetime
specifications for the detectors. Preliminary
tests with 50 I'm diameter wire show acceptable
efficiency and long attenuation lengths. Studies
in FY1992 include full mapping of the plateau
curves, resolution, and attenuation vs wire size.
The wire and cathode work interacts with both
the radiation damage studies and electronics
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evaluation task discussed below.

c) Wire support

Wires in the straw tube detectors have to be
supported at intervals $ 1 m. Since detectors
of 3-4 m active length are desired, the supports
must permit some scheme for inserting the wire
from an end, while establishing the wire posi
tion within the required tolerances. Prototypes
have lieen made which meet either the align
ment or manufacturability criterion, but refined
designs to meet both are needed. This is one of
the goals for FY1992.

d) Gas filling

The gas mixture has to be chosen to opti
mize many properties of drift tubes, including
gain, drift velocity and its uniformity over the
drift cell, operating voltage, efficiency, noise,
breakdown, behavior in a magnetic field, and
lifetime. We have shown that CF.. has many
of the desired properties, including large drift
velocity (needed to minimize pileup) and pro
tection from aging effects. Good efficiency and
resolution have been observed with mixtures of
this gas with isobutane. The :O.ammability of the
isobutane remains a concern. Additional experi
mentation is needed to determine whether alter
natives can be found, and to extend confidence
in the reliable long term operation of detectors.

2. Endplate, feedthroughs, and termination

The R&D program entails continued development
of a low-mass end structure that accommodates a
detachable readout board, and of a custom, low
mass insert for the non-readout end providing
a blocking capacitor and impedance matching
termination. The structure must also provide
for gas :o'ow to the tubes, Present prototypes
allow only for permanently attached interconnect
boards that fan raw signals to connectors to
which relatively low-density front-end circuits are
attached. Since the dynamic range of signals
expected from 3-4 m long detectors is large, great
care must be invested in the control of crosstalk.

3. Cell placement, alignment, module structure
R&D

We will continue to develop multiple-straw as
semblies for the barrel tracker, in the form of
free-standing modules (assembly Option 1), or
of individual straws (or perhaps bundles thereof)
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bonded directly onto superlayer support cylinders
(assembly Option 2).

a) Straw tube modules (assembly Option 1)

We have built short prototype detector mod
ules of 64 straws contained in low-mass graphite
epoxy shells. Versions which are one foot long
have been distributed among the groups collab
orating on this work, and the first 1 m long,
200-straw shells are in fabrication now. The
next step is to develop prototypes 4 m long.
These will be assembled into a prototype sec
tor composed of four superlayers (two axial, two
stereo) with several modules in each superlayer
(12 modules total). The support system will
be a prototype of the final design and will be
studied for alignment and stability.

b) Straw tube superlayers (assembly Option 2)

We have built and tested stacks of 3 m long
straws. The plan in this option will be to de
velop machinery to automate the stacking and
alignment process. A prototype will be built
comprising a superlayer of diameter 1.5 m and
length 4 m constructed on a carbon fiber cylin
der. Eight layers with a total of 2000 tubes
would be mounted on two opposite sections of
the cylinder.

We expect that the choice between these two as
sembly options will be made by January 1992,
and the budget request in Table 6 funds just one
large prototype device. Completion of this full
2000 channel prototype is funding limited and
will likely spill into FY1993.

Operation of the prototype superlayer or sector
will be studied in a test beam. A complete
study of high-rate performance, track matching
between superlayers, alignment, attenuation, res
olution, and efficiency will be done. The front-end
and trigger electronics will be as close to the final
design as possible.

4. Detector and electronics evaluation

We will continue to subject the smaller prototypes
to tests of their efficiency, attenuation length, po
sition resolution, recovery time, and other param
eters critical to their performance as functions of
the choice of gas :filling, rate, electronics sensitiv
ity, etc. The prototypes will be operated with the
front-end, tlme-digitizing, and trigger electronics
as they become available to assist with develop
ment of the electronics. The first custom boards
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Table 3
Milestones and goals for straw tube R&D and engineering

Milestones and Goals

Design of endplate for detachable readout board
Evaluation of multi-straw module prea.mpfshaperfdiscriminator

prototype
-Assembly of full-scale 4 m multi-straw module (~250 tubes)
Develop HV distribution with failure confinement (e.g. fuses); es-

tablish cable and utilities plant requirements
Complete construction of second prototype multi-straw module
Prototype of detector bundle placement device
Auto assembly and manufacturing design
Develop precision survey technique
Complete 3D model of detector bundle and support for integra.ted

model
Complete evaluation of efficiency, resolution, and attenuation of

full-scale multi-straw element with prototype of full electronics
(prea.mpfshaperfdiscriminatorfTVC or TMC)

Construction of full sectorfsuperlayer (2000 channels)
Test beam studies
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will be appearing near the end of FY1991.

5. Aging and radiation damage studies

Aging studies with radioactive sources and with
reactor and accelerator test beams will be con
ducted to explore drift tube failure modes and
their cures. Issues include deposits on the elec
trodes and removal of the cathode metal. New
gas mixtures (e.g. less flammable than isobutane
in CF... ) need to pass severe damage testing to
assure robustness of the devices.

6. Engineering for straw tube placement

A draft concept for assembly of detector modules
(Option 1) into a system of cylindrical superlayers
has been developed. Low-mass support cylinders
of sandwich construction (acrylic foam between
graphite-epoxy skins) provide the structure, while
spacing ribs provide the precise locating surfaces
for mounting the modules. Ideas for attaching
the modules range from bonding them directly
to the ribs to inventing clamps that would per
mit in situ removal of modules for repair or
replacement. Conceptual design of this support
structure interface is a major task for FY1992.
We also plan continued conceptual design work

to prove that alignment goals can be met, includ
ing development of precision survey techniques
and finite-element analysis for the modules and
of the nested superlayer assembly. Manufactur
ing and automated assembly techniques will also
be studied. Finally, the concepts will be tested
in a prototype sector as discussed above.

For assembly Option 2 the critical conceptual de-
velopment centers on instrumentation te, place
straws directly on support cylinders with the
required precision and positional stability. Re
quirements for the precision of the structural
cylinders themselves are tight. Preliminary inves
tigations of options have been done which show
that precise cylinders of .these dimensions appear
feasible. In FY1992 we plan to prove the concept
by constructing a full scale prototype superlayer.
Also to be designed and tested is an endpla.te
structure which forms a complete ring at each
end of the 6-8 m long support cylinders.

5.3.2. Scintillating fiber systems

A significant amount of research and development
has been performed on fiber scintillators and waveg
uides, and the associated photodetector, the Visible
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Light Photon Counter (VLPC). To date, several
scintillator options have been identified and are un
der development or refinement. The base material
is polystyrene, and the cladding is acrylic (PMMA).
Cladding options of lower refractive index are under
investigation as options. The standard waveguide
is 830 pm diameter with a 30 pm thick cladding
wall. Scintillating fiber up to 4 m long is spliced
to clear waveguide of 4-5 m length which transports
the scintillation light by total internal reflection to a
VLPC which resides in a helium cryostat at 6-70 K.
Each fiber has its own photodetector.

The VLPC's are packaged in linear arrays with
900 pm pitch. Currently these devices have been
produced with 85% quantum efficiency, and fabrica
tion of new devices with markedly reduced infrared
response is underway. In recent tests with 201Bi and
106Ru sources, excellent photodetection capability
has been demonstrated. Four to five photoelectrons
were detected using a VLPC coupled to 4 m ~f clear
fiber (BCF98) optically spliced to 4 m of scintilla.
tor fiber waveguide (BCF99-05). This important
milestone was achieved using a compact dip cryo
sta.t, which is capable of supporting several VLPC
channels.

The demonstration of the viability of scintillat
ing fiber systems for high precision tracking at
reasonable cost requires considerable further R&D,
directed toward systems comprised of larger num
bers (10-100) of channels, and refinements of the
scintillation material. There is presently a 16 chan
nel laboratory bench test underway to study op
erational and cryogenics issues and a 96 channel
prototype system is in preparation for beam tests
at FNAL. It is hoped that proof-of-principle can be
demonstrated from this work. Further R&D is then
required to optimize scintillating fiber and waveg
uide fiber characteristics, develop the process for
splicing scintilla.tors to waveguides, optimize fiber
and fiber-ribbon fabrication, and develop the read
out. In particular, prototype cassette and canister
cryostats capable of supporting 1024 VLPC chan
nels are to be produced during FY1992, based on
the conceptual design study initiated in FY1991.

R&D objectives for individual elements are aimed
at selection of coatings and :fiuors, optimization of
photoelectron yields, and demonstration of viability
in the SSC environment. Engineering efforts are fo
cussed on prototypes of the readout and preparations
for large scale manufacture of scintillating material
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and fabrication of ribbon assemblies. Prototypes on
the scale of several thousand fibers are envisioned.

Scintillating fiber R&D

Optimization of scintillating-fiber characteristics
for the SSC/~DC environment focuses on light yield,
robustness, radiation hardness, and time response.
The principal areas of development remaining for
FY1992 concern fluorescent dyes and extra-mural
coatings. The goal is selection of the final scintil
lating material and claddings on the basis of well
understood and well demonstrated properties and
performance characteristics.

Dye-We plan to continue our systematic studies
of large Stokes shift dye compounds in polystyrene in
various single-step and multi-step combinations and
concentrations. A portion of this work will be done
in collaboration with industry. The most promis
ing scintillators will be fabricated into preforms and
drawn into fiber for complete characterization mea
surements and radiation hardness evaluation.

Extra-Mural Coating-e-Measurements of the per
formance characteristics of scintillating-fiber arrays
using a variety of extramural coatings is planned.
The issues are the reduction of optical cross talk to
an acceptable level and possible improvement of the
light yield. Among the coatings to be studied are
polysiloxane, aluminum, and opaque adhesive.

Waveguide research and development

Waveguide R&D to date has resulted in reason
ably low-loss clear fibers with attenuation lengths in
the range 8-9 m for light already collimated by a
long scintillating fiber. The two main issues remain
ing are optimiza.tion of the cladding and resolution
of the possible connection between radiation damage
and the presence of oxygen.

Cladding-A systematic evaluation is planned for
the set of ultra low index of refraction claddings
available. To have proper illumination, the waveg
uides will always be spliced to long scintillating
fibers. Substantial collaboration with industry is ex
pected as the systematics of a sizable production
run is necessary.

Radiation Damage and Oxygen-Controlled expo
sure studies are planned to investigate the impact
of a normal air vs. oxygen-free environment. Other
results have indicated that oxygen both aided an
nealing and increased permanent damage. Most of
these results have come from very high exposure
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rate tests where doses of order 5 Mrad are deliv
ered in minutes. The planned effort will involve a
more moderate dose rate over a six month period.
The goal is to determine whether an oxygen-free
environment will be necessary at the sse.
Splicing research and development

The splicing of scintillating fibers to clear waveg
uide fibers has been successfully done in the labora
tory by thermal fusion, adhesives, solvent fusion, and
optical grease in a tight fitting sleeve. When care
fully done, all of these methods have shown trans
missions greater than 95%. For the fiber tracker,
it is necessary to consider the requirements of both
large scale utilization and the organization of fibers
into linear ribbons. The ideal solution would be
a quick disconnect linear structure that joined sev
eral thousand fibers to their waveguides with that
same 95% transmission achieved in the lab. The
R&D work planned is aimed at designing the splic
ing technique and sequence for joining barrel fiber
ribbons to the clear waveguides.

Fiber manufacturing engineering

The technique of fabrication is a very important
factor in the production of scintillating fiber of ad
equate light yield and attenuation length. Diameter
control is crucial to the final assembly into ribbons.
The work planned is a systematic engineering study
of the process variables including integration of QA
steps in an automated way to optimize yield and
quality.

The process variables include molecular weight
profile of the polymer, fused versus non-fused pre
form cladding, preform temperature during drawing,
drawing speed and tension, normal versus oxygen
free environment, and diameter of the takeup spool.
A collaboration with industry is foreseen with pre
forms provided by the SDC and pulling towers and
QA instrumentation provided by industry. Dur
ing the study, a significant amount of fiber will be
produced, up to 300 km being envisioned.

Ribbon fabrication engineering

Initial attempts to produce fiber ribbons of good
quality by winding fibers under tension 'on a regis
tered drum have been successful. This represents
but one approach to ribbon manufacture. Other ap
proaches include winding on fixtures similar to those
used with wire chamber winding machines and place
ment on registered planar frames. The choice of tech-
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roque may well influence other parameters such as
the type of adhesive and the need for a backing layer.

Small scale engineering and prototype studies are
planned for all techniques so that the best technique
can be selected by comparison of the results from
several methods. Subsequently, a production design
will be engineered appropriate to large-scale manu
facture. Appropriate QA issues will be addressed by
the design as well.

Engineering for placement of scintillating fibers into
superlayers

Conceptual designs for fiber tracking in the central
barrel region and in the intermediate angle region
were initiated in FY1991. A key issue is the design
of the support structure (e.g. stable base cylinders
for the barrel region). Subsequently, the next phase
calls for development of appropriate techniques for
placing fibers or ribbons of fibers (or even modular
multilayer structures) onto the supports with ade
quate registry. Tooling, fixturing, and automated
procedures including real time alignment instrumen
tation are included in the design effort. The principal
design responsibility will reside with ORNL.

For the barrel, a prototyping effort is planned
which will place fibers on comparable (or actual pro
totype) cylinders to test methodology, accuracy, and
technique. The unique features for SDC application
will be included: light tighting that allows for the
flow of dry nitrogen providing an oxygen-free envi
ronment, and excellent thermal control to minimize
linear expansion in the 4 m long assemblies.

The intermediate angle region uses a disk format
to support fibers in a plane perpendicular to the
beam. Both the pattern of fibers, from radial to
spiral, and the number of layers per disk present
significant placement challenges. It is essential to
develop the conceptual design for disk superlayers
and to build several prototype structures to validate
the concepts.

Readout engineering

The basic element of the readout system is a solid
state VLPC which exhibits the high quantum effi
ciency (......80%) and high gain (,.." 3 X 104 ) required for
readout of long tracking fibers. VLPC devices oper
ate at 6 to 7° K and require special techniques for
packaging, biasing, and photocoupling in a cryogenic
environment. It is expected that a costed concep
tual design for the VLPC readout will be completed



Tracking system

Table 4
Scintillating fiber R&D and engineering

Milestones and Goals

1. Scintillating fiber R&D
Selection of scintillator composition
Selection of active cladding material
Resolution of oxygen/radiation issue

2. Waveguide R&D
Selection of the waveguide composition
Selection of cladding material

3. Splicing R&D
Selection of splicing technique and sequence

4. Fiber manufacturing engineering
Optimization of fabrication process
Development of automated Q/A apparatus
Production of significant quantities of fiber

5. Ribbon fabrication engineering
Selection of ribbon fabrication technique
Engineering design of production facility
Determination of Q/A procedures and equipment

6. Readout engineering
Conceptual design for the readout system
Fully functional prototype
Operation of a 1 K fiber/VLPC prototype system
Operation of a 10 K fiber /VLPC prototype system

.7. Fiber placement onto superlayers
Stable-base cylinder prototype development

and construction
Engineering of placement concept
Construction of placement facility
Placement of fibers onto superlayers

of prototype cylinder

Date

6/92
6/92
4/92

1/92
1/92

8/92

9/92
1/93
2/93

8/92
1/93
1/93

1/92
10/92
1/93
1/94

9/92

6/92
1/93
6/93
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in la.te 1991, the effort will shift to the next phase
in FY1992, which involves engineering design and
prototyping. Close interaction will be necessary
between the engineering design effort and the pro
totyping work to benchmark engineering parameters
and operating conditions as the design proceeds.

The concept calls for a cryostat unit which con
tains 16 independent units or modules that can be
independently removed or inserted. Each module
would contain 1024 VLPC pixels and provide an
appropriate optical quick disconnect and multipin
electrical connectors. Only the VLPC's themselves

would be cold, the amplifier-shaper-discriminator
circuits being operated warm. The design will in
clude a diagnostic/calibration interface.

5.3.3. R&D for gaseous intermediate angle tracking

Development work aimed at establishing the op
timal technology for a gas~based intermediate angle
track. detector (lTD) is in progress. Two technolo
gies have been considered: radial wire drift chambers
and gas microstrip chambers.

A full-scale radial wire chamber single cell has
been constructed and tested to establish the basic
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operational characteristics. However, the suitabil
ity of radial drift chambers at the design luminosity
is highly marginal. This has led to consideration
of small gas microstrip devices of both planar and
non-planar (knife-edge) design. These are now under
construction and test. Excellent (12% FWHM) pulse
height resolution at rates up to 107 cm-2s-1 has been
achieved for planar electrode geometry on glass sub
strates. Other_substrates such as silicon, plastics,
and different glass formulations are also under study.
All of the above work has been done by SDC collabo
rating institutions. In addition, there are many insti
tutions and universities throughout Europe, the US,
and Japan also engaged in such work, one of whom
(Pisa) already has a system operational in a CERN
experiment. We are in close contact with most of
them and are collaborating with some of them.

Simulation work is being undertaken in parallel
with hardware development to achieve an optimal
layout of either a microstrip system or a hybrid of
microstrips and radial wire chambers in conjunction
with the inner silicon tracker. The use of radial wire
chambers alone has now been ruled out because of
the prohibitively large occupancy in the full (sin
gle hit) memory time of a chamber with a feasible
number of drift cells, and because of the need for a
fast Level 1 trigger in Pt at intermediate angles. A
hybrid system in which both the speed and the spa
tial accuracy of microstrips are used to tag the long
radial chamber memory time into a time slice asso
ciated with an interesting bunch crossing remains a
possibility. H simulation demonstrates that the ad
vantages of precision drift measurements for track
finding and reconstruction are no longer significant
when considered in conjunction with the microstrips
and inner silicon tracker, then a gas microstrip
system alone could be chosen for the lTD. Further
more at high luminosity (> 1033 cm-2 8-1), only a
microstrip-based system remains a feasible option.

Engineering of a full scale detector design and
R&D to determine the appropriateness of each tech
nology option for use in the SDC detector are the
main themes for our FY1992 plan. We propose
to continue to develop working elements of the de
tectors with the actual cell dimensions required for
the detector, and to complete initial design of a set
of gaseous intermediate tracking detectors including
engineering support, alignment, cooling and detector
integration.

The milestones and goals for lTD development
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work are shown in Table 5. They include overall
engineering studies to specify support and infra
structure of two lTD's in the SDC detector.

5.3.4. Outer tracker engineering plan

We summarize here our plans for mechanical engi
neering and alignment work to be done for the outer
tracker in FY 1992.

The engineering projects are divided into three
categories: 1) basic support structure for the outer
tracker, including considerations of interfaces with
the silicon tracker and intermediate tracker and over
all support and assembly of the detector; 2) issues
related specifically to the placement and alignment
of straw tubes into superlayers; and 3) the issues
related to the assembly of scintillating fibers into su
perlayeers. Tasks (2) and (3) are discussed in the
respective technology sections above.

Basic support structure

The following list of tasks have been identified
as critical to meet the schedule for the SDC outer
tracker.

• Cylinder design-analysis of support cylinders for
the tracking elements, determination of precision
limitation (finite element analysis), and develop
ment of fabrication techniques for stable suppport
cylinder.

• Cylinder prototype fabrication-fabrication of one
prototype carbon-based composite cylinder, 6 to
8 m long and 1.5 m in diameter.

• Support structure design-design and analysis of
the support structure designated to attach the
superlayers to one another and to the exterior
mounting interfaces.

• Support structure protype-fabrication and assem
bly of a prototype of the support structure and
mock-up of the cylinder and mounting interfaces.

• Assembly concepts-analysis and research into fab
rication methods and assembly sequence for the
central tracking chamber structure.

• Alignment methods-development of techniques
for alignment of the CTC components to the
required tolerances and for maintaining those tol
erances.

• Tooling design-design of tooling necessary to al
low constrtuction of the CTC.

• Fixturing design-design of fixturing necessary for
handling and mainpulating the CTC during fab
rication and installation.
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• Development of intermediate tracker support

• Development of alignment techniques for inter-

mediate-central tracker registration

• Development of 3D model of entire structure.

.r:

31



32

Table 5
Milestones and goals for gas microstrip detectors

Tracking system

Goal Date

Find stable and thin substrates
Choose optimum metallization thickness
Develop bonding to front-end electronics
Measure pulse shape from min I.
First measurement of efficiency
First layout drawings
First cost estimate
E-CAD design front-end electronics
Radiation hardness and aging
Optimize gas composition
Working devices ~ 15x20 em
Detailed layout of support structure

(includes gas, cooling etc.)
Refine cost estimate
Measure efficiency, rate capability, resolution
Tested front-end electronics
Final E-CAD design for front-end electronics
Completed engineering study

. 1/92
1/92
1/92
1/92
1/92
1/92
1/92
4/92
8/92
8/92
8/92
8/92

8/92
8/92
10/92
10/92
10/92
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Tracking design task

Table 6
FY1992 tracking system budget

Institution
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Requested
(KS)

1. Silicon tracker
Front-end electronics

Mechanical design and prototype construction
Detector development

Management and cost/schedule estimates

2. Barrel tracker
a. Straw tubes
Basic drift tube R&D
Prototype construction and test
Straw placement engineering and manufacture
Termination, endplate design, and prototypes
Aging studies

b. Scintillating fibers
Scintillating fiber and clear fiber R&D

Fiber and ribbon manufacturing

Fiber placement and prototype fabrication

VLPC system engineering

KEK: LBL, U. Oxford," RAL: and
UC Santa Cruz

LANL and LBL
Hiroshima. U.; Johns Hopkins U., KEK,·

U. New Mexico, U. Pittsburgh, UC River
side, UC Santa Cruz, and others

LBL and LANL
Subtotal

Duke U., U. Indiana, and others
Duke U., U. Indiana, and others
ORNL, WSTC, and others
U. Colorado, ORNL, and others
LBL, TRlUMF,. and others

Subtotal

FNAL, Florida. State U., U. Dlinois at
Chicago, Northeastern U., U. Notre
Dame, Purdue U., and industry

Bieron, FNAL, Northeastern U., U. Notre
Dame, ORNL, and Purdue U.

U. Notre Dame, ORNL, Purdue U., and
WSTC

UT Dallas, UC Los Angeles, FNAL, Pur
due U., and Rockwell

950

2060
210

180
9400

130
175
175
120
40

6./0

200

150

105

300

Subtotal 755

c. Common engineering and cost/schedule
Support structure and system engineering

(common to straws and fibers)
Management and cost/schedule estimates

ORNL and WSTC

ORNL and WSTC
Subtotal

800

180
980

3. Intermediate tracker
Work on plastic substrates for

microstrip detectors
Carlton U.,· CRPP (Ottawa): KEK:

LANL, U. Liverpool: RAL:
U. Rochester, and Texas A&M

125

"Foreign budget not included.

Total 5900
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Table 7
Division of responsibilities for the solenoid

Ja.pan Both United States

Conductor development
Coll design
Coil Winding
Prototype coil outer
Support cylinder

Magnetic calculations
Magnetic forces
Quench analysis
Assembly of prototype
Testing of prototype
Design report

Vacuum vessel
Chimney design
Coil support design
Cryogenics design
High-current supplies
Prototype cryostat

6. Superconducting solenoid

The R&D program for the solenoid has been di
vided between KEK and FNAL. KEK is developing
an improved superconductor and is working on the
coil design and the coil winding. FNAL has assumed
the tasks of designing the vacuum vessel, chimney,
control dewar, transfer line, and a cold-mass support
system. FNAL is also designing the helium/nitrogen
cryogenic system in conjunction with the SSCL, and
is investigating high-current electrical equipment.

A full-diameter, quarter-length prototype coil and
cryostat will be designed, fabricated and tested in
the next three years. KEK will provide the coil and
outer support cylinder, while FNAL will provide the
supports, the radiation shields and the vacuum ves
sel. FNAL and KEK will work together on the
assembly and on cryogenic and electrical testing of
the prototype, and will then collaborate in writing
a design report to be used for procurement of the
final magnet.

6.1. FY1990 and FY1991 R&D

The solenoid technical feasibility is based on ex
trapolation from current magnet technology. How
ever, the solenoid is one of the most critical elements
of the SDC detector and the technical risk must be
minimized in order to avoid any possible catas
trophic failures in the process of manufacturing as
well as in its operation. The solenoid being designed
can be used with or without ferromagnetic endcap
return yokes. One of the advantages of this concept
is that a full excitation test can be done at the man
ufacturer. The following items need to be clarified
before the construction of the real magnet can begin:

1. Supporting method of axial electromagnetic force
(1700 tons),

2. Aluminum stabilized superconductor with a large
aspect ratio,

3. High-strength aluminum stabilizer and moderate
RRR,

4. Use of honeycomb structure for vacuum vessel.

The conclusion ofour study in 1990-1991 was that
the best way to pursue these R&D items is to con
struct a prototype solenoid with full diameter but
one-quarter the length of the actual one. An equiv
alent electromagnetic force can be realized in the
prototype magnet if one excites it with 1.5 times the
current of the full magnet. Through such cooling
and excitation tests, it is possible to obtain

1. Verification of higher (stora.ge energy)/(mass) ra.
tio of 7.0 to 7.5 kJ /kg,

2. Verification of support against hoop and axial
stresses,

3. Verification of stability against quench and per
forma.nce after quenches,

4. Feasibility of aluminum honeycomb vacuum ves
sels.

In addition, one can develop and verify the method
of coil winding as well as the superconductor prop
erties for the real magnet through the construction
of the prototype coil since its diameter is the same.
The initial investment is naturally higher due to the
challenge of building to the full diameter, but this
will eventually be compensated in the construction
of the real magnet.

The responsibility for the superconducting solenoid
is shared between Japan and the United States, The
division of responsibilities in 1991-1992 is shown in
Table 7.

KEK has been working for about two years on
the development of a high-strength, low-resistivity
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Table 8
Superconducting solenoid FY1992 plan and budget

Solenoid design task Requested
(KS)

1. Prototype coil: Vacuum. vessel, radiation shield, tests 400
2. Final coil: Support design, magnetostatics, integration with other de- 100
- tector components
3. Final coil: Cryogenic design and related items 100

Total 600
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Al/Cu/Nb-Ti composite conductor. A conductor
with a yield strength of 8.5 ksi at 77 K and an RRR
of 1200 has been achieved. A preliminary coil de
sign has been made by Toshiba. Toshiba has also
developed a machine to wind the conductor on the
inside of the outer support cylinder, and has done
some practice winding.

Design of a "thin" outer vacuum shell has been
a major thrust of the FNAL R&D program in this
period. The thickness of th~ vacuum shell, if fab
ricated of solid aluminum plate, would be about
0.28 Xo, (radiation lengths); the goal is to reduce
that value substantially. Many different materials
were investigated. Special emphasis has been placed
on aluminum. honeycombs, carbon-epoxy composites
and aluminum isogrid. Because an all-metal, welded
shell has been judged as more reliable than glued
materials, a contract was placed with PS Associates,
Inc. for a feasibility and preliminary design study of
aluminum isogrid. That study was completed and
showed that an isogrid shell with an effective thick
ness of 0.213 inches (0.060 Xo) satisfied the design
requirements.

A 12-inch diameter vacuum jacket around the
cryogenic lines has been shown to provide adequate
pumping and overpressure relief of the magnet cryo
stat. The preferred route for this chimney is straight
up through the calorimeter and the muon system.

Cold-mass support systems have been investi
gated. A Warren truss at one end with a system
of radial supports on the other end is the present
system of choice. The cold-to-warm support ele
ments will be made of carbon-epoxy composite for
minimum perturbation to the calorimetry.

The heat loads to the 4.5 K and 80 K systems
have been calculated and the helium refrigerator

sized. Several methods of flow-cooling the coil have
been considered. A preliminary cross section of the
transfer line leading from the surface facilities to the
magnet has been generated for costing purposes.

The availability of high-current electrical equip
ment has been investiga.ted and possible vendors
identified for the 10 kA power supply, dump switches
and dump resistors. The water-cooled bus leading
to the~surface has been sized.

The magnetostatic capabilitiea of ANSYS have
been used to study the effect of calorimeter geom
etry on the coil forces for a calorimeter containing
iron. A method of using ANSYS to follow quench
propagation and calculate coil temperature as a
function of time after a quench has been developed.

A major emphasis of the FNAL R&D FY1991 pro
gram has been the design of the cryostat and support
system for the prototype coil being built ill Japan.
The coil will have a mean diameter of 3.6 m and will
be about 2 m long. FNAL will fabricate the vacuum
vessel, utilizing an aluminum isogrid for the outer
shell. PS Associates will complete the design of the
shell and the attachments to the fiat annular plate
on the ends. Scale models of the isogrid shell will
be fabricated and tested to verify the design. Pro
totype composite and metal support elements will
be fabricated and tested. The radiation shields and
support intercepts will be engineered and designed.

6.2. FY1992 R&D plans

In FY1992 the construction of the prototype coil
will begin and engineering design of the full-size coil
will continue. The breakdown of the US tasks to be
carried out by FNAL, together with estimated costs,
is given in Table 8.
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7. Calorimetry

The calorimeter for the SDC detector consists of
a. central calorimeter covering the pseudorapidity
range 1171 < 3 and forward calorimeters covering the
pseudorapidity range 3 < 1771 < 5.5. The design goals
for the calorimetry have been described previously in
the Expression of Interest and Letter of Intent sub
mitted to the SSCL last year. In brief, the calorime
try is designed to provide hermetic coverage for miss
ing energy determination, to provide jet energy and
angular resolution sufficient to meet the ,physics de
mands a.t the sse, to provide electron/photon iden
tification and energy measurements (in conjunction
with the inner tracker), and to provide the primary
trigger information for electrons, photons and jets.

At the time of the Letter of Intent there were two
options for the central calorimetry: lead/iron ab
sorber with scintillating tile-fiber readout and lead
absorber with liquid argon rea.dout. Many options
were under investigation for the forward ca.lorimetry:
liquid argon, warm liquid, liquid scintillator, and
high-pressure gas devices with lead/iron absorbers.
For the central region we were also investigating the
use of either a preshower (preradiator) detector or a.
fine-grained detector at shower maximum to aid in
electron identification.

Since submitting the Letter of Intent we have
studied more fully the basic calorimeter require
ments (depth, segmentation, •..), continued and
expanded the R&D and beam test program for scin
tillating tile, liquid argon and warm liquid calorime
try, completed preliminary conceptual engineering
designs for both scintillator and liquid argon central
calorimetry and have improved our cost/schedule
estimates for ca.lorimetry in general,

A selection of technology for the central region
with the choice of the scintillator option was made in
September. Since the construction period for the for
ward ca.lorimetry is less than for the central region,
a longer period of R&D and conceptual design is
possible. In FY1992 we will nevertheless narrow the
technological options, continue fundamental R&D,
and develop plans for prototype construction leading
to beam tests. Conceptual engineering design of the
forward calorimetry must continue, since the design
of the forward calorimetry has substantial impact
on the design of the endca.p region of the central
calorimetry and on assembly and access for the entire
detector. We do not expect to make a final choice of
technology for the forward calorimetry in FY1992.
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7.1. Choices of technology for calorimetry

7.1.1. Choice of technologies for central calorimetry

Based on our studies and tests, our choice for the
central region is the scintillating-tile fiber-readout
option. The composition of the absorber for the
hadronic section remains to be selected. This choice
is influenced by physics requirements (e.g. compen
sation requirements), cost, field uniformity and its
effect on tracking, and by consideration of magnetic
forces on the superconducting coil. Beam tests are
under way to study the response of a. calorimeter
with different amounts of lead and iron absorber.
Studies of the other aspects are also well advanced.
The selection of absorber type is to be made by the
end of November 1991. A plan for the R&D and en
gineering effort on tile-fiber calorimetry is presented
below.

We have considered the use of either a preradia
tor or a shower ma.ximum detector (SMD) to a.id in
electron identification. Our choice is a fine-grained
detector at' shower maximum, This will consist of
crossed strips of scintillator read out by fibers.

7.1.2. Choice of technologies for forward ca.lorimetry

The forward calorimeter is substantially smaller
than the central calorimeter, and its goals are more
modest. Its primary function is to provide her
metic coverage for missing transverse energy mea
surements, and it may also be used to tag the
presence of forward-going jets. Electron identifi
cation will not be made in this region. Particle
densities are large, and radia.tion damage is a criti
cal issue. To date we have not identified a preferred
technology, and we will not do so until requirements
are better defined and further studies are completed.
By February 1992 we plan to narrow the options
under consideration to no more than two choices.

7.2. Central scintillator calorimetry

The basic layout of the scintillator option is shown
in Fig. 4. In the present design there are about
10,000 towers with the following longitudinal depth
segments: one in the electromagnetic section of the
barrel and two for the endca.p, and two segments
in the ha.dronic sections (HACl and HAC2) of both
barrel and endcap. The potential exists to up
grade the barrel EM section to two depth segments.

."
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The depth at 1111'= 0 is about 9 interaction lengths
(~1) and is appropriately scaled with pseudorapid
ity, reaching 11-12 ~1 at 1f71 = 3. In addition to
the major choice of absorber type, all of the design
details remain to be fixed during FY1992. Tower
size, sampling fraction, etc. will be finalized through
an iterative process involving physics requirements,
performance, cost, and engineering feasibility.

A number of engineering options for the absorber
structure are being pursued. For the electromag
netic section we are investigating both a conven
tional lead-plate structure and the casting of an
entire module. The hadronic section absorber may
be cast-lead followed by a steel punched-lamination
or plate structure, or the entire hadronlc section may
have steel absorber. The transition point between
HACt and HAC2 will be chosen on the basis of sim
ulations and results from the hanging file test-beam
run, but may occur as early as 4 ~I.

Clearly, any combination of the cast-lead vs. lead
plate and laminations va. iron-plate fabrication tech
niques can be used, whether the front section of the
hadron calorimeter is chosen to have lead or iron.
The absorber choice and fabrication technique are
separate issues. The fabrication technique will be
chosen on the basis of cost and performance.

7.2.1. R&D for the scintillator option

The primary R&D issues for the scintillator op
tion are discussed in this section. Many are common
to both the tower and SMD parts of the calorimeter.

1. Compensation and absorber studies

Beam tests of a "hanging file" calorimeter are
underway at FNAL. The device consists of I m2

absorber plates and scintillator tiles that are hung
from rails to permit easy rearrangement. The tiles
are 3 mm thick with waveshifter fibers on 5 em cen
ters. Each of the more than 100 tiles has its own
PMT and associated readout electronics. Most of
the absorber is in the form of 3.2 mm plates, and
12 >.[ each of iron and lead are available. Aluminum
and GIO plates are also available. Compensation of
pure iron and lead systems will be studied as a func
tion of absorber thickness. Of even more interest are
the compensation properties of composite absorbers,
e.g. iron with a lead core, or lead with aluminum or
GIO cladding. Variation of composition with depth
will be studied, as will a variety of other problems
such as albedo losses. The array is presently be
ing commissioned, and will obtain data through the
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fixed target run that will continue until the end of
1991. The results will be an important part of the
input in choosing the absorber configuration for the
scintillator/ tile readout calorimeter.

2. Scintillator development and radiation damage
studies

The effort has several major components: con
tinued development of scintillators and waveshifter
fibers with improved radiation resistance, source
tests of bulk scintillator, and exposures of special
electromagnetic modules to electron beams to deter
mine radiation damage. In addition, work is contin
uing on the development of materials with improved
radiation hardness and of faster waveshifting fibers.

For radiation damage studies, twenty mechanicaJ.ly
identical EM test modules have been built. The ba
sic module is 20 radiation lengths (Xo) deep, and
consists of 20 sheets of lead separated by tile/fiber
assemblies. The fibers are viewed by a single pho
tomultiplier. A "standard" module consisting of
polystyxene base plastic with Y7 shifter fiber with
out glue and in an air atmosphere is under test at
the various sites. Variations in base plastic, shifter,
atmosphere, tempera.ture, and glue will be made
separately, so as to isolate the relevant parameters
in the problem of radiation damage. Six modules
are in Beijing, two are at KEK, and two are at
Sa.clay. These modules have been exposed to total
doses of a few Mrad. Preliminary results from these
exposures have established that the barrel section of
the calorimeter will provide adequate performance
at equivalent dose corresponding to about ten years
at 1034 cm-2s-1 with presently available scintilla
tors (SCSN81). Results from these initial exposures
have helped determine the choice of plastics and am
bient conditions for the second round of tests that
have commenced in the fall. The dependence on
damage of atmosphere and dose rate will be studied.
We are working with chemists at Sandia Laborato
ries and elsewhere to understand how to extrapolate
from the relatively short exposures at high dose rates
in source and beam tests to the almost continuous
low-rate exposure at the sse.

The radiation damage test program initiated in
FY1991 will be continued in FY1992 to begin stud
ies of the long-term performance of the irradiated
test modules. These data will be incorporated into a.
model of damage effects that is intended to predict
long-term performance of the calorimeter. Finally,

,"
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as materials, fabrication and assembly techniques
are improved, they will be incorporated into new
test calorimeters and tested as beam time allows.

The scintillator development program is tightly
coupled to the tasks described above and to the de
sign of the-overall optical system. One element of
this program is the continued work with commercial
manufacturers (Bieron, Kuraray, and Dow Corning)
to encourage their development of fluors and plas
tic bases with increased resistance to radiation. The
bulk irradiation properties of these materials will be
measured using facilities at several sites. The ma
jor responsibility for scintillator R&D for the SMD
rests with the Sa.clay group. Initial irradiations with
6OCo were made to choose between various candi
dates for the base plastic and shifter fibers. These
choices were the basis for the "standard" modules
and test program described above.

Irradiation studies using radioactive sources are
being made at Florida State, KEK, U. Michigan,
LSUt and ANL, and will continue in FY1992. The
electron beam tests will be continued at two sites
in FY1992 t KEK and mEP/Beijing. SMP tests
will be made at Orsay. Incorporation of these data.
into a model describing long-term degradation is the
responsibility of Sandia Laboratory.

The final element of this program is to provide ma
terials for the optical system development described
below.

3. Optical system design

This task entails precision measurements of the
tile/fiber uniformity of response and the repro
ducibility of the response from assembly to as
sembly. Masking techniques have been developed in
the FY1991 program and these will be further opti
mised to determine the most cost effective-solution.
Work on mapping and masking is proceeding at
ANL, FNAL, and Tsukuba.

Fiber routing affects the light yield, and, as a re
sult of the stresses introduced iIi bending the fibers,
may also affect radiation resistance. Studies of both
ageing and performance following irradiation of the
completed assembly at a variety of dose rates and to
tal doses will be made. These data will be useful in
addressing issues such as annealing and cumulative
degradation.

The responsibility for design of the SMD scintil
lator assemblies will be borne by Saclay with close
cooperation with US and Japanese groups.
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4.. Calibration system design

Three complementary calibration methods are
proposed:

1. Light pulser calibration. Pulses from an ultravi
olet N2 laser will illuminate a fast scintillator in
which fibers are imbedded. These fibers guide the
light to individual PMT's. This system would
monitor the relative gain and stability of the
PMT's and the subsequent circuitry. Most of the
test goals could be met by an alternative LED
pulser system. Cable and fiber routing must
be well conceived so as to maintain hermetic
ity of the calorimetry. SSCL and UTA will be
responsible for the conceptual design.

2. Source calibration. A 137Cs source is mounted on
the end of a long steel wire that is guided to a
given tile through a plastic tube. Via a "Gatling
gun" switching arrangement, it can be routed to
a large number of different tiles. It monitors the
entire system, including radiation damage, ageing
effects, gain changes, etc. Measurements of the
PMT current are observed to be stable to at least
2%. Such a system is also being used to track
the radiation induced. non-uniformity in the test
modules at FN AL, Beijing, and at Sa.clay. Most
of the development is being done by Purdue U
and the SSCL.

3. The ultimate calibration of the SDC calorimeter
will be based on SSC colliding beam events. The
calorimeter can be calibrated using the abundant
7~jet events, electrons from Z - e+e- events,
isolated pions whose momenta. are measured in
the central tracker, etc.

In FY1992, we will complete plans for the detec
tor calibration. This includes verification that the
proposed scheme meets safety and operational re
quirements. A prototype box that dispenses and
stores the sources will be designed and built.

5. Photodetector specification, high voltage design
and interface with electronics

These issues are closely coupled. Phototube spec
ifications for the tower readout must be developed
in detail. These are connected to the design of
the optical system, since radiation resistance may
be improved by using waveshifter fibers with longer
wavelength output than is now the standard. A
conceptual design of the high voltage system and
the interface of the phototubejHV system with the
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electronics for the calorimeter must also be com
_ pleted in FY1992. Requirements on noise, linearity,

r' and dynamic range will be specified. Specification
and evaluation of PMT will be the responsibility of
FNAL, ANL, and Fairfield. The BV system is being
developed by FNAL, VPI, UTA, and Moscow State
U. Prototype "charge pump" bases will be in place
with "default" PMT's late in the 1991 hanging file
beam tests.

The photodetector for the SMD is also to be
specified in FY1992. Groups in the United States
will assume the primary responsibility for evalu
ating photodetectors. Those under consideration
include multi-anode phototubes, avalanche photo
diode arrays, VLPC's and phototubes with silicon
detectors. Preliminary evaluation of these systems
will be made in beam tests during 1992. The issue is
largely cost, since the requirements on energy mea
surement, given the shower :fluctuations at shower
maximum, are modest.

7.2.2. Prototype development and engineering

Prototype development and testing during FY1991
concentrated on the production of a prototype bar-

r> rel electromagnetic module produced by lead casting
and the production of an iron hadronic module pro
totype using punched Iaaninations as the absorber.
Both of these prototypes will be tested at FNAL
during the current fixed target run.

Casting was explored as a fabrication technique
for the lead calorimeter structure beca.use of the
possibility that lead cast into a stainless steel shell
might provide better hermeticity than a. structure
with lead plates supported by I-beams. Tolerances
on absorber thickness, mold fabrication, and lead
"creep" are the issues to be addressed.

Conventional plate fabrication techniques (e.g. in
CDF where lead plates are supported in compres
sion directly on scintillator tiles and in ZEUS where
uranium plates are separated by I-beams and bound
together on the exterior surface by tensioned wire)
are also being studied.

Iron offers the possibility of simultaneously pro
viding an inexpensive calorimeter absorber, solenoid
coil support, tracking support, and magnetic 'flux re
turn. The main problem is that such a calorimeter

,- is noncompensating, i.e. the responses to electrons
and hadrons of the same energy are different. Monte
Carlo studies of this problem are under way at
FNAL and ANL.

39

Engineering efforts are underway at ANL, FNAL,
LBL, SSCL, and WSTC. The aim of these efforts
is to provide a complete cost estimate and engineer
ing analysis of the engineering options by December
1991. After a decision is made, a common baseline
design will be pursued for the remainder of FY1992.
Procurement of materials will then begin, with the
goal of having a preproduction prototype completed
early in FY1993.

FY1992 engineering tasks are as follows:

1. Development of a preliminary engineering design
of a. barrel EM module, with production of de
tailed drawings for the fabrication of a prototype.

2. Development of a preliminary engineering design
of a barrel HAC module with production of de
tailed drawings for the fabrication of a prototype.

3. Design of fixturing. A variety of fixtures are
needed. For example, clips will be needed to hold
the tile assemblies in the wedge. Brackets are
needed to hold fibers in their routes. As part of
the costing exercise, many specialized fixtures to
be u'sed in fabrication and transportation need to
be designed.

4. Continuation of the calorimeter engineering de
sign optimization for cost and performance. This
effort will focus on such aspects as fabrication
methods, fastener choices, fastening technique,
and piece count reduction for the module frame
assembly.

5. Integration of the EM and HAC sections of the
calorimeter. Mechanical tests will be made in
parallel with fabrication of a full length barrel
EM + HAC pre-prototype module.

6. Structural Analysis. The solenoid field inter
acts with the magnetic "termination" provided
by the steel in the endcap and barrel calorime
ter. Optimization of the steel location taking
into account field uniformity (tracking, trigger
ing), forces on the solenoid (supports, material,
hermeticity), and calorimeter performance will be
studied. ANSYS runs will be made that include
magnetic and gravitational loads.

7. Industrialization of the tile/fiber manufacturing:
The cost of manufacturing and assembling hun
dreds of thousands of tiles and tile/fiber assem
blies is a large fraction of the total calorimeter
cost. Our present detailed estimate is based on a
direct extrapolation of the "hand-crafted" tech
niques used to build the CDF endplug upgrade
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module. Industrialization studies by FNAL will
be pursued to evaluate the feasibility of lowering
costs and improving yield.

8. Mechanical integration of calorimeter elements
with other detector subsystems will be continued.

9. Support .and integration. The steel hadronic
calorimetry provides a structuraJ1y sound attach
ment point for two support structures. As part
of the detector integration effort, design of the
supports for the solenoid coil and the tracking
volume will be continued. Work begun in FY1991
on a support structure for the calorimetry, which
rests on the muon system steel, will be contin
ued. The "readout crack" containing services for
detector elements inside the calorimeter volume
will also be optimized.

10. Services. It is possible that the scintillator will
require a nitrogen or other inert atmosphere in
order to minimize radiation damage.

11. PMT mechanics. Each PMT requires a magnetic
shield and a support bracket. Cable routing of
signals and services (HV) must also be designed.
There must be provisions for making the entire
assembly light-tight.

12. Repair/refurbishment. It is likely that the end
cap EM section will need to be "remasked" over
the lifetime of the experiment. It is also nec
essary to provide for the possibility of replacing
some fraction of the scintillator in the EM section
of the endcap.

H both HACl and HAC2 have iron absorber, most
of the engineering tasks remain the same. However,
both would be contained in a single structure. The
EM section may be either assembled from lead plates
or cast lead.

For the remainder of FY1992, the effort will con
centrate on continued engineering of the chosen
design. Both the barrel and endcap designs will be
pursued. A prototype barrel wedge will be designed.
Fixturing for transport and manipulation will also be
designed. Test equipment and materials (absorber,
scintillator pla.te, fibers, PMT) will be procured
for the prototype wedge. The goal is to procure
long lead-time items for the prototype in 'FY1992 so
that fabrication and assembly can proceed early in
FY1993. The aim is to have a functional full-scale
('" 50 metric tons) wedge assembly, with an SMD,
and with transducers/readout in place, for tests in
a beam by mid-FY1993 at the latest.

Calorimetry

ANL, FNAL, LBL, SSCL, and WSTC will be
responsible for mechanical engineering in FY1992.

7.2.3. Engineering for SMD

The major mechanical engineering effort will take
place at Saclay, The US effort in FY1992 will be
aimed at producing (with Saclay) a full design and
cost estimate for the SMD. As with the rest of the
calorimetry, the goal is to have a prototype in place
in a test beam in FY1993. In the US the effort will
concentrate on R&D areas, namely the transducers
and preamplifiers.

The chosen transducers will be integrated into the
design selected for the main calorimetry, a.nd mounts
and other needed facilities will be designed.

The number of SMD channels is at least as large
as the number of calorimeter towers. The problem of
signal and other cable layout must be addressed in
an integrated way with the rest of the calorimeter.

7.3. R&D for forward calorimetry

The coverage of the central calorimeter extends to
1'71 = 3, or 5.70

• For the detector to meet its physics
goals, missing-E, coverage must extend for at least
two more units of pseudorapidity. We intend to
extend the fiducial limit to 1'71 = 5, which means ex
tending the physical boundary of the active region
to 1'71 =5.5 (0.50

) or possibly 1'71 =6 (0.30
) . Special

problems of this region include

1. Radiation damage. Since the dose varies as the
inverse square of the distance from the interaction
point (IP), damage is minimized by placing the
forward calorimetry as far as possible from the IP.

2. Albedo :flux (mostly neutrons) that contributes
to the :flux in the central region. Again, the
calorimeter should be as far as possible from the
IP.

3. Angular (or 11) resolution degradation because of
the lateral size of cascades. Again, this argues
for a large distance from the IP.

4. The need for continuity in acceptance and perfor
mance with the central calorimeter. The disconti
nuityat 1111 = 3 should be as invisible as possible.

5. The design must include provision for shield
ing the intermediate-angle muon chambers from
albedo particles from the forward calorimeter.

6. Provision must be made for moving the forward
calorimeter along the beam pipe to allow access to
the central tracker and other parts of the detector.
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7.3.1. Forward calorimeter progress in FY1991 and
plans for FY1992

An SOC task force has been formed to study these
problems. In this section we summarize its progress
to date and the R&D plans for FY 1992.

The simplest geometrical solution is the improved
conical plug shown in Figs. 1 and 2. It has been
moved inward, as compared with the LoI design, to
expedite access to both the inner detector and the
final-focus quadrupole. Performance at the 1111 = 3
interface can be improved by instrumenting the
conical-shell shield. The logical extension of this ap
proach is a conical-shell calorimeter that closes with
increasing distance from the IP, an "inverse cone."
These and other possibilities have been simulated,
although further work is needed before a choice can
be made. Substantial simulation effort will continue
at U. Florida, Iowa State, LBL, U. Toronto, and
York U. It is expect that a geometry decision will
be reached in early FY1992.

The radiation/occupancy situation becomes much
harsher with increasing 1'11, the incident particle flux
varying as cosh2 fJ and the dose almost as coshs fJ at
fixed distance from the IP. At IfJl = 3 the situation
is somewhat better than at the edge of the central
calorimeter, because of the increased distance (in the
"plug" design), but at IfJl = "6 the dose will exceed
200 Mrad yr-l at the nominal SSC luminosity. It
is therefore conceivable that the readout technology
might change at some intermediate angle, perhaps
to one with a shorter nuclear interaction length and
a different sampling option.

Sampling options have received considerable at
tention, and the goal in FY1992 is to narrow the
field to a final choice--or choices, if a technology
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change at small angles is preferred. Ongoing work
includes the following:

1. Liquid scintillator. As with other liquids and
with gases, radiation damage is managed by cir
culating the fluid, along with some combination of
purification and replacement. Part of the problem
is to find comparatively radiation-resistant trans
parent dielectric tubes through which to circulate
the scintillator. Design and testing of materi
als and prototype "liquid SPACAL" calorimeters
is underway at several institutions, and will con
tinue in FY1992.

2. Liquid argon. Here the problems are charge
buildup and radiation damage to the structures
and preamplifiers, both the result of the high
instantaneous rates. The goal in FY1992 is to
provide a. design that is sufficiently detailed for
meaningful comparisons with alternate proposals.

3. Warm liquids. Much of the WALlC collabora
tion's effort is directed toward forward calorime
try.. Their "hanging file" beam tests are presently
under way at FNAL.

4. High pressure gas. The gas is circulated. The
"Texas tower" effects that result from a low sam
piing mass fraction are reduced by the use of
very high pressures. The ongoing study focuses
on rate and charge buildup problems. A proto
type module is being built, the first cell of which
will be used for mechanical/structural testing. In
FY1992 a full-scale cell could be built to test its
mechanical and electrical structure.

The forward calorimeter effort is now being re
viewed and detailed milestones remain to be deter
mined.
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Table 9
FY1992 calorimetry budget

Calorimeter design task Institution Requested
(K$)

1. Central calorimetry-scintillator{tile option
a. Scintillator development, readout, and

calibration
Radiation damage tests, including

beam tests of modules

Scintillator development

Optical system design and tests

Calibration systems
PMT specifications and tests

b. Hadronic shower simulations
c. Shower maximum detector

Scintillator design and test
Readout evaluation-APD, VLPC, ...

Engineering of readout system includ
ing prototype

ANL, Beijing U.,· Erevan Inst.," Florida
State U., FNAL, LSU/SU, Michigan,
U. Mississippi, Rockerfeller, Saclay," and
Tskuba U.*

ANL, Bicron, FN AL, U. Florida,
and Sandia Labs
ANL, Florida State U., FNAL, LBL, LSU/SU,

Purdue, U. Rochester.
Purdue U., SSCL and UT Arlington
FNAL, LBL, UT Arlington, and

Virginia Polytechnic Inst.
Subtotal

Iowa State, ORNL, U. Tennessee

Saclay"
UC Los Angeles, Northeastern U.,

Rockerfe11er U., and Yale U.
UC Los Angeles and FNAL

350

440

400

200
100

1490
60

300

100

Subtotal 400
d. Preliminary engineering design, indus- ANL, FNAL, LBL, SSCL, and WSTC 2250

trialization of tile/fiber manufactur-
ing, and prototype construction

e. Management and cost/schedule ANL, FNAL, and WSTC 200
estimates

Scintillator/tile subtotal 4400

"Foreign budget not included.
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Table 9 (continued)
FY1992 calorimetry budget (continued)
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Calorimeter design task

2. Forward calorimeter
The division among institutions will

.occur in November after review of
ongoing efforts.

*Foreign budget not included.

Institution Requested
(KS)

400

TOTAL 4800

Table 10
Calorimetry R&D milestones

Milestones and Goals

1. Central calorimetry
Decide on iron or lead absorber
Design report complete
Begin prototype materials procurement for barrel ~edge

2. Forward calorimeter
Select options for Technical Proposal

3. Shower maximum
Baseline design finalized
Technical proposal for shower maximum detector complete
Selection of transducer for shower maximum detector
Begin preproduction prototype

Date

11/91
4/92
6/92

2/92

11/91
4/92
9/92

10/92
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8. Muon system

8.1. Introduction

The principal measurement of the muon momen
tum for the, central ±1.5 units of pseudorapidity is
made by the inner tracker. The outer muon system
makes the principal momentum measurement for
1.5 < 1'71 < 2.5 and transverse momenta above 100
GeV/ c. It also improves the momentum measure
ment in the central region for very high transverse
momentum muons, typically, those with transverse
momenta> 300 GeV/ c.

There are five principal functions which the muon
system. must provide:

1. A Level 1 trigger,

2. Contributions to the Level 2 and Level 3 triggers,

3. The identification of muons,

4. The improvement of muon momentum resolution
at high transverse momenta, and the primary
measurement of muon momentum in the forward
direction, and

5. Capability of operation at luminosities above the
design level, where the inner tracker may not be
fully functional.

The key elements of the muon' detection system,
shown in Fig. 2, are the large iron toroidal mag
nets which surround the calorimeter. In the central
and intermediate regions, they provide a kick which
allows a simple Level 1 trigger and a redundant mo
mentum measurement, necessary to separate muons
from particles which punch through the absorbers.
In the forward direction, they provide the principal
momentum measurement as well as the trigger for
high Pi tracks. The Level 1 trigger uses the toroidal
bend, and requires measurements of the polar angle.
The Level 2 trigger attains higher resolution by us
ing a. match between a track in the central tracker
and a stiff track in the outer muon system; thus it
requires measurements in the azimuthal direction.

The Level 1 trigger uses scintillation counters and
those chambers located beyond the toroids. The
scintillation counters define the crossing time of the
trigger and provide a coarse transverse momentum
cut. The transverse momentum definition is re
fined by chambers which are built with projective
wires. The time difference between signals arriving
at the projective wires is inversely proportional to
the transverse momentum, allowing a simple trigger.
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In the forward direction Cerenkov counters, which
are insensitive to neutrons, are used to improve the
trigger.

The design specified in the Letter of Intent (LoI)
had two layers of scintillation counters everywhere,
28 layers of wire chambers in the central and inter
mediate regions, and 26 layers of wire chambers in
the forward regions. The resolution per superlayer
in both 8 and ¢J is specified to be 250 p.m in the cen
tral and intermediate regions and 100 p.m (8 only)
in the forward regions. All of these requirements
are being reviewed. Our preliminary conclusion has
been to reduce the number of chamber layers to 18
in the central region.

Currently, prototypes of four chamber designs are
being constructed in the United States and Japan.
During the last quarter of 1991, tests of the pro
totypes will be performed and a decision will be
made on the final chamber design in February 1992.
Other research and development goals for FY1992
include prototyping and testing of scintillation and
Cerenkov counters, the design and construction of a
supermodule support test structure, the design, pro
totyping, and testing of alignment systems, and the
design of production assembly lines. '

Milestones for the muon systems are given in Ta
ble 11, and the FY1992 budget request is in Table 12.

8.2. Chamber program

Development of the muon chamber design is the
major focus of activity. The goal of this activity is
to provide a robust and cost effective tracking sys
tem which matches the physics goals of the SDC
detector. In order to evaluate the performance and
cost tradeoffs, large prototypes of several candidate
designs are presently under construction.

Although many drift module construction tech
niques have been considered, four primary candidate
designs have emerged. Each design arranges the drift
cells in projective geometry for simple triggering, ar
ranges ionization drift directions perpendicular to
the muon tracks at all locations to avoid systematic
position measurement errors, and provides a uni
form scheme for measurements of polar angle and
azimuth with "stereo" measurements connecting the
two coordinates. In the US, a design based on simple
aluminum drift tubes with nearly cylindrical drift
fields is under development at Wisconsin and Mary
land, a similar design using true cylindrical tubes is
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being studied at Washington and the SSCL, while a
design based on an orientable drift cell with internal
field shaping electrodes is being developed by Har
vard, Brandeis, and Tufts. The Japanese members
of the collaboration are focusing on an oriented jet
cell. The possible advantages and disadvantages of
each will be discussed in tum.

8.2.1. Drift tube

The drift_tube design for the barrel a.nd interme
diate chambers is based on an extnided doublet of
octagonal 75 rom diameter tubes. This tube design is
shown in Fig. 5.. The basic module consists of a stack
of four layers. of half cell-staggered cells with small
gaps between tubes within a layer arranged such that
corresponding wires in alternate layers project to the
beamline. The essentially cylindricaJly-symmetric
drift field within these tubes has several advantages.
In the first place, the response of the tube is in
dependent of the incident angle of the track, and
secondly, the cell is electro-mechanica.lly stable. Be
cause the grounded tube is far from the wire, the
tube is rather insensitive to the location of the cell
wall relative to the wire. It follows that long tubes
can be constructed with wire locations fixed only by
endplates, The gravitational deflection for standard
wire is about 1.5 mm at 9 m length and may be cal
culated and corrected for. Novel low-mass wires are
under study at Washington and Osaka that may ren
der this correction unnecessary, Barrel tube lengths
of up ,to 9;5 are possible in 75 mm tubes without
wire supports. Supermodules of area 8 m x 9 m
containing wire planes in several orientations are
being engineered by PSL and FNAL, along with
their support structures. The octagonal tubes stack
compactly a.nd may be bonded together to form
a self-supporting unit. The supermodules may be
supported only at the ends where they ride on rails.

The tube diameter is limited to about 75 mm
by the requirement that the drift velocity be satu
rated throughout the cell and by the amount of space
available to accommodate the desired number of lay
ers in the inner barrel module. Another limitation
of this design is multihit capability-a track going
through the center of the tube generates ion clusters
that drift in over approximately 1 ps, potentially
obscuring another track within the same cell.

In the forward region, 40 mm wide square tubes
.in an eight-cell extrusion are proposed. These tubes
are arranged like chords of circles in pie-shaped
planes on a bicycle wheel support structure. The
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FIG. 5. Extruded aluminum octagonal cell doublets.
Dimensions are in mm,

wire planes overlap along the octant boundaries and
small-angle stereo is used for azimuth measurement.
Engineering of this design is being done at Mary
land. Studies of short tubes are proceeding at
Maryland and Wisconsin.

An order has been placed for extrusions to con
struct a 32 cell, 9.5 m long prototype of the 'barrel
chamber at Wisconsin. The construction will pro
vide some experience with assembly techniques and
parts including endplugsand fittings, endplates, and
adhesives.

8.2.2. Oriented cell

The oriented tube design is based on a two-piece
oval extrusion containing two electrode-strip field
shaping inserts which generate a uniform drift field
along the major axis of the cell over a gas thickness
of approximately 2 em. This tube design is shown
in Fig. 6. Each cell is oriented so that muons enter
the cell approximately normal to the drift direction
in order to avoid systematic effects associated with
large-angle incidence. As in the octagonal tube de
sign, drift cells are staggered and projective. In
this case electrostatic instability limits the length
of unsupported wire to about 3 m, The tubes are
therefore supported and oriented by a set of "wine
racks." A simple machining operation on the tube at
the location of the wine rack intermediate supports
allows the precise implantation of a wire support.

In ,this scheme, the locations of all wine racks
must be precisely known. The tubes and racks
themselves are not self supporting. An external
box support and internal alignment structure is be
ing designed by Draper Lab based on a network
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FIG. 6. Detail of the oriented drift tube design.

of LEDflens/photodiode optical alignment systems.
Supermodules of about 8 m X 9 m are envisioned.

The oriented cell has the potential advantage of
good ~track resolution. While nominally it has
the same drift length as the octagonal tube, it is
also possible to extend the drift length beyond 4 em.
to reduce the channel count. However, more space
is required to fit a given number of layers. This
problem is under study.

An order has been placed for extrusions to build
309m prototype of 4 em drift cells at Harvard to
gain experience with parts and assembly. Cosmic
rays will be observed in this chamber in late 1991 to
study the chamber performance.

8.2.3. Jet cell

A separated-cell geometry is being pursued at
KEK. The chamber is based on a jet cell of three
sense wires with 1 em spacing interleaved with four
potential wires and terminated with two guard wires
at the ends of the row. This cell design is shown in
Fig. 7 and the chamber configuration in Fig. 8. Pla
nar cathodes placed approximately parallel to the
wire plane provide a uniform drift field without in
troduction of additional field-shaping electrodes. A
superlayer is composed of two layers of the jet cells,
one layer being staggered by a half-cell with respect
to the other, providing redundancy for the Level 1
trigger.

A novel feature of this chamber is that the cells
are arranged to project to the beamline by tilting the
configuration of the wires and cathode walls. Ad
vantages of this design include a possible low-mass
structure and good multitra.ck resolution which gives
a superior pattern recognition capability for muons
accompanied by. electroma.gnetic shower fragments.
The maximum drift length can be extended beyond
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FIG. 7. Field map {or the proposed 3-sense-wire jet
cell.

FIG. 8. Chamber layout for a jet cell superlayer.
The diagonal wire planes separating the cells are at
the guard-wire potential.

4 em to reduce the channel count. The use of a fast
gas based on a AI/CF4 mixture will be investigated,
which allows an extension of the cell size without
introducing a longer drift time.

A possible difficulty with this design is the large
size of the chamber. The mechanical feasibility is a
key R&D issue. Development of a full-scale proto
type chamber, supermodule layout, support scheme,
and alignment system is proceeding at KEK, with
support from several Japanese institutions. Basic
studies on jet cell chamber performance using small
test chambers are also proceeding at KEK.
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8.2.4. Chamber development in FY1991

A major activity continuing into FY1992 is the
development of the four designs described above, in
cluding in each case construction of a full length
prototype, engineering of the support structure, and
development of a cost estimate. An alternate scheme
combining resistive plastic tubes with integral co
extruded electrodes is being investigated by the
Minnesota ~group and a light-weight support system
designed specifically for plastic drift tubes is being
investigated by the Rochester group. Studies of the
mechanical properties of wire and the drift and gain
properties of various gas mixtures are proceeding at
Washington. Development of fiat resistive plastic
electrodes for field sha.ping for possible application
to the oriented cell is underway at Rochester.

A choice among these designs based on relative
cost, performance, and risk will be made by the end
of January 1992. It is anticipated that the design of
choice will be sufficiently well-developed that a cred
ible, detailed proposal may be formulated rapidly.

8.2.5. Chamber development plans for FY1992

In FY1992, the activities of the muon group will
be focused on making prototypes of the production
versions of the chamber systems. It is anticipated
that the present institutions and possibly others will
participate in chamber production. We expect to be
setting up chamber production facilities at the SSCL.

For tube-based designs, the production model is
quite flexible. Single tubes may be constructed and
tested at several locations. The tubes may be as
sembled into larger transporta.ble chamber modules
of about 2 x 9 x 1 m3 for shipment to a. supermod
ule assembly facility. Alternatively, individual tubes
may be shipped to a larger central assembly area.
The staging of the production and the impact on
the mechanical support structure of these alterna
tives will be better understood when the present
prototypes are complete. However, development of
a outer supertower in 1992 (see Section 8.6) is re
quired to explore the production model and to test
the supermodule support scheme. We propose con
structing the outer supertower at SSCL to begin
the development of a technical support base at the
SSCL. The outer supertower response to cosmic rays
will be studied and experience gained with the gas,
electronics, trigger, and alignment systems.

Completion of chamber development engineering
must be accomplished in 1992. In particular, a com-
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plete set of drawings of the many chambers must be
generated, integrated with the design of the other de
tector components. To this end, we request support
for CAD systems and engineering. Development of
the tooling for the various parts will proceed, poten
tially including endplates, feedthroughs, gas fittings,
field sha.ping elements, wire and wire connections,
wire tension measurement, and cabling.

8.3. Trigger counters

The SDC muon trigger is based on a combination
of signals from two layers of scintillation counters
and from several drift chamber layers. In the for
ward direction, where ra.tes and noise levels may be
high, a set of Cerenkov counters is implemented to
strengthen the trigger capability. The muon cham
ber system is the slowest SDC detector component,
with maximum drift times that may be as high as
1 J.&s. It is therefore essential to add a set of fast
counters to the muon system that can correlate a
muon ~rack with a particular proton bunch cross
ing. Mismeasurement by one bunch crossing period
introduces a drift chamber measurement error of
about 0.8 mm, which may be difficult to identify
from drift-time measurements alone. Moreover, it
is crucial to be able to make an unambiguous event
assignment to the muon information.

The SDC muon system therefore contains two lay
ers of scintillators segmented into a geometry which
allows a. precise time measurement and the impo
sition of a. fixed Pc threshold of about 10 GeV[e
(50% point). A projective drift chamber geometry
is then used to impose a variable Pc threshold of up
to about 50 GeV[e in the Level 1 trigger.

The main goal of the scintillator R&D is to find
a configuration which meets performance criteria at
minimum cost. The performance criteria are:

1. Efficiency > 99%

2. Ability to resolve correct bunch crossing

3. Long term stability

To minimize cost, we intend to give priority to a
two-layer design in which each counter is read out
through a single phototube. The barrel requires a to
tal of about 6000 counters assuming four 4> segments
per octant and a width (2G-60 em) corresponding
to a Pc threshold of 10 GeV [c. The total number of
counters for the two forward regions is about 2800.
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We began a small R&D program in 1991 with the
following goals:

1. Evaluation of scintillators produced by Bieron,
Kuraray, NE, and Polycast. The scintillators
are up to 3.0 m long, vary in thickness from

, 0.6-2.0 em, and, are 15-60 em wide.

2. Evaluation of four different schemes for light
collection, including the use of single-piece and
multi-piece twisted plexiglass light guides, wave
shifting fibers embedded in the scintillator, and
ribbons of thin fibers glued to the scintillator
edges.

This R&D program requires a cosmic-ray tele
scope setup which is beginning to produce results.
Our highest-priority goal is to see if wavelength
shifting fibers can produce a good minimum ionizing
signal (> 10 photoelectrons).

For 1992 we propose to continue this research and
expand it to include a detailed evaluation of photo
tubes, trigger characteristics, power and electronic
requirements, and system engineering issues.

The Cerenkov counter development planned in
cludes test-beam measurements and analysis of the
test-beam work, mirror and phototube studies, and
studies of the overall mechanical. structure.

The University of Michigan is working on muon
scintillation counter R&D and the University of Col
orado is working on the Cerenkov counter. Members
of the collaboration in Japan will also contribute
to the muon scintillation counter system. Physicists
from Serpukhov are also contributing to the scintilla
tion and the Cerenkov counters for the muon system.

8.4. Support and alignment system

An extensive effort is required to translate the
evolving model of the SDC detector layout of the
muon system into a viable mechanical model. We are
developing definitions of system and chamber mod
ularity, a design of rigid chamber supports, a design
of the barrel trusses and drawers, and a design of the
support rail system. We are also developing concepts
for subassembly prealignment, handling fixtures, and
in place chamber position monitoring systems.

Using these concepts, we are studying system as
sembly and installation problems and the associated
requirements for the SDC detector hall. We are also
studying the major detector access concept with the
opening and disassembly of one detector end (for
ward muon system) and its associated engineering
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problems. We are also developing a design for the
gas system. This is being integra.ted with the design
for cable paths and electronics and power supply
distribution.

We are pursuing the design of a prototype cen
tral toroid truss model for the support of aluminum
extrusion type prototype chambers with. perime
ter bulkhead or box supports. This will include
handling attachments, trunnions, rollers, rails, and
supports. A design for a set of kinematic supports
(x-y position adjustable) for one BW3 and one BW2
supermodule (see Fig. 2) will be completed. When
the chamber prototype concepts :firm up, we will
fabricate the prototype truss.

The resolution and long-term stability of a vari
ety of devices for monitoring the distance between
chambers and the transverse chamber position will
be studied. From this evaluation we shall define the
prototype alignment monitoring system for tests at
SSCL.

As part of the supertower prototype effort (see
Section 8.6), we will make an optical. survey of sur
faces and reference points on the prototype BW3 and
BW2 supermodules to develop and optimize both
the alignment procedures and reference locations.
Various support configurations will be evaluated.

In addition to the effort on the barrel towers, we
will develop a barrel end truss design (intermediate
region) and mountings for these trusses. We plan
to develop the support structure design for the scin
tillator, electronics support, and access ways in the
barrel system.

Finally, we will develop a model of the forward me
chanical. and alignment systems. This will be an inte
grated model including chambers, scintillation coun
ters, Cerenkov counter, mechanical support struc
tures, alignment and monitoring systems, and assem
bly scenarios. By the end of 1992 we plan to have a
complete and viable model of the SDC muon system.

Up to this point the primary efforts for the sup
port and alignment system have been developed by
the FNAL group with assistance from the Wiscon
sin/PSL group. We expect that this effort will sub
stantially increase with additional work from other
SDC groups.
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8.5. Magnet design

The muon toroid system consist of the barrel
toroid, the forward toroids, coils for each of the
toroids, and the support structure under the barrel.
A conceptual design for the barrel toroid and the
coils has been completed. The conceptual design of
the support system is well underway and work has
begun on the design of the forward toroids,

8.5.1. Barrel toroid

The barrel toroid is an octagonal cylinder of about
18,000 metric tons of steel. The dimensions of the
barrel are shown in Figs. 2 and 3. Three concepts for
the design of the barrel toroid have been examined.
A thin-plate design was considered in which the
toroid is assembled from approximately 1100 thin
(6 inch) plates. These plates are stacked. axially
and friction-bolted together. In a second design (the
large block design), the barrel is built from 88 large
blocks (175 metric tons each). These blocks consist·
of axial laminates welded together to form one facet
of an octagonal ring. They are lowered into the hall
and joined together with toe bolts. In a third con
cept (the staggered tile design) the structure is built
by interleaving four layers of large plates in such a
fashion that consecutive layers eliminate any com
pletely projective cracks. In this case the individual
plates are laminated in a radial direction from the
beam line.

These concepts were reviewed by a committee
assembled by the SDC technical management and
separately by a group from Martin Marietta Corp.
The recommendations from both of those review
panels were combined and the long/short bolted
block concept was developed as the design for the
muon barrel toroid. This concept appears to provide
a high quality, cost effective design.

In the long/short block concept, the barrel is as
sembled from 224 blocks. The top, bottom, and
vertical sides of the magnet are each made from 37
trapezoidal blocks. Each of these blocks weighs 82
metric tons. The 45° sides of the octagon are made
from short double-width blocks weighing 85 metric
tons each. Using thick short blocks keeps the piece
count near the minimum aJlowed by the lifting ca
pacity of the hall cranes. The blocks are held to
each other with corner bolts and axial bolts. The
large moments at the joints require high-strength
bolts. The engineering problems associated with
high-strength bolts in soft magnetic iron continue
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to be investiga.ted. We now are ready to proceed
from the conceptual design phase into preliminary
detailed design.

Preliminary discussions have been held with our
DUBNA collaborators to explore procurement of the
iron for the toroids from the Soviet Union. Members
of the SDC have made two trips to the Izhorsky Za
vod ironworks to discuss production of the steel by
that enterprise. Engineers from Izhora have also vis
ited the SSCL. Samples of the A87 steel produced
at Izhora have been tested and found to be satisfac
tory both mechanically and magnetically. Further
magnetic field studies are needed to understand the
effect of engineering tolerances on the uniformity of
the magnetic field produced by our design.

8.5.2. Barrel magnet coils

The coils for the barrel toroid will drive the iron
to an average magnetic induction of 1.8 tesla, There
are two coils on each side of the octagon for a total of
16 coils. These coils will be assembled onto the bar
rel after the steel is complete. To do this, the coils
are constructed as two half-coils that are joined me
chanically at each end. This concept needs detailed
engineering study including a test of the reliability
of the coil joints. This work will be done at PSL.

8.5.3. Magnet support

The design of the support structure is being done
at the SSCL with input from the architectural and
engineering firm at the laboratory since the design
is closely coupled to the stability of the hall floor.

8.5.4. Forward toroids

Currently we are studying both a round and oc
tagonal version of the forward toroids to determine
if there is an significant difference to the muon trig
ger. H, as expected, there is no physics justification
for a choice between these two geometries we will
perform a preliminary design of each geometry to
determine if there is any significant cost or schedul
ing difference. Following this study we will proceed
with formal design of the forward toroid system.
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8.6. Supertower prototype

One supertower (chamber layers BW1~ BW2 and
BW3 as indicated in Fig. 2, plus the truss structure)
represents a.pproximately 2% of the full muon sys
tem. Because of the scale of the SDC muon system
we feel that system verification is necessary. We pro
pose step-by-step development of a full supertower
continuing through 1993 to evaluate and verify the
design of the SDC muon system.

8.6.1. Stage 1-Rail system to hold outer supertower

We will set up a rail system to hold the BW2 and
BW3 supermodules in one of the buildings at the
SSCL. This will be a prototype of the rail and truss
systems that will be mounted on the outside of the
muon toroid. Chambers in this system will only be
mounted in a vertical stack.

The intention is to use this prototype of the cham
ber support structure to develop the systems listed
below. Although there will be some overlap in tasks~

the list is given in the approximate order in which
the work will be done. It is expected that the rail
system will be designed, built, and ready to receive
chambers by midway through FY1992·

Mechanical setup

1. Test the truss/rail concept for loading chambers.

2. Develop the necessary laboratory expertise and
infrastructure to receive, test, install, and verify
chambers or chamber parts at the SSCL.

3. Develop the necessary tooling and fixtures to
receive, test, Install, and verify chambers or
chamber parts at the SSCL.

4. Establish electronics packaging and cabling to
evaluate space availability, access, assembly la
bor, and timelines for installation.

5. Develop operational experience with the SDC
muon system to better understand the facilities
needed and cost and schedule for its installation
and operation.

Alignment test

1. Test concepts for the alignment of chambers.
Measurements from embedded electro-optical sys
tems and proximity sensors can be compared with
external measurements to determine if they meet
performance specifications.
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2. Test system for mechanical stability. Behavior
while loading and unloading the system and after
movement will gauge the mechanical robustness
of the design.

3. Thermally cycle the system to test behavior un
der thermal load. Chambers will be equipped
with thermal sensors and are supported on kine-
matic mounts. A model will be developed of the
behavior of the system under thermal stress such
as the heating from the magnet coils or changes in
hall temperature. Thermal loads can be applied
to the system with heating coils or room heaters,
and the validity of the model can be measured.

4. Test mechanical behavior under different condi
tions. Variations in the support structure and
loading can be made and behavior of the system
under a variety of conditions will be made.

Operational test

1. Chambers and trigger scintillator will be instru
mented, made operational, and tested with cos
mic rays..

2. Measurements will be made and used to eval
uate chamber performance including resolution,
electronics strategies, and operating range. Long
term operational effects such as gas leakage, ma
terial degradation, and humidity effects will be
evaluated.

3. Data acquisition techniques and programs will be
developed.

4. Timing and performance of the trigger system
will be evaluated.

8.6.2. Stage 2-Full 3-1ayer supertower test bed

We propose building a test bed to hold one su
pertower. The structure will be sufficiently rigid to
allow verification of the alignment system and to
establish that chambers can achieve their specified
resolution goals.

After construction of the test bed, the procedures
and tests described in Stage I (Parts A, B, and C)
will be repeated on the test bed with BWI included
in the test. In particular, we will extend the align
ment system to include a chamber on either side of
the toroid and verify the alignment and mechanical
beha.vior with external instruments.

This entire procedure will be repeated with cham
bers mounted in all the spatial orientations possible
on the actual detector. This may be done either by



Muon system

having a system that can rotate to a new orienta
tion or by dismantling and rebuilding the system, or
perhaps by having different setups for the different
orientations. It is also possible that we will need a
different setup to study the installation of chambers
under the magnet (octant five).

It is our intention to design this test bed during
FY1992, then build it in time for it to receive cham
bers during FY1993. It is anticipated that before
going into full scale chamber production we should
be able to demonstrate a proof-of-principle that the
chamber design, support system, and alignment sys
tem can fulfill the necessary objectives and achieve
the physics goals of the SDC.

8.7. Test-beam program

Because of the delay in the FNAL running sched
ule, the two test beam efforts we describe below will
continue into FY1992. At this time we require two
test beams. One is a high-energy muon beam with
the capability of tracking identified and momentum
tagged muons after they pass through various types
of absorber. The other is a high-energy (several
hundred GeV) hadron beam with tagged particle
identification and momentum measurement, for the
purpose of measuring low-energy (about 1 MeV)
neutrons emerging from different absorbers. Both of
these beams are now set up in areas occupied by our
collaboration.

8.7.1. Measurements of low-energy debris
accompanying high energy muons

During this past year we have constructed and in
stalled at FNAL multi-sampling drift chambers in
order to study the electrons and positrons which ac
company the muon exiting an absorber. We are
performing simulations of these low-energy electro
magnetic processes' to compare with the test-beam
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results. This test-beam facility will also be useful for
testing prototype drift cells provided by the members
of the SDC. The muon test-beam experiment (T816)
will run at the convenience of E665 at intervals dur
ing an approximate five month period. During this
period we need to maintain the test-beam apparatus
and collect d~ta. We will construct test stands in or
der to be able to mount the various prototype cells.
Supplies for the test-beam effort include expendables
such as gas, computer tapes and paper, cables, con
nectors, gas hose, and flow meters will be required.

8.7.2. Measurements of low-energy neutrons from
hadronic interactions in muon shielding

Measurements of the flux and energy spectrum of
neutrons after a given number of absorption lengths
are important in design considerations for Level 1
and Level 2 muon triggers at the SSC. In the high in
·teraction rate environment of the SSC, a neutron sea
will exist giving rise to a large number of acciden
tal hits in the muon detectors especially in the more
forward regions. Systematic data on the flux and
energy spectrum of neutrons arising from hadronic
showers will serve as a benchmark to test hadronic
shower Monte Carlo programs. The test-beam effort
(T821) will investigate possible problems associated
with MeV neutrons escaping absorbers. Using two
different types of neutron detectors we will mea
sure the flux and energy spectrum of low-energy
neutrons produced in hadronic showers. These mea
surements will be made as a function of the incident
beam energy, material and depth of the absorber,
and location with respect to the hadronic shower
axis. We will tune our liquid scintillator and Bonner
sphere detectors by running parasitically while the
DO collaboration calibrates their calorimeter. We
are tentatively approved for one week of dedicated
beam time to make these measurements.
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Table 11
Muon system milestones

Milestones and Goals

Complete Fermilab test beam runs
Complete long barrel chamber prototypes
Choose barrel chamber technology
Begin preliminary design of barrel toroid and support structure
Complete technical proposal
Complete barrel chamber conceptual design
Complete prototype supertower design
Complete barrel and intermediate tower design
Start supertower construction
Complete forward wedge prototype

Table 12
FY1992 muon system budget

Electronics system

Date

12/91
1/92
2/92
2/92
4/92
6/92
7/92
9/92
9/92

10/92

Muon system design task Institution Requested
(K$)

1. Iron toroids and detector support structure
2. Muon chamber prototypes and design

3. Scintillation and Cerenkov counter design

4. Supermodule prototype
5. Management and cost/schedule estimates

PSL, SSCL, USSR'", and industry
Brandeis U., Draper Lab, Harvard U.,

KEK,* U. Maryland, PSL, SSCL, and
U. Washington

U. Colorado, KEK,* U. Michigan, and
USSR*

Draper Lab, Martin Marietta, and SSCL
Martin Marietta and SSCL

1000
1575

125

600
200

"Foreign budget not included.

Total 3500

9. Electronics system

9.1. R&D Plan for front-end electronics

We outline in this section the R&D plan for the
front-end electronics for all detector systems except
silicon tracking. The plans for the trigger and data
acquisition (DAQ) systems are summarized below.
The boundary between the front-end electronics and
the trigger or data acquisition system is somewhat
fuzzy. However, in general the transition between
front end electronics and DAQ is at a standard

DAQ interface card which is present in each front
end crate. The front-end electronics includes the
generation of the primitive signals for the trigger
but not the processing of those signals into a trigger.

SDC currently has a large and well-coordinated
R&D program on electronics underway. During
FY1991 there were approximately 20 FTE's of engi
neering in the United States focussing on the front
end electronics with about another twelve FTE's
working in Britain, France, Italy, Japan, and other
countries. Milestones for planned R&D for front end
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electronics are given in Table 13. The scope of all
the work is referred to here, but detailed budgets are
presented only for the work in the United States (Ta
ble 15). Designs are quite far advanced for the wire
chamber (straw tubes and muon detectors), silicon
strip, silicon pixel, scintillating fiber, calorimeter,
and shower max readout systems. Work is also ramp
ing up on the readout of gas microstrip detectors.

9.1.1. Wire chambers (straw tubes and muon
chambers)

The readout system for wire chambers will consist
of a bipolar integrated circuit including preamplifier,
shaping amplifier, and discriminator and a CMOS
chip which performs time measurement and some
fraction of the control logic. Versions of the bipo
lar chip have been fabricated in both the US and
Japan. Work to date has focussed on meeting the
speed, noise, and power specifications for the straw
tubes, which are in all cases more stringent than
those required for the muon chamber readout. The
prototype IC's tested to date include the pream
plifier and shaping amplifier. They meet almost
exactly the design specifications with a peaking time
of 5 ns, return to baseline of less than 15 ns, and
the expected noise performance. An 8 channel chip
including preamplifier, shaper, tail cancellation, and
discriminator has been submitted for fabrication.

Two time measurement systems have been under
development. One of these, the Time Memory Cell
(TMC), is purely digital and is being developed in
Japan. A version has been produced which yields
four channels per chip with 1 IJS Level 1 storage
buffer, or 1 channel per chip of 4 IJs Levell pipeline.
The time resolution is 0.5 ns and has been verified
in actual tests with straws as well as in bench tests.
The chip satisfies all the performance requirements
for time measurement, but the Levell storage time
needs to be increased to 4 IJsec; it is believed that
this can be done in a relatively straightforward man
ner, though it does entail a relayout of the chip. It
has also been determined from radiation tests that
the present TMC is probably not sufficiently radia
tion hard. Alternatives to harden the chip are slight
modicications in the NTT process or fabrication in
a Fujitsu process which is known to be good to one
Mrad for SRAMs. Level two storage and readout
logic should be straightforward, but need to be in
corporated. That will require additional chips and
area. At present, the TMC chip is the primary
choice of the SDC for the time measurement.
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A second time measurement system under de
velopment in the United States utilizes a time-to
voltage converter with an analog memory unit for
Levelland Level 2 storage; most control logic for
interface with the trigger system and data acquisi
tion system would be included on the same Ie. The
time measurement and analog memory has been
fabricated and tested and yields a time resolution
of < 0.5 ns, This approach would allow at least
four channels per chip with pipeline storage times
up to 3--4 IJS. A full version of the chip includ
ing the Level 2 storage is being implemented. Tests
of the radiation hardness of CMOS processes indi
cate that this system should work to at least several
Mrads, which is considerably beyond the require
ment. Work on the time-to-voltage converter will
not be supported during FY92 by SDC funds due to
the funding constraints; the work will continue at a
reduced pace supported by other funds.

The R&D on these systems in FY1992 will concen
trate on the full system development which is criti
cal to demonstrating proof-of-principle at the system
level. This includes refined, multi-channel versions
of the bipolar and CMOS chips mounted on ceramic
or PC substrates at the full density of the final sys
tem. Particular emphasis will be placed on verifying
that the crosstalk from the digital electronics to the
preamplifiers or to the straw detectors is sufficiently
small. Cabling, BV distribution, LV distribution,
and crates for interface to the data acquisition sys
tem will be understood in sufficient detail to allow
an accurate cost estimate and to keep the overall
project on schedule. Some detailed engineering on
these systems that would better be done in FY1992
will be deferred until FY1993 due to lack of funds.

9.1.2. Calorimeter electronics

Two systems of electronics for the calorimetry, one
utilizing switched capacitor analog memory units
(SCA) for Level 1 and 2 storage, and the other
a fully digital system, are currently being pursued.
The first is being developed at LBL and includes
preamplifier, fast shaping amplifier, switched capac
itor storage (currently 256 storage locations which
corresponds to 4 Ils), 12 bit Wilkinson-type A/D,
and control logic for interfacing to the trigger and
DAQ system. Two gain scales and SCA's would be
used for each channel thus providing two overlapping
12 bit scales to obtain the required dynamic range.
With this system analog summers would be used to
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provide fast trigger signals for a trigger system lo
cated at the surface. The granularity of the trigger
system would be 4000--8000 signals rather than the
full 40000 readout channels of the calorimeter.

In the fully digital system being developed at Fer
milab, a fast bipolar, gated integrator chip would
be used together with commercial 8 bit A/D's op
erating at 60 MHz to provide a digital word with a
dynamic range of 18 bits and an accuracy of 8 bits.
All forty thousand channels would be digitized in
this way at the crossing frequency and digital sums,
compares, etc. would be utilized to provide the trig
ger. In this way the readout system and trigger
system use the same digital information.

These two systems will be pursued in parallel until
early 1992. Detailed technical reviews were held in
September 1991 and another review will be carried
out in January-February 1992. The analog read
out system may yield sufficient dynamic range at
lower cost and follows the approach of placing most
of the trigger electronics at the surface where it is
accessible. The digital approach offers the potential
advantage of a. single digitization for both readout
and trigger which removes any need to separately
calibrate the readout and trigger paths; it may also
provide larger dynamic range. According to the cur
rent trigger baseline design, the Level 1 trigger will
be on the surface, independently of which readout
system is chosen. Each system must demonstrate
technical feasibility and provide high reliability. For
whichever system is selected, the primary goals for
FY1992 will be to fabricate a complete prototype
system capable of reading out several hundred chan
nels of electronics. Sufficient engineering will be
done on cables, crates, power supplies, and inter
connects to the trigger and data acquisition systems
to allow an accurate cost estimate and to keep the
overall production on schedule.

9.1.3. Scintillating fiber tracker readout

The present design for the scintillating fiber read
out assumes that, for each bunch crossing, it is deter
mined whether each fiber has a hit or not. Patterns
of which fibers are hit are used to find track segments
which are then linked into tracks within the Levell
trigger time. The proposed system integrates rather
closely the readout and the tracking trigger. Those
portions which are most closely related to readout
are budgeted in this section while those which are
directly related to the trigger are budgeted in that
section. It should be noted that the cost of the
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preamplifier/shaper/discriminator is included under
the scintillating fiber detector system cost. The
VLPC and preamplifier/shaper/discriminator pack
age are under study by Rockwell Corporation and
Fermilab. The primary tasks during 1992 are to com
plete the concept~al design and provide a mockup
of the crate and interconnects. Work will continue
on a full prototype version of the system which finds
track segments and links them into tracks.

9.1.4. Shower maximum detector readout

Work is reasonably advanced on the readout elec
tronics for shower maximum detectors. The key
features of this system are the measurement of
charge with limited dynamic range (a.pprox 9 bits)
for 40-80K channels. The occupancy in each chan
nel should be quite low. Much of the design is being
done at Saclay, but it is currently thought that ei
ther the LBL readout scheme for calorimetry, and
perhaps the FADe approach, can be utilized.

9.2. Data acquisition (DAQ) system

9.2.1. Current status of DAQ activities

A modest program of R&D on DAQ issues has
been in place for the last year. The major focus of
this effort has been the development of simulation
models for various parts of the DAQ system. Sub
stantial progress has been made in learning to use
commercial simulation tools, developing simulation
models, and using the simulations to study DAQ
behavior. Simulations are being used to study the
front-end readout, front.end/DAQ interface, trig
ger/DAQ interface and ga.ting logic, Level 2 trig
ger readout, data collection network, switch event
builder, dual-port memory event builder, and the
behavior of the complete DAQ system. These simu
lation efforts are now in full swing and are generat
ing a variety of results on DAQ parameters such as
throughput, deadtime, and buffering requirements.
These simulations are also playing an important role
in demonstrating proof of principle for DAQ compo
nents and the architecture as a whole and developing
a better understanding of the DAQ behavior without
extensive hardware prototyping.

There has also been support for studies of switch
ing networks for event building and high speed fiber
optic data transmission links. These efforts have
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Table 13
Front-end electronics R&D milestones

Milestones and Goals

1. Wire chambers (straw tubes and equivalent for muons)
Readout of 64 channel modules; amplifier/shaper/discriminator and Levell

storage
Readout of 150 channel modules with amplifier/shaper/discriminator, time

measurement, Levell and Level 2 storage
Readout of 150 channel modules with ASD /Level 1/Level 2 and prototype

data collection chip
2. Calorimeter electronics

Initial tests of switched capacitor chip including on chip A/D
16 channel prototype of digital FLASH ADC: prototype of charge pump base
Complete testing of switched capacitor chip including on chip A/D 4/92
Testing of complete calorimeter readout based on switch capacitor array
Second version of gated integrator ASIC for fully digital readout; investigation

of on chip FADC
Prototype ASIC for digital storage and gain control including RAM lookup,

Level l/Level 2 storage, Readout FIFO
3. Shower maximum position detector

Design prototype analog storage and readout chip
Test readout chip
Begin design of full scale prototypes
Results of readout chip tests

Date

7/92

9/92

12/92

1/92
11/91

6/92
5/92

8/92

10/92
1/92
6/92
8/92
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resulted in working prototypes of fiber optic links
and a demonstration DAQ system utilizing a switch
event builder.

A good start has been made on a baseline design
schedule and cost estimates for the DAQ system.
This work has been coordinated by Fermilab. Ini
tial contacts have been made with potential Indus
trial partners (in particular with mM and AT&T)
that could lead to collaborative R&D or engineer.
ing projects. Significant DAQ work is underway at
KEK, Rutherford Laboratory, and Sa.clay on top
ics such as data collection chips, data transmission,
event builders, and processor farms.

9.2.2. Overview of DAQ R&D and engineering plan

FY1992 spending for DAQ R&D and engineering
is focused on critical path items that are needed to
meet the schedule for providing DAQ to the SDC
detector. An item may be on the critical path for
the following reasons:

1. It provides proof of principle that the DAQ sys-

tem or an element of the DAQ system will work.

2. The item has a long leadtime.

3. The item is needed on a short time scale for use
by other subsystems.

4. The item has high technical and/or cost risk.

5. The item is needed as part of prepara.tion of the
Technical Proposal.

6. R&D is needed in order to make technology
choices.

Engineering support is needed in FY1992 to pre
pare the Technical Proposal and to provide cost and
schedule informa.tion for the SDC DAQ systems.

The schedule for providing the DAQ system is as
follows:

1. 1/92 first draft of DAQ section of the Techni
cal Proposal completed (including schedules for
construction and cost estimates)

2. 4/92 Final DAQ section of the Technical Proposal
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3. 6/93 Portable DAQ available for electronic and
detector systems tests

4. 1/94 Test beam DAQ system available

5. 1/91 Begin commissioning of full SDC DAQ

6. 1/99 Completion of SDC DAQ

This schedule determines when technology choices
and designs for DAQ components must be com
pleted. Certain key components of the DAQ have
a long leadtime, affect the design of other compo
nents of the DAQ and electronics systems, and are
on the critical path. These include the part of the
DAQ that collects data from the front-end electron
ics and the control and monitoring systems. Work
on these critical path components needs to proceed
on the following schedule:

1. 6/93 Initial design of key DAQ components com
pleted. Note that this requires technology choices
for these key components to be made by the end
of FY1992, and thus engineering and R&D will
be required in FY1992 to allow these technology
choices to be made in an informed manner.

2. 6/94 Complete prototype testing of key DAQ
components

3. 6/95 Final design of key DAQ components com
pleted

Most of the R&D tasks specified below are for such
critical path items.

Technologies for DAQ components that are not on
the critical path (Level 3 processors, event builder
subsystem, etc.) do not need to be selected early.
Later decisions will allow the use of lower cost and
higher performance technologies. For these DAQ
components the specific detailed technology choices
can be deferred until FY1995 or even later, and we
do not require R&D funds at the present time.

Milestones for the FY1992 DAQ R&D and engi
neering are given in Table 14 and the budget request
is included in Table 15.

9.2.3. Areas of DAQ R&D needed in FY1992

Architectural modelling

It is important to do sophisticated modelling and
simulation of data acquisition architectures before
technology choices are made and final design of the
DAQ system proceeds. These simulations lead to
better understanding of data bandwidths, deadtimes,
buffering requirements, and other DAQ parameters,
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as well as allowing us to evaluate different archi
tectures in preparation for making technical choices.
Work currently underway includes:

1. Data collection network and interface to event
builder

2. Interface between front-end electronics and DAQ

3. Commercial networks for data transmission; com-
mercial switches with input queuing networks

4. Front-end readout

5. DAQ/Trigger interface

These efforts must continue in FY1992.

Data transmission

A modest amount of R&D is required to under
stand the options for moving data. off the detector.
These studies have impacts on space and access
requirements and on overall detector design which
must allow room for cabling. Tasks underway in
clude:

1. Data transmission options and cabling require-
ments

2. Reliability analysis of data transmission options

We are not requesting funds for development of data
transmission hardware, but are assuming that in
dustry will supply us with needed components. If
the overall DAQ system design appears to require
optical transmission media with characteristics (ra
diation hardness, low power, or high bandwidth)
that are unlikely to be supplied by industry, we will
require significant R&D funds for their development.

Redundancy/reliability studies

It is critical, in conjunction with the trigger and
physics groups, to analyze in detail the reliability
and redundancy requirements placed on the data ac
quisition system. We need to know how our physics
is degraded by different types of failures or errors
in the DAQ system so we can make design choices,
a.nd to understand what type of access to DAQ com
ponents at what frequency is necessary. This task
will require both physics and detector simulations
as well as models of failure modes of the DAQ sys
tem, and will involve interaction between physicists,
engineers, and programmers. .



Preparation of cost, schedule, Technical Proposal,
and other documents Portable DAQ
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9.2.4. Areas of DAQ engineering needed in FY1992

Lead systems engineer for coordination of front-end
electronics, trigger, and DAQ design efforts

This requires support for a full-time engineer for
travel for contacts with the electronics liaisons for
the different subsystems. More Importantly, this re
quires identifying the individual who will play this
role. Funds are not requested here for this task, as
this engineer will be supported out of project man
agement funds. However, it should be reiterated
that it is important for the overall DAQ efforts to
identify this individual as soon as possible.

The cost/schedule estimate is being coordinated
by FNAL and will continue in FY1992.

Industrial collaboration in areas of large system de
sign

Several of the SDC industrial partners have con
siderable experience with large system design, in
particular in the areas of reliability and fault toler
ance. It is likely that we can develop joint projects
with one or more industrial partners to study:

1. Reliability analysis of DAQ as a system

2. Failure analysis of DAQ .components and net
works

Preliminary design of key DAQ components

As discussed above, certain critical path DAQ
components need to be designed at an early stage
since their design affects the design of other subsys
tems. In particulart early decisions on the designs of
data collection interfaces and control and monitoring
networks are required before final design 'of front
end electronics is possible. We are thus requesting
funding for design and possible prototyping of:
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1. Data collection interface with front-end electron-
ics

2. Control and monitoring networks

Note that there are two different approaches to data
collection: one involving a hierarchical network of
data collection chips; and the other involving read
out crates with processors in them tha.t transmit
the data to the event builder subsystem. Further
investigation of each approach (possibly involving
prototype development and evaluation of small-scale
systems) is required to allow a choice between these
approaches to be made. It may turn out that we
will use both approaches for different subsystems.

It will be highly beneficial to supply a portable
DAQ system that is easy to bring up and use in the
various test bench and test beam activities over the
next several years. The collaboration will save large
amounts of manpower and money if each subsystem
group does not have to develop their own mini·DAQ
system for test purposes. This system will not be a
prototype of the full DAQ system, since subsystem
designers do not want to be testing out the DAQ
system while trying to understand their subdetector.
Rather t it will be a reliable small scale DAQ system
with the same protocols as the real DAQ system, so
that front-end prototype electronics can be tested.
Work is required in FY1992 in the following areas:

1. Preparation of requirements and specifications for
portable DAQ system

2. Design of portable DAQ

3. Development of prototype portable DAQ system

4. Development of prototype front-end interface

5. Development of trigger interface

6. Portable DAQ software development
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Table 14
DAQ R&D milestones

Milestones and Goals

DAQ R&D:
1. Architectural modelling

Simulation workshop
Detailed report on simulations
Technology choices of DAQ architecture based on simula.tions

2. Data transmission
Report on data transmission options

3. Redundancy/reliability
Model of DAQ system failure modes
Evaluation of physics impact of DAQ failures

DAQ engineering:
1. Preparation of cost, schedule, technical proposal, and other documents

Draft of DAQ section of technical proposal
Draft of cost/schedule for DAQ system
Final proposal/cost/schedule _

2. Industrial collaboration on large system design
Initial industrial contracts placed
Delivery of reports

3. Preliminary design of key DAQ components
Data collection interface with front-end electronics

Requirements and specifications
Preliminary design .
Technology choices made

4. Portable DAQ
Preparation of requirements and specifications for portable DAQ system

Design of portable DAQ
Development of prototype portable DAQ system
Development of prototype front-end interface
Development of trigger interface
Portable DAQ software development
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Date

9/91
7/92

10/92

7/92

1/92
7/92

1/92
1/92
4/92

12/91
9/92

1/92
7/92

10/92

4/92
10/92
10/92
10/92
10/92

9.3. Trigger system

9.3.1. Trigger R&D status

A significant amount of work has taken place on
triggering for our detector. The overall structure of
the trigger system has been developed and there has
been progress on simulation and conceptual design.
Much of this work has occurred in the context of
different front-end electronics options, necessita.ting
alternative designs to address the different detector

technologies.

The overall design of the straw tube tracking trig
ger has begun, and a chip that provides the Pt bits
has been submitted for fabrication. A conceptual
design exists for a Level 1 fiber tracker linker ASIC.

There have been a number of simulation efforts
on calorimeter triggering and various triggering al
gorithms are under development and test. There are
partially complete conceptual designs for isolated
electron, jet and missing energy triggers. These are
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being evaluated. Studies show that calorimeter data
separated by only two crossings can be distinguished
for triggering purposes. A conceptual design of trig
ger primitive generation is also partially complete.
The appropriate tower size for summing is under
study.

For muon triggers, we have completed the design
of a fully digital synchronizer that encompasses pro
grammable-momentum selection and programmable
total drift time. This unit is a prototype for pre
cision timing tests. It has many test outputs for
detailed evaluation.

A preliminary outline of the Global Levell Trigger
system has been produced and is under discussion.
Protocols for the interface between the Trigger and
DAQ and between the Trigger and front-end elec
tronics have been developed. Methods of error
handling, rate control, and dead time monitoring are
being evaluated. The clock and control sections are
under study. Simulation studies are being performed
to determine the efficiency of correlation between
subsystem trigger information. The overall role of
the Level 1 and 2 trigger systems is being defined.

9.3.2. Calorimeter trigger development in FYl992

The overall goal is to develop a design for a first
level calorimeter trigger for the SDC detector. This
will include investigations into feasibility and costs
of various technologies and system architectures.

A principal R&D issue concerns when to digitize.
One possibility is to digitize all the calorimeter sig
nals at the full crossing frequency. Alternatively, the
analog information can be stored on switched capac
itor arrays until most triggering decisions have been
made. Only a subset of the full calorimeter informa
tion is necessary for triggering decisions. Decisions
need to be made about when the information is dig
itized, both for data acquisition and for triggering.

An engineering design will be produced for calor
imeter Level 1 Triggers. Prototype circuits will be
constructed and tested. Particular attention will be
paid to taking advantage of the scintillator speed.
The trigger architecture will be developed to match
the calorimeter characteristics. Studies of the speci
fications will be made, particularly for the LSI chips
which might be designed specifically for the trig
ger. Specific triggers to be designed include isolated
electron, missing energy, transverse energy, and jet
or cluster detection and triggers based on towers
over threshold. These triggers not only include use
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of calorimeter information, but involve combination
with tracking, and shower maximum detectors, par
ticularly in establishing isolated electron triggers.
Specific issues to be investigated include segmenta
tion (both transverse and longitudinal), amount and
precision of information needed, resolution of trigger
cuts, where to make the transition from analog to
digital, and interaction with the globa1 Level 1 trig
ger and DAQ systems. These studies will include
Monte Carlo studies of the trigger rates. They will
use time resolutions and bucket-to-bucket crosstalk
measured in the test beam. Studies of the amount of
trigger crate interconnects and engineering issues as
sociated with trigger pa.cka.ging will be pursued. Re
liability studies will be done to determine the effects
of dead PMT's, trigger channels, and interconnects,
and to select the appropria.te level of redundancy.

The specific elements for calorimeter triggering
that are to be developed include: the fast summa
tion and digitiza.tion of trigger tower energy sums;
the comparison of these energy sums against thresh
olds; the fast summation of the digitized sums to
form total energy sums in clusters of towers and
over the entire calorimeter; the comparison of the
energy in the hadronic and electromagnetic sec
tions of the calorimeter trigger towers to determine
whether there is a electromagnetic shower present;
the examination of the energy in towers surrounding
an electromagnetic shower to determine if the shower
is isolated; and the matching of isolated electromag
netic showers with tracking, and shower maximum
detectors. Each of these elements involves the de
sign of ASIC or other custom circuits. In addition,
these elements need to be pa.cka.ged with a system
of printed circuit boards, crates and cables.

The specific R&D tasks for calorimeter triggering
are:

1. The interface to the front-end electronics.

2. Initial tower summing-longitudinal and trans
verse.

3. Local tests of tower electromagnetic and hadronic
energy to identify electromagnetic showers.

4. Determining transverse isolation for electromag
netic showers.

5. Matching information with shower maximum de
tectors.

6. Summation networks.
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7. Trigger primitive generation-making local trig
ger tests and sending these results to a central
trigger network.

8. Tests on towers over threshold

9. The interface of the calorimeter trigger to the
global Level 1 and Level 2 trigger systems

The costs and institutions involved for these tasks
(and for those given in following sections) are sum
marized in Table 15. Milestones are given in Ta
ble 16.

9.3.3. Central tracker triager development
in FY1992

An efficient first level stiff track trigger from the
central tracker is very desirable for efficient electron
tagging within the rate limitations imposed by the
speed possible for second level processing. Tests of
tracker designs with triggering circuits will be es
sential to evaluate the accuracy and efficiency of
possible stiff track finders. Optimization of trig
ger / detector connections and the construction of
multilayer test fixtures will be necessary to verify
the effectiveness of various designs. Integration of
the central tracker trigger system with the global
trigger and DAQ systems will be studied.

Straw tubes

The overall goal is to design a trigger with su
perlayers of straw tubes by making an ASIC to
implement a stiff track Sensor composed of several
circuits designated "synchronizers" 'along with more
conventional coincidence units. A complete design
development, fabrication, testing, and simulation is
contemplated. ASIC implementation of the circuit
has shifted to a fully digital technique since this op
tions does not require calibration and is less sensitive
to electrical noise.

We have completed the design of a fully dig
ital synchronizer that encompasses programmable
momentum selection and programmable total drift
time. This unit is a prototype for precision timing
tests with many diagnostic outputs. The next chip
will be a multi-circuit chip with a minimum of di
agnostic outputs. Several circuits can be placed on
a single chip. The full 21 tube pattern proposed for
the superlayer trigger will likely fit on a single chip.

To assess the value of the proposed trigger a de
tailed GEANT simulation including the effects of
loopers and minimum bias events has been devel
oped with the inclusion of the proposed trigger. The
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program is being used and will continue to be used
to evaluate the trigger design. A cosmic ray test
stand is being assembled along with a section of a
straw superlayer. With this setup the circuits will
be tested on actual tubes.

For second level processing of stiff track informa
tion, neural networks offer promise for more elabo
rate evaluation of the hit patterns. Stiff track sensing
can be investigated in conjunction with work on neu
ral networks for pattern evaluation in calorimetry.
A combined effort to look at detector specific stiff
track finders with the more general purpose train
able neural network finders will make efficient use of
prototype straw tube test fixtures.

Fiber tmcker

The fiber tracking trigger R&D program will
perform a detailed tracker simulation based on effi
ciency, time resolutlons, and double-pulse resolutions
measured in test beam. This will provide a real
istic tracker simulation for estimating lepton and
other trigger ra.tes. The study will evaluate alter
nate hit-latching schemes to maximize efficiency and
minimize bucket-to-bucket crosstalk caused by fake
tracks in trigger. We will also fabricate and test a.
prototype Level 1 and Level 2 storage and segm.ent
finder ASIC, as well as design the logic for and simu
late a segment linker and track extrapola.tion ASIC.
The engineering of the crate mechanics will be stud
ied, including tests of crate-to-crate pipelined trigger
interconnects, along with high-density cable selec
tion. A logic design for pipellned intermediate track
trigger similar to the barrel tracker will be deter
mined, Finally, we will perform a reliability analysis
of the fiber tracking trigger by studying the effect on
trigger efficiency of dead wires, dead interconnects
and dead logic channels and detennine the appropri
ate level of redundancy in track trigger components.

The specific R&D tasks for track triggering are:

1. Straw tube synchronizer ASIC

2. Straw tube cosmic ray tests

3. Straw tube simulation

4. Fiber tracker segment finder ASIC

5. Fiber tracker segment linker ASIC

6. Fiber tracker Pt code and exchange
,-
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9.3.4. Muon trigger development in FY1992

A stand-alone first-level trigger must also be devel
oped for the muon system and a second-level trigger
that makes use of minimum ionizing information
from the calorimeter and central tracking informa
tion from the' inner tracker must also be developed.
The quality of such a trigger and the ease of imple
mentation depend strongly on the chamber design.
Integration of the trigger design with the develop
ing mechanical design is critical. Tradeoffs between
granularity, momentum threshold, cost, cabling re
quirements, access, alignment, and calibration must
be optimized for candidate designs. Integration of
the muon trigger system with the global trigger and
DAQ systems will be studied.

Trigger de$ign

A quality muon tracking system for the SDC de
tector will require several groups of wire planes if
muon measurements are to be precisely and reli
ably associated with the central tracking data. The
short collision spacing of the sse makes the use
of drift tubes alone for triggering risky since the
drift time interval for tubes is large. For this rea.
son scintillators are proposed as the time-defining
muon trigger. With scintlllators, fast pulse timing
can be used to determine the collision from which
the signal originated. However, the cost of providing
fine segmentation with scintillators is prohibitive.
The coarse segmentation anticipated in the scintil
lator design does not provide a sharp momentum
threshold. Wire chambers can provide this precise
momentum selection if used in pairs. The com
bination of scintillators and wires assures excellent
timing and momentum selection.

The trigger electronics must delay the scintillator
coincidence a fixed time to allow for the maximum
drift time' of the wire chambers. H any of the aligned
wire patterns associated with the scintillator signal
yields a high momentum tag for the scintillator sig
nal, the delayed scintillator signal would be passed
to extemal circuitry. That circuitry assembles all
such signals into a trigger decision. Multiple mo
mentum thresholds will be used so that different
momentum requirements can be imposed on single
and multiple muon events.

For the muon trigger to be most effective it should
process the raw muon data into muon signals (prim
itives) in ." and 4> intervals with each signal carrying
its Pt designation. The current design relies on the
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projective wires to confirm the scintillator signals
and to add 4 bits of Pt information.

R&D program

The R&D tasks will include the following areas:

1. Trigger crate location and modularity.

2. Information sequencing for primitives generation.

3. Buffer depths

4. Data format for primitives

5. Electronics implementation of the Pt binning and
scintillator-wire correlation processing.

The 1992 R&D work is anticipated to produce:

1. A :8.ow design of the full primitives generation.

2. Prototype ASIC's for wire and scintillator corre
lation.

3. Prototype circuit design for generation and mul
tiplexing of the trigger primitives.

9.3.5. Silicon strips

The'silicon strip tracker will be used in a stiff
track trigger. For the first level triggert simple gat
ing logic has been devised which is able to find
isolated stiff tracks. We are designing an ASIC
which incorporates the first stage of this logic with
the pipeline storage. At the second level, we cur
rently envisage a two-pass logic, based on an initial
search for interesting regions in (4), fJ) followed by a
more precise scan of those regions. We believe tha.t
a proof-of-principle design based on such logic can
be built using currently available user-configurable
logic devices. Our activities toward both trigger lev
els will be focussed on establishing the interfaces
to the data acquisition for the silicon tracker, so
that the hit strip information can be made avail
able to the trigger processing, and on Monte Carlo
evaluation of the algorithms to be implemented.

Trigger design

In order to provide a. tracking trigger that is as
independent of bias from the calorimetry as possi
ble, the entire silicon tracker is read-out after every
Level 1 trigger. The information is stored in ex
ternal Level 2 buffers for eventual movement to the
DAQ system. It is also used by the silicon Level 2
trigger in two passes. In the first pass strips are
OR'ed in groups of 16, providing resolution of order
800j..Ji2 j.'m. The hit information is then his
togrammed, either in t/>-r bins (barrel) or t/>-z bins

"
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(forward regions). The histogram is scanned for re
gions which contain track candidates. An expansion
pass follows, where regions with track candidates
are examined with the full detector resolution. Such
a system, with adequate speed, can be designed in
conventional electronics.

The possibility of a Level 1 trigger will also be
investigated in detail. The physical constraints on
the system severely limit the information that can
be made available at Level 1, but a. system is un
der design that might allow the full resolution of
the silicon to be used in the case of isolated lep
tons. Understanding the fallibility and utility of the
scheme requires detailed Monte Carlo calculations,
which will be performed. The front-end read-out
chips need to be modified for such a scheme and the
design of a full-custom chip to implement the data
read-out is planned.

R&D program

The initial R&D program consists of producing a
baseline design in conventional electronics and do
ing detailed Monte Carlo studies. The base-line
design will be translated into custom chips in order
to minimize the cost of the system.

9.3.6. Trigger systems engineering

A preliminary conceptual design of the Global
Level 1 and Level 2 trigger systems will be produced.
This includes distribution of clock and trigger signals
as well as development of protocols for data trans
mission and techniques for correlation of information
from different component trigger systems. Specif
ically, this activity intends to develop the timing
sequences for components and global triggers; calcu
late realistic delays taking into account cable paths,
processing time, synchronization, etc.; determine
how to start, stop, pause, and resume a run; design
a system for transmission and generation of Trigger
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Accepts; design a system for transmission and gener
ation of the 16 ns clock; specify the amount of trigger
data usable at various trigger levels; develop a pro
tocol for test trigger generation for components as
well as the downloa.ding and dynamic propagation of
test trigger events; and specify the interface to DAQ,
component DAQ,'and component trigger systems.

Many of the trigger design issues affect the design
of other systems. In the Eo! we listed the major
issues, such as what systems supply information
to the trigger, the degree of segmentation (both
transverse and longitudinal), the precision necessary,
and when one makes the transition from analog to
digital, for example. The goal is to settle these issues
in conjunction with the relevant subsystem groups.

AB part of the design of the trigger we will
investigate techniques to test the rapid rates of
trigger data processing without colliding beams.
Our design stra.tegy will include several stages where
artificial data can be injected, beginning with the
initial digitization and continuing through the trigger
pipeline to, its output. We intend to place much
emphasis on troubleshooting. It is also planned to
provide hardware histogramming capability at the
input and output to continuously monitor the trigger
system. Input and output events that result in a first
or second level trigger will be able to be retained
and read out through the data acquisition system.

The specific R&D tasks for the Global Level 1
system are:

1. Interface to the subsystems

2. Clock and control (including Level 2)

3. Global trigger logic

The specific R&D tasks for the Global Level 2
system are:

1. Interface to subsystems

2. Global trigger logic
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Table 15
FY1992 electronics system budget
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Electronics FY1992 budget

1. frOnt-end electronics
Wire chamber electronics

Calorimeter electronics
Scintillating fiber readout
Management and cost/schedule estimates

2. Data acquisition
Architectural modeling

Reliability analysis
Data transmission studies
Event builder, interface, and processor farm
Preliminary design of key components (front-

end interface and control/monitor interface)
Portable DAQ system
Management and cost/schedule estimates

3. Trigger system
Calorimeter

Outer tracker
Silicon tracker
Muon system
Clocks/ control
System Engineering

Management and cost/schedule estimates

Institution,

U. Colorado, Harvard U., KEK,*
ORNL, and U. Penn

FNAL, LBL, and Saclay"
FNAL
FNAL, LBL, and industry

Subtotal

Brown U., FNAL, U. illinois, SSCL,
McGill U.*, and Toronto U.,*

FNAL, IBM, LBL, and SSCL
FNAL, KEK,* and LBL
FNAL and KEK*
Brown U., FNAL, KEK*, and LBL

U. Michigan, Sa.elay,· and SSCL
FNAL'

Subtotal

u. Chicago, FNAL, and
U. Wisconsin

FNAL, KEK,* and U. Michigan
Bristol U.: Oxford U.,· and RAL*
KEK: U. Michigan
U.Wisconsin
U. Chicago, KEK,* Saclay,* and

U. Wisconsin
U. Wisconsin

Subtotal

Requested
(K$)

550

650
125
125

1./50

75

30
50

50

95
Q!l

350

75

119

46
20

200

20
500

Total 2300

"Foreign budget not included.
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Table 16
Trigger R&D milestones

Milestones and Goals

Establish trigger interface to the front-end electronics
Establish techniques for calorimeter tower summing and tests
Establish trigger interface to Global Level 1 and Level 2 systems
Straw tube synchronizer ASIC design
Fiber tracker segment finder ASIC design
Establish fiber tracker Pt code and exchange
Flow design of the muon trigger primitives generation
Conceptual design of Level 1 trigger interface to the subsystems
Conceptual design of Global Level 2 interface to subsystems
Conceptual design of calorimeter trigger front-end
Conceptual design for shower maximum trigger
Stra.w tube cosmic ra.y tests
Fiber tracker segment linker ASIC design
Prototype ASIC's for muon wire and scintillator correlation
Prototype circuit design generation of muon primitives
Conceptual design of trigger clock and control
Conceptual design of Global Level 2 trigger logic

Electronics system

Date

1/92
1/92 .
1/92
1/92
1/92
1/92
1/92
1/92
1/92
9/92
9/92
9/92
9/92
9/92
9/92
9/92
9/92
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10. Computing

The volume of data generated by the SDC detec
tor will be larger than that produced by the current
generation of collider experiments by close to two
orders of magnitude. This large increase will exac
erbate "the problems of the repeated serial handling
of data that is the current approach to data analy
sis. It seems probable that the current methods will
not scale with any grace to the size of data han
dling needed for the SDC. Fortunately, the software
industry is developing what looks to be a far better
approach to the problem of providing efficient access
to large data sets than the current practice of HEP.
The industry solution is the database management
system (DBMS), providing an efficient bookkeeping
system to keep track of where data. is stored; re
lations between database files, so that related data
can be in physically different volumes and even dif
ferent geographic locations; and indices and other
access methods to solve the problem of getting quick
repeated access to a subset of the data for selec
tions, without committing oneself to the equivalent
of a very condensed DST, where one only has access
to the quick search quantities.

Industry is providing answers to the new needs
of REP experiments, but they cannot be taken over
whole without further R&D.- For one thing, present
databases are not as large as the SDC requires by two
to three orders of magnitude. Also, compared with
extrapolations of present technology, the SDC will
need substantial performance improvements to make
use of DBMS technology feasible. Joint research in
volving both industry and experimental physicists
is needed to adapt DBMS's to SDC needs, but it
seems likely that this approach can be successful.

A joint project was begun in FY1991 with fund
ing from the DOE Scientific Computing Staff under
the auspices of the High Performance Computing
and Communication Initiative and from the SSC
program through the SDC to investigate this adap
tation of DMBS methods to the needs of the SDC.
The project expects to proceed by first demonstrat
ing the use of current DBMS techniques to analysis
of data from a current experiment with functionality
at least as good as present HEP techniques. If, as
is expected, the initial stages of the project at least
reproduce today's functionality in a. technology that
shows promise of scaling to the needed data volume,
then the project will be incorporated into the final
software plan for the SDC.
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The data access and storage project will need to
grow in FY1992. We are in the process of .sub
mitting a -5 year proposal (at DOE's request) for
additional funding. HPCC requires, among other
things, leverage funding. Continued support from
the sse program through the SDC will help to
secure continued HPCC funding.

The storage process itself will be increasingly un
wieldy without new technology, in spite of advances
in the density of magnetic and other media. Two de
velopments deserve study in the context of SDC. The
first new approach is the developing IEEE standard
for mass storage ("Miller Model"), which provides a
hierarchical storage scheme with software-file migra
tion employing separate I/O channels for data and
control. This is already being studied within the
SDC/SSCL collaboration with mM, but increased
funds are needed for the SDC end of this study.

One of the more critical areas of R&D needed for
the SDC proposal is the question of the distributed
nature of the computing model. To answer this ques
tion, some real simulations are necessary. This will
entail monies for 1 FTE and simulation tools. This
work will necessarily be a close collaboration between
the US and Japanese participants of the SDC. Recent
discussions with the SSCL indicate that this task
can be accomplished with a minimum of expense.

Other advances in the computing and software in
dustries offer the promise of improved productivity
both for software developers within SDC and for
those who will use the SDC programs for physics
analysis. One such area of work is software engineer
ing. The software industry has for some time been
arguing that software can and should be planned
and designed ("engineered") in ways comparable to
the more familiar process of mechanical engineer
ing before construction. Aleph and DO have made
well-known attempts in systematic use of software
engineering with positive but mixed results. Tech
niques have advanced considerably in the several
years since those two detector started writing soft
ware and it is likely that SDC can adopt an approach
to software engineering that can be used consistently
and will improve both the process of writing soft
ware and the verifiability and maintainability of the
resulting code. But even with rapid progress in
the industry, software engineering systems are still
custom designed for the particular use. It will be
necessary for the SDC to study the range of present
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practices and choose those elements that will im
prove the process for high energy physicists. Some
parts of the SDC software engineering system will
have to be invented outright by us. Other aspects
of the software development system will also have
to be chosen and will have to fit with the engineer
ing methods. These additional software development
tools include code management, library management
and distributed library updating.

A task that ~must be completed during FY1992
is a study determining what software architecture
is appropriate for the particular computing model
(distributed or centralized) that is selected for the
Technical Proposal. This will include a study of
the role of standards in constructing the SDC of
fline computing system. For example, it is felt that
a. "software bus" approach would allow SDC physi
cists to make use of the thousands of man-hours
already put into existing software. However, in or
der to take advantage of this private sector resource,
we will need to engineer our system such tha.t the
programs all fit together. At the 1991 SDC/mM
meeting in Houston, we heard a presentation from
an mM senior software engineer on the role of stan
dards in software architecture. We are proposing to
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fund a senior engineer to study these issues.

Computing for SDC also needs to begin small ef
forts that can be identified as engineering rather
than R&D. In particular, a conceptual design is
needed for the overall computing system for the
SDC. This conceptual design will. make use of the
R&D work outlined above on modular programming
methods and software architecture. It will also draw
on the results for hardware architecture of the study
of centralized and distributed computing systems.

Finally, support is needed at the SSC Laboratory
to carry out computing for the development of the
proposal. This computing is distinct from the work
needed to design the computing system for the SDC
when it turns on. Computing during FY1992 is
needed for continued simulation of subsystems and
of the physics performance of the overall detector.
The work of a few people based at SSCL is needed
to maintain and make available the simulation codes
developed for the SDC. We will also need support
for some continued development and improvement
of these simulation codes.

The budget needed to accomplish these tasks is
shown in Table 17.

Table 17
FY1992 computing system budget

Off-line Computing system

SSCL staff for support of SDC computing
Conceptual design of off-line system, costs,

plans
Software development tools
Modelling and other

Institution

FNAL, mM, LBL, and SSCL
FNAL, mM, and SSCL

LBL and SSCL
FNAL and SSCL

Subtotal

Requested
(KS)

370
230

270
30

900"

"On-line system is part of detector cost; off-line computing is not.
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11. Project management
and detector integration

A full-time project management and detector in
tegration team is required for a detector of the cost,
size and complexity of the SDC detector. Included in
this team are the following personnel and functions:

• Project Manager

• Project Engineer

• Coordination of cost and schedule estimates

• Budget planning and tracking

• Document management

• Safety

• Quality Assurance

• System integration of detector components

• Interface with civil and accelerator construction
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To date these functions have been fulfilled by en
gineering staff at LBL, interim arrangements within
the Collaboration and by staff at the SSCL in the
area of civil construction.

During the construction phase of the project, staff
resident at the SSCL must be able to fulfill all of
these functions. A detailed plan has been formulated
to build up the requisite staff at the SSCL. A search
have been initiated for both a Project Manager and
a Chief Engineer. Until permanent personnel are
found, an interim arrangement will be in place. The
level of effort at LBL will be reduced and the level
at SSCL increased during FY1992. Our goal is to
have a fully functional team in place at the SSCL
by April 1992.

The funds required to support these activities in
FY1992 are given in Table 18.

Table 18
FY1992 project management budget

Project Requested
(KS)

Project planning (includes Project Engineer, cost and schedule 600
estimates and support staff)

Project tracking (budgets and tracking of funds spent) 225
Document management and distribution (document databases, 175

electronic storage of documents, distribution and control)
Quality assurance 50
Environment, safety and health (safety plans and analysis) 150
Detector systems integration (mechanical and electricaJ engineers 1600

responsible for overall integration of detector components, in
terface with civil construction and accelerator systems)

Total f800
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