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1.0 INTRODUCTION

This report presents conceptual designs for interaction halls and assembly procedures for
solenoidal-type detectors at the Superconducting Super Collider (SSC). Previous design studies
for detector halls and related facilities can be found in the SSC Conceptual Design Report (1986),
the Proceedings of the Summer Study on the Physics of the Super Collider (Snowmass, 1986), the
Proceedings of the Workshop on Experiments, Detectors, and Experimental Areas for the Super
Collider (1987), the Site-Specific Study of SSC Support Facilities for Four Generic Detector
Designs (1989), and the SSC Site-Specific Conceptual Design Report (1990). These previous
reports of necessity focussed on a variety of detectors and provided only roughly sized facilities
and outlines of detector assembly and schedules. This report focuses on a solenoidal-type detector
and presents in further detail the assembly procedures for several options for such a detector.
Based on these assembly studies, interaction halls and surface facilities are conceptually designed
and detector assembly schedules are formulated.

The specific goals of this study are:

1. To assemble detector designs for major design options of the solenoidal-type detector. The

options include a baseline detector with square muon steel and a modularized scintillator or

warm liquid calorimeter, a detector with octagonal muon barrel steel and endcap air core
toroids, and a detector with liquid argon calorimetry.

2. To model the assembly sequence for each option in detail, including required assembly
tooling and environment.

3. To develop the required hall design for each option, including space requirements, floor
loading and movement requirements, crane requirements, shaft specifications, and safety
requirements.

4. To obtain from the above a detector assembly schedule. Some manpower estimates are

also given.

Each detector option study began with physicists and engineers working through plausible
assembly procedures based on information gathered about the detector's subsystems, such as
muon steel, calorimetry, and solenoid. This assembly procedure was then modeled in three
dimensions on a CAD system. The CAD model includes the detector with its subsystems,
assembly procedures and tooling, and interaction hall and shafts. Careful examination of space
requirements is possible because of CAD modeling.

This report is organized as follows: Chapter 2 introduces the general reader to detectors at the
SSC and underground halls for detectors. Chapters 3, 4, and 5 present hall and assembly studies
of the baseline, air core toroid (ACT), and liquid argon calorimeter (LAC) detectors, respectively.
Each detector study chapter includes a detector description, a hall description, assembly descrip-
tion, assembly schedule, assembly sequence drawings, and disassembly drawings. Each of



Chapters 3, 4, and 5 may be read independently. Appendixes A and B present general utilities and
HVAC considerations, respectively.



2.0 INTRODUCTION TO DETECTORS AND HALLS

2.1 Introduction to Detectors

Large-scale detectors at the SSC will consist of several different subsystems, each of which
contributes some piece of information about an individual event produced at the SSCL. Individual
events produce an average rate of 100,000,000 per second at the design luminosity, and each event
consists of hundreds of particles emerging from the event vertex.

Two particles, electrons and muons, are of particular interest when designing a detector. Both
are among the class of particles called leptons. Leptons are very rare in high energy collisions:
about one in every 10,000 particles emerging from the interactions is a lepton. The presence of
leptons usually points to the occurrence of some interesting physics phenomenon. Hence, a great
deal of care is used in the design of the experiments to optimize the identification of leptons,
particularly electrons and muons. As we indicate below, both of these particles have systems dedi-
cated to their detection. We use both these particles to illustrate the overall logic of detectors at
colliders. The reader should keep in mind, however, that there are many interesting issues in
physics that do not rely on identification of electrons or muons. These two particles are used only
as an example.

Figure 2.1 shows a cross-section of a generic solenoidal detector for the SSC. All of the detec-
tor subsystems work by sensing energy left behind by individual tracks as particles emerge from
the interaction region. In some cases it is only a tiny fraction of a particle's total energy that is
detected. A tracking chamber, which is used to measure the direction of charge tracks, is an exam-
ple of such a detector. Putting tracking detectors inside a solenoidal magnetic field allows the
momentum and direction of charged tracks to be measured. These particle trajectories and momenta
can be compared with measurements in other parts of the detector to help clarify the underlying
physics process that produced the event. Note that neutral particles will not leave a track in a
tracking chamber. Tracking detectors are typically manufactured using lightweight materials to
minimize their effect on the particle they are trying to measure.

Other detectors—a calorimeter, for example—sense particles by measuring all of their energy.
A calorimeter is made of interleaving layers of a sensitive detector material and an “absorber.”
Particles entering the calorimeter interact, mostly in the absorber, creating a cascade of lower
energy particles, each of which in turn interacts further along the absorber. As this cascade devel-
ops in the absorber, its energy is sampled at regular intervals in the “detector layers.” Examples of
material used in these detector layers are plastic scintillator, liquid argon (a cryogenic fluid at about
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80 K) and so-called “warm liquids” (special, very pure, hydrocarbons at room temperature). The
absorber typically can be lead, iron, tungsten, or depleted uranium. The absorber contributes 80%
to 90% of the volume of a calorimeter and 95% of the weight. Typically, the calorimeter is divided
into at least two longitudinal sections: the electromagnetic compartment and the hadronic compart-
ment.

The electromagnetic compartment obtains its name because it is optimized to measure the
energy and position of electrons (and photons) which interact via the electromagnetic force. These
particles interact very quickly at the front of the calorimeter, and their energy can be measured very
accurately.

The depth or thickness of the electromagnetic calorimeter is measured in “radiation lengths,”
which indicate the probability that an electron will interact in the absorber. About 60% of electrons
will interact in one radiation length. The longer the radiation length, the less likely a particle will
interact given a fixed thickness of material. The first column of Table 2.1 lists typical values for the
radiation length of some common materials used in calorimeters or tracking devices. In order to
contain a high-energy electron shower at the SSC, the electromagnetic (or EM) calorimeter is usu-
ally designed to be about 25 radiation lengths thick. The maximum radiation dose in the detector
occurs at electromagnetic shower maximum, between 6 and 9 radiation lengths from the front face
of the calorimeter.

Table 2.1. Common Materials in Calorimeters or Tracking Detectors

Material Typical Use Radiation Length (mm) Nuclear Interaction
Length (mm)

Beryllium Supports 353 408
Carbon Fiber Supports ~400 392
Aluminum Supports 89 : 394
Uranium Absorber 3.2 105
Lead Absorber 5.6 171
Tungsten Absorber 35 96

Iron Absorber/Supports 17 167
Liquid Argon Detector 140 835
Scintillator Detector 424 565

TMP (Warm Liquid) ~565 ~753

Detector

Consider an electromagnetic calorimeter constructed from equal, alternating layers of lead and
scintillator. The radiation lengths of lead and scintillator are about 5.6 mm and 424 mm, respec-
tively. Table 2.1 implies that the scintillator contributes about 5.6 mm/428 mm, or 1.3%, of the
total thickness of a scintillator/lead calorimeter when measured in radiation lengths. Hence, most



interactions take place in the absorber, not the detector layer. The most popular choice for an
absorber in an electromagnetic calorimeter is lead because it is cheap, it has a small value for the
ratio of radiation length to nuclear interaction length (see below), and it is relatively safe. Uranium
also works well, but it is expensive and it has some serious safety problems. Tungsten is pro-
hibitively expensive, and iron does not work as well as lead because the ratio of radiation length to
nuclear interaction length is larger.

Unlike electrons, most of the particles interact in the calorimeter via the “strong” or nuclear
force. Particles which interact via this strong force are called hadrons, and a calorimeter which
measures their energy is called a hadron calorimeter. The distance between interactions (nuclear
interaction length) of this type is much greater than in the case of the electromagnetic force, as can
be seen by comparing the last two columns in Table 2.1. Materials with a small ratio of radiation
length to nuclear interaction length are used in electromagnetic calorimeters. This is because the
shape of the electron cascade differs greatly from a hadronic cascade in such a material. Electrons
are casy to identify because they interact near the beginning of the calorimeter. To contain 95% of
the energy in 95% of the events (a typical depth specification for a hadron calorimeter), the total
depth of a hadron calorimeter at the SSC needs to be from 10 to 12 nuclear-interaction-lengths
deep, including the electromagnetic calorimeter, which is typically one interaction-length thick.

Clearly, if one wants to accurately measure the total energy of a particle, the amount of dead
material for support and cable pathways through the detector needs to be minimized. Use of light
materials (beryllium, carbon-fiber-reinforced plastics, or aluminum) for supports will affect opera-
tion of the calorimeter the least, because the probability of an interaction is much smaller in these
materials. Both beryllium and carbon-fiber-reinforced plastics are expensive, however, and the
latter can undergo radiation damage at high luminosities. These materials are used successfully in
tracking chambers where the volume of material needed is small and the radiation doses are
smaller. Mechanical supports inside the active volume of a calorimeter are more commonly made of
aluminum. Supports outside the active volume of the calorimeter are typically structural steel.

Given these three components of a detector (a tracking chamber in a magnetic field, an electro-
magnetic calorimeter, and a hadron calorimeter), we can outline the strategy for identifying an
electron among the hundreds of particles in an event:

1) The electron is charged, so it should leave a path in the tracking chamber. Usually we are

. looking for high-energy electrons, so the path in the magnetic field will be an almost-
straight line.

2) An clectron should leave most of its energy in the electromagnetic calorimeter, and there
should be little energy in the hadron calorimeter directly behind.

3) Since the electron mass is very small, the energy measured in the EM calorimeter should
agree with the momentum measured in the tracking chambers.



4) The track in the chamber should point in the same direction as the energy deposit in the EM
calorimeter.

The second particle we wish to identify is the muon, a heavy cousin of the electron. The muon
is unusual in its ability to penetrate very dense materials, even calorimeters. A muon will leave little
of its energy in a calorimeter. Typically, the presence of a muon is observed by a detector (usually
tracking chambers) outside the calorimeter. Because muons are charged, they also leave a track in
the central tracking chambers, where their initial momentum is measured. In order to reduce back-
grounds, magnetized iron toroids are used to remeasure the muon momentum, and comparison is
made with the initial measurement made in the central tracking system inside the solenoid coil.
Muons, for the most part, will remeasure at about the same momentum, while decay fragments or
particles which leak out the back of the calorimeter will have significantly lower momentum.

Hence the strategy for detecting a muon: a straight track in the tracking chamber, no significant
energy deposit in the calorimeter along the path of the track, and a track outside the calorimeter,
consistent in direction, location, and momentum with extrapolated track from the central tracking
chamber.

Before proceeding to the description of specific detectors and halls, it is useful to introduce a
detector coordinate system. The x axis points radially outward in the plane of the collider, y is
upward, and z points along the beam bisector to complete a right-handed coordinate system.
Spherical polar (1,0, ¢ ) and cylindrical (r,¢,z) coordinate systems are obtained from the Cartesian
coordinates in the usual way. To relate this detector Cartesian coordinate system to the hall, we
identify the positive z axis with project North and the positive x axis with project West.

It is also useful to introduce the concept of pseudo-rapidity (n), an angular coordinate defined
by

1 = - In (tan (6/2)).

Note that N = 0 corresponds to 6 = 900: and larger (smaller) values of 7 lie closer to the posi-
tive (negative) z axis. This coordinate is frequently used in high-energy physics because the num-
ber of particles seen in the detector is roughly constant in a fixed interval in 1. For example, we
expect as many particles in the interval 0 <M < 1 (90° > 6 > 40.4°) as we would in the interval
3<n <4 (5.7°> 0 > 2.19).

With this information in hand, we now turn to the general design of detector halls for the SSC.

2.2 Introduction to Collision Halls

The solenoidal detector is installed in an air-conditioned underground hall connected to the sur-
face by several access and utility shafts. The single long hall is constructed with its major axis
parallel to the collider beam line. The hall is designed to house all components of the detector and



its electronics rack and to allow servicing of the assembly and disassembly of the detector.
Adequate space must be provided around the completed detector for moving fixtures, for retracting
the detector components for maintenance, and for upgrading of the detector.

Assembly of the muon steel toroids and other components of the detector is performed by two
top-running bridge cranes. The larger of the cranes is used to assemble muon steel toroids and
absorbers, and to move heavy steel saddles and support frames of the movable end toroids and
other components. This crane is equipped with a 100-tonne and a 50-tonne hook, each on a
separate trolley. The second crane is used for moving the calorimeter modules, installing muon
chambers and other lighter components in the hall during assembly, and performing maintenance.
This crane is equipped with a 50-tonne and a 25-tonne hook, both on the same trolley. Both bridge
cranes run on the same set of rails. To provide maximum hook coverage over the hall floor below,
the rails rest directly on top of the side walls of the halls.

One of the most important considerations in the selection and design of the hall floor is main-
taining the vertical floor movements within acceptable limits. Excessive floor movement would
require the realignment of the entire detector, weighing over 20,000 tonnes, and may require the
adjustment of hundreds of other components of the detector, which must be installed to very close
tolerances. For example, the muon system requires chamber placement accuracy on the order of
0.1 mm. Time spent to perform alignment checks and adjustments may reduce the time the detector
is available for experiments. Excessive floor movement could also result in redistribution of the
gravity loads on the detector supports, resulting in local overstress and distortion.

For these reasons the concrete slab under the detector must be made very rigid. The most
effective means of reducing floor movement is to reduce the effective spans (width and length) of
the floor to the minimum, and to provide a rigid support at the four sides of the floor. To this end,
we have raised the hall floor at each end of the detector to approximately the top of the bottom
segment of the muon steel barrel, and introduced a transverse wall approximately 5 m (16.4 ft.)
deep between the two floors at the ends of the detector. These walls, and the side walls of the hall,
will restrain the edges of the slab supporting the detector, and therefore, reduce floor movement.

Reducing the floor movement by structural considerations is even more important when heav-
ing of the rock underlying the detector hall is considered. Assuming that the SDC detector is
located at the west cluster, the hall floor will rest directly on the soft Eagle Ford Shale, and, there-
fore, will be subjected to short-term mass movement and long-term creep. The clay shales of this
formation have a moderate to very high self pressure of up to 122 kg/m? (25 ksf). The gravity
loading on the detector support floor (basement) is about 135 kg/m? (27.7 ksf), while loading on
the raised floor supporting only accelerator components is practically nil. If the floor arrangement
described above is used, the movement of the detector support floor should be minimal because
detector loading and self pressure almost match; the raised floor, on the other hand, should experi-



ence long-term heave. This requires that the support frames of the accelerator components be fur-
nished with adjustable base plates. If the detector support floor is not isolated structurally from the
rest of the hall floor (as in a single floor level construction), the average gravity loading on the hall
floor will be reduced by about 60%. As a result, the swell pressure of the underlying shale can
cause long-term heaving of the entire hall floor.

The magnitude and duration of this movement is difficult to estimate without knowing the
actual swell pressures and other physical data of the rock. We have performed a preliminary finite
element analysis to assess the anticipated rock movements. Assuming a benched open excavation
as shown in Figure 2.2, the elastic (immediate) vertical rock movement at the center of the excava-
tion is 154 mm to 350 mm (6.1 in. to 13.8 in.), and the net heave is 83 mm to 199 mm (3.3 in. to
7.8 in.) depending on the elasticity of the rock. Long-term heave could be as much as 50% to 75%
of the elastic heave. However, this must be substantiated by in situ testing at the selected site.

There are other operational and safety features of the raised operating floor arrangement.
Because the floor is at or near the level of the top of the muon steel barrel floor, there is no need for
special movable make-up cradles to support the 4000-tonne end toroids and the calorimeters when
disassembling the detector to gain access to the calorimeter bays. The cost of the hall is somewhat
reduced as the need to excavate and the amount of concrete in the walls are reduced. A detector
basement or pit, however, might restrict future expansion of the detector. Also, the edges of a pit
might be subject to crumbling. A full study of the tradeoffs of two level floor versus one level floor
has not been made in this report. For either floor configuration it is important that the planned
geotechnical investi gations, particularly the in situ swelling pressure measurements, are carried out
as soon as possible. Also, the design of the detector hall floor and of the detector supports must be
closely coordinated.
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3.0 BASELINE DETECTOR

3.1 Baseline Detector Description

For the baseline detector we chose a simple design, but with sufficient complexity so that
realistic studies can be made. The intent is not only to study a particular detector, but to begin to
develop tools and collect information that can be applied to a broad range of detectors based on
solenoidal magnets. In order to concentrate our efforts on hall design, rather than detector design,
we chose a baseline detector configuration which minimizes the mechanical interaction between
sub-systems.

Figure 3.1 is a three-dimensional view of the detector, which is also shown in cross-section in
Figure 3.2. The clevation view of the detector is shown in Figure 3.3. The solenoidal coil design is
based on an “air-core” or short solenoid design.] This magnet does not use iron near the ends of
the coil; hence, the external forces on the coil cryostat and the calorimeter are dominated by gravity.
Any electromagnetic forces between the calorimeter and coil have been ignored. The tracking
system selected is divided into a silicon inner tracker and an outer tracker. The outer tracker is
further divided into central and intermediate tracking chambers.

The calorimeter is loosely based on the Warm Liquid design by EG&G;2 however, the studies
described here would apply equally to any self-supporting calorimeter built from “modules” of 20
to 50 tonnes. The calorimeter modules are assembled into five cylindrical bays: three central bays
and two endcap bays. Each bay extends about 3 m along the beam line and weighs about 1200
tonnes. One essential ingredient of the calorimeter bays is the inclusion of return iron in the
individual calorimeter modules to create a field-free region for electronics or photomultiplier tubes
(PMT) on the outside of the calorimeter. About 65% of the flux is returned through the volume of
the non-magnetic calorimeter, and the remaining 35% is returned through the steel at the outside of
the calorimeter. There are small forward (5 > | n | > 3) calorimeters for missing energy
measurements. These are located just in front of the interaction region quadrupoles.

The calorimeter is surrounded by magnetized iron muon toroids, 1.2 m thick in the barrel
region (|n | < 1.5) and about 3.5 m thick in the endplug region between 2.5 > In | >1.5. In the
barrel region the steel is divided into two independent, 60-cm-thick iron toroids. Each of these
toroids has 8 coils located near the corners, for a total of 16 coils. There are four planes of muon
chambers in the barrel region, with one measuring station in the gap between the two barrel
toroids. The momentum resolution of the exterior system is limited by the resolution of the
chambers, and the 1-m gap between the two exterior chambers enables charge determination up to
momenta of 1 TeV/c.

11



Figure 3.1,0verall Baseline Detector Layout (3D View)
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Each end plug has four 0.85-m-thick iron toroids. These toroids have a square cross-section
and are designed to split vertically along the beam line. There are four coils per toroid set installed
near the location where the toroids split. In order to equalize the flux distribution we have added
tapered stainless steel shims between the diagonal comners of the toroids; these equalize the
reluctance paths for different radii. An end plug toroid muon detector consists of six planes of
chambers, four planes inside the steel and two outside.

A major concern for the configuration of the muon steel is access to the calorimeter. We
consider two alternatives for the base line detector: 1) The barrel muon steel fixed in the hall with
sufficient space inside to allow personnel access between the muon steel and calorimeter for
electronics repairs, and 2) Movable barrel muon toroids to allow crane access to the barrel
calorimeter.

Table 3.1 summarizes some of the mechanical aspects of the baseline detector:

Table 3.1. Baseline Detector Mechanical Parameters.
- - TR

Detector Size Units Comments
Tracking Volume 3.7x8.0 m od x length
Total Channels 200 K incl. inter & central
Silicon Tracking 1.0x3.0 m diameter x length
Coil 3.7x43x8.0 m id x od x length
Barrel Calorimeter 4.4x95*x8.0 m id x od x length
Weight 3910 tonne includes retumn steel
Total Channels 120 K includes endcaps
Endcap Calorimeter 0.8 x9.5*x 35 m id x od x length
Weight : 3000 tonne both ends
Muon Barrel Toroids 14.6 x 14.6 x 24.6 m w x h x length
Weight 12,920 tonne
Muon EC Toroids 11.1x 11.1 x4.1 m w x h x length
Weight 7848 tonne both ends
Muon Chambers 17.0x 17.0 x 28.4 m w x h x length

Total Channels 118 K includes endcagg

*includes return steel
Each subsystem in the detector will require a variety of connections for proper operation and to
meet safety requirements. The connections to each subsystems consist of:
e Mechanical supports |
e Trigger and data acquisition cables
¢ Power, including low and high voltage connections

¢ Cooling fluids or gases
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e Sub-system speciality fluids or gases
o Alignment monitoring and adjustment

« Environmental monitoring (temperature, oxygen concentration, explosive gas
concentrations, smoke detectors, etc.).

The details of these connections will depend greatly on technology chosen for each subsystem,
and planning will have to consider the interactions between subsystems as well as the needs of an
individual detector element. However, the general strategy for the “hookup” of the detector to
external systems is as follows.

For all detector subsystems, the front-end electronics, level 1 trigger electronics, and temporary
data storage for about 100 crossings (including data buffering between the level 1 and level 2
trigger decisions) are mounted directly on the mechanical structure of the subsystem. These
electronics are connected via flexible cable trays to global trigger and data acquisition electronics
located in a multi-story gallery next to the detector inside the collision hall. The flexible cable trays
allows access to the internal portions of the detector without disconnecting cables or utilities.

The layout of the hall currently allocates the second and third floors for trigger and data
acquisition areas. Each floor of the gallery is approximately 4 m wide by 30 m long. These two
floors are fully air-conditioned enclosures and are provided with computer (false) floors for routing
of cables between clectronics racks. Data acquisition and trigger signals are communicated to the
surface via the 3-m-diameter cable shaft, located 8 m inside the wall next to the gallery. The upper
floors of the gallery are reserved for mechanical systems, gas and fluid handling, and cryogenics
systems for the detector; they do not have separate air-conditioning or computer floors. Utilities for
these areas, as well as any heavy-duty power lines, are connected to the surface via a separate
utility shaft to avoid pickup of switching noise from the heavy-duty power cables on the data
acquisition cables .

3.2 Baseline Hall Design

3.2.1 Overview and General Hall Plan

The baseline collision hall is 28.0 m wide and 81.0 m long, constructed with its long axis
parallel to the collider beam line, as shown in Figure 3.4. To best utilize the floor areas reserved
for muon steel and calorimeter assembly, the center of the detector is offset by 2.0 m and 6.5 m
from the long and short axes of the hall, respectively. Dimensions of the hall are based on access
around the completed detector, space requirements for assembly and checkout of the calorimeters
and end muon toroids, and clearance requirements for retracting the detector components for
maintenance access. In-place upgrading of the detector has also been considered. A temporary air-
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tight partition between the muon steel assembly and the calorimeter assembly areas of the hall 1s
erected to provide a clean area for calorimeter assembly.

The top of the main operating floor is set level with the top of the roller tracks in the barrel
muon steel, and the basement under the detector is about 3.57 m below that. Also provided are a 3-
m-wide passage for moving small equipment on the operating floor and a 7-m-wide passage for
transporting large items by the hall crane from one end of the hall to the other.

The basement is extended to the side wall of the hall under the 3-m-wide passage to provide
room for pumps, compressors, utility distribution, and other equipment, and for structural
requirements.

The walls of the hall are tied to the rock behind by rock anchors. The walls extend about 19.0
m above the operating floor. The crane runways rest directly on the top of the side walls, which are
provided with vertical recesses for the flush-mounted air-conditioning ductwork.

The roof of the collision hall is a parabolic concrete arch supported on independent foundations
just behind the top of the side walls. This low-rise arch imposes an outward force on the rock mass
behind the side walls of the hall, thereby reducing the heave forces on the side walls. The arch
foundations are not tied to the walls, so that any change in the overburden or surface loading above
the arch will not affect the walls or the floors of the hall. Placing the roof of the hall on top of the
walls would impose a high vertical load on the walls, and in turn on the edge of the hall floor
slabs, which may be just above the weak Eagle Ford Shale if the hall is located at the west cluster.
The resulting immediate and long-term floor movements would be significant and could be
influenced by changes in the overburden pressure on the roof.

The space between the top of the wall and the base of the arch can be used for distribution of
some of the hall utilities, and for servicing of the cranes, the fans of the air-conditioning system,
and the roof drainage sumps.

The proposed hall configuration may be constructed by conventional open excavation, or by
excavating to the top of the walls and constructing the roof arch while the excavation proceeds to
the hall floor. The latter arrangement will permit an earlier start of the backfill operation, thereby
reducing construction time of the hall.

3.2.2 Detector Basement and Support

The adopted maximum floor movement is 2.5 mm for short duration (one week) loading and
25 mm for long duration (one year or more) loading after all components of the detector are in
place. These floor movement specifications require a very rigid concrete basemat under the
detector. The floor movement during erection of the muon steel and after the central calorimeters
are installed is also restricted to 25 mm; however, this could be compensated for by pre-setting the
main steel barrel supports before erection of the muon steel begins. Weight calculations indicate
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that the detector loading on the basement floor is about 110% of the present vertical rock pressure’
at this elevation. This means that movement of the floor due to the weight of the detector will be
very small; therefore, floor movement will be largely controlled by the heaving pressure of the
underlying rock. In the operating floor areas, the floor loading is very low—less than 10% of the
present rock pressure—and, therefore, the upward floor movement due to the unopposed heave
could be significant.

To reduce floor movements, the detector basement is made very rigid. The stiffness of the
basemat depends on the thickness and uncracked moment of inertia and modules of elasticity of the
concrete, as well as on the length and aspect ratio of the floor spans. The vertical restraint of the
perimeter walls also effects the deflection of the slab.

To construct a basement slab to be as rigid as possible, the edge of the detector floor is
restrained by the stiff walls of the hall on two sides and by the heavily reinforced retaining walls at
the ends of the detector. Using a higher strength (and Young's modulus) concrete also reduces
deflections. Our preliminary finite element calculations indicate that floor deflections caused by the
stationary and moving components of the detector will not exceed the adopted maximum floor
movements. Floor movement caused by heaving of the underlying rock mass may be large,
however, and could require special design considerations as outlined below.

Detailed design of the floor will be based on the actual detector loadings and deflection
limitations, and on the results of a geotechnical investigation of the physical properties of the
underlying rock at the selected hall location. However, if the hall is located at the west cluster, the
detector support floor will rest on or directly above the Eagle Ford Shale, and will, therefore, be
subjected to the long term heave forces of the shale. Assuming that the excavation is stable, the
immediate (elastic) heave of the rock is not a problem until the concrete floor has hardened. After
that, swelling due to the migration of the moisture in the rock and to creep and redistribution of
stresses caused by the uneven overburden pressure may cause a slow upward floor movement.
The magnitude and duration of this movement would be difficult to estimate. However, there are
several ways to overcome the heave problem. A simple solution is to provide the means to adjust
the height of the base plates of the four barrel support beams. This may be accomplished by
supporting the base plate on a sole plate and shims, as shown on Figure 3.5. To adjust the
clevation of the detector, low-height hydraulic jacks placed under the base plate are used to unload
the shim plates; after the shim thickness is adjusted, the jacks lower the detector to the required
clevation. After the nuts are locked to the base plates, the jacks are removed.

A more direct solution to the heave problem is to post-tension the floor slab to the underlying
rock. This is done by drilling into the rock through several rows of blockouts near the midspan of
the floor and installing rock bolts to a depth of approximately 1.5 times the width of the hall. The
lower 1/3 of the bolt length is grouted into the rock, while the upper 2/3 is sleeved to permit
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slippage. The bolts are initially tensioned for the weight of the detector and, if required, are further
tensioned to reduce heave. The floor movements are continuously monitored by lasers, and if
required, the bolts may be retensioned or slackened to adjust the floor elevation.

3.2.3 Operating Floor Construction

To facilitate disassembly of the detector components and access to the detector, the top of the
operating floor is set level with'the top of the roller tracks in the barrel. Unlike the detector
basement floor, the operating floor will be loaded to less than 10% of the present vertical rock
pressure at this elevation. This means that to reduce floor movement to acceptable levels, the heave
pressure from the underlying rock will have to be restrained by the floor slab. Excessive floor
heaving could slow down disassembly operations of the detector because rolling the heavy
components on a sloping floor will require special procedures to insure safety. The supports of the
forward calorimeter and of the acceleration magnets will have to be made adjustable to maintain
proper alignment.

Floor heave could be reduced by post-tensioning the floor slab to the underlying rock, as
described in Section 3.2.2, or by separating the floor slab from the rock by a layer of compressible
materials. This problem should be studied further as soon as the results of the geotechnical
investigation become available.

To facilitate movement of the detector components during construction and major disassembly,
the entire floor area north and south of the detector basement is covered by a 12-mm-thick steel
plate. The plate is leveled before it is anchored to the floor slab by high-strength grout. This
arrangement provides the proper rolling surface and distributes the high rolling pressures of the
rollers under the end toroids and calorimeters. Some components of the detector are moved to
predetermined areas via guided paths to provide access to the central tracking device and
calorimeters for testing and maintenance. To facilitate this work, the floor plate in these areas is
thickened to about 36 mm and is machined flat to reduce rolling resistance. Tapped holes for
anchoring the push/pull jacks are provided in these areas.

3.2.4 Access and Utility Shafts

Access to the hall is provided by a rectangular construction shaft penetrating the hall roof in the
southeast corner of the hall and by two circular shafts, both with stairs and one equipped with an
elevator. Separate shafts for utilities, cabling, and for the air-conditioning ducts are also provided.
The location of these shafts is shown on Figure 3.4, and some of their features are described in
Table 3.2.
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Table 3.2. Hall Shafts.
L |

Name or Use Size Cross-section Access
Construction Shaft 7mx14m rectangular crane only
Equipment Shaft 8m round stairwell / crane
Personnel Shaft . 8m round stairwell elevator
Cable Shaft 3m round stairwell

Util'g Shaft 3m round . stairwell / dumbwaiter

The construction shaft provides a 14-m by 7-m access into the hall for lowering all steel used in
constructing the muon barrel and the end toroids, the support beams and erection rigs of the barrel,
and the saddles, washers and return flux steel of the calorimeters. The solenoidal coil, central
tracking device, and the muon chamber panels are also brought down through the construction
shaft. To maximize the usable floor area for detector assembly and for possible major repair or
modification work on the detector in the future, the construction shaft is located in the corner of the
detector hall. Placing the shaft on the center line of the hall would require a longer hall for detector
assembly and would locate the shaft over the beam line. Location of the construction shaft over the
beam line would inhibit the use of the shaft after beam line components are in place. Once the
detector assembly has been completed, this shaft is closed at the top by overlapping precast
concrete slabs to block radiation. These slabs may be removed later to regain access to the hall for
lowering large objects.

The equipment shaft is 8 m in diameter and is located a sufficient distance from the northwest
corner of the detector hall so that the shaft surfaces outside of the area excavated during hall
construction. This allows the shaft to be built earlier to provide access to the hall before the hall
roof is constructed and backfilled. The bottom of the shaft is connected to the operating floor by an
8-m-wide concrete-lined tunnel. The equipment shaft and tunnel are partitioned by a fire wall to
enclose the fire escape stairs and egress route from the hall (Figure 3.6). The stairwell and egress
route in the tunnel are slightly pressurized to prevent smoke from entering this region in the event
of a fire. The equipment shaft also incorporates a 3-m by 4-m hoisting well for lowering
calorimeter modules, electronics, and other equipment. Space for a 900 kg capacity construction
elevator and for the ductwork of the hall ventilation system is also provided.

The personnel shaft is located a distance from the southwest wall of the detector hall. For the
reasons given above, this shaft is also situated outside of the region excavated during hall
construction. As shown in Figure 3.6, this 8-m-diameter shaft and the connecting tunnel house the
second fire escape stairwell and egress route. The personnel shaft contains the passenger/light
freight elevator connecting the operations center on the surface to the main hall floor, the ductwork
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for the hall ventilation system, and the piping and power supply for the conventional hall services
(e.g., lighting, power outlets, cranes, and sumps).

The cable shaft is 3 m in diameter and is located approximately 15 m from the west wall of the
hall in line with the center of the detector. This shaft will carry all signal cables from the hall to the
data acquisition and control rooms of the operations center on the surface. As shown in Figure 3.7,
the shaft is equipped with vertical cable trays—60 cm by 15 cm (24 in. by 6 in.) and 90 cm by 15
cm (36 in. by 6 in.)—and a 1.5-m-diameter spiral staircase to provide access to the cables. The
cable trays are arranged to be within arm’s reach of the staircase. The bottom of the cable shaft is at
the operating floor level of the hall; however, additional cable passages from the shaft to the floors
supporting the electronics cabinets are also provided. )

The utility shaft, also 3 m in diameter, is located at least 9 m away from the west wall of the
hall in order to bypass the hall roof foundation. The location of this shaft is coordinated with the
layout of the surface facilities. The bottom of the shaft is at the floor level of the detector support.
As shown in Figure 3.7, the utility shaft will have several compartments for the 400 Hz, 60 Hz,
and DC power lines, the tracking chamber gases and helium and nitrogen gases, and the
cryogenics and safety systems. Also provided are a 1.5-m-diameter spiral staircase with frequent
landings and a 250-kg-capacity dumbwaiter to carry maintenance tools and equipment for servicing
these utilities.

3.3 Detector Assembly

3.3.1 Muon Steel Barrel Assembly

The configuration of the muon steel barrel is shown in Figure 3.8, and some properties of the
muon toroids are listed in Table 3.3.

Table 3.3. Mechanical Specifications for Baseline Detector Muon Toroids

Thickness of steel at 0 = 90° 1.2m
Thickness of steel parallel to beam in endcaps 34m
Magnetic field 18T
Maximum allowed gap in steel 3mm

Minimum fraction of steel along any radial path 98 %
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The barrel consists of two concentric, open-end boxes separated by a 200 mm gap. Each barrel
is constructed from 600-mm-wide steel plates, 200-mm (8 in.)-thick (along Z) except in a limited
area around the interaction point. Here the thickness is increased to about 350 mm (14 in.) to meet
the required minimum of 98% solid material along a ray. The plates are arranged to lie in planes
perpendicular to the beamline and parallel to the toroidal flux lines. The steel plates are pulled
together by 38-mm (1.5 in)-diameter high-strength bolts to reduce the gaps between the plates to
3 mm maximum, to provide structural stiffness for stability, and to resist magnetic and other
forces. The plates are drilled with oversized holes to facilitate installation of the longitudinal bolts.
The spacing of the bolts is 1250 mm maximum. This combination of plate thickness and bolt size
and spacing permits the use of plates furnished by the rolling mills to standard (ASTM A6)
industry tolerances. Using thicker plates would require larger diameter and/or more bolts in order
to pull the plates together to the above criteria. Thicker plates cost more per tonne, and the
machining and general handling costs are also higher. Thicker plates would reduce the number of
plates to be installed, but this is not considered a real advantage since the plates can be handled in
groups of four or more during shipping and installation.

To reduce bolt length and facilitate installation, the plates are pulled together in groups of eight.
The outside plates (in a group of eight) have recessed holes on both sides to receive the bolts from
the adjacent group of plates. The length of the plates depends on their position. For the inner
barrel, the floor and roof plates are 13,000 mm long and the sidewalls are 11,800 mm long. For
the outer barrel, the floor and roof plates are 14,600 mm long and the sidewalls are 13,400 mm
long. The number of each plate type required for the barrel is shown in Table 3.4.

Table 3.4. Muon Barrel Toroid Plate Specifications.

Plate Location Length ¥ Thickness (mm) Number Required ~ Weight of Each

Plate (tonnes)
Inner Roof and Floor 13000 x 200 236 12.25
Inner Roof and Floor 13000 x 350 6 21.43
inner Walls 11800 x 200 236 11.11
Inner Walls 11800 x 350 6 19.45
Outer Roof and Floor 14600 x 200 236 13.75
Outer Roof and Floor 14600 x 350 6 24.07
Outer Walls 13400 x 200 236 12.62
Outer Walls 13400 x 350 6 22.08

L . _________________- - -~~~ —— "~ "
Note: All plates are 600 mm wide.

Each end of the wall plates and one edge of the roof and floor plates are machined for bearing
surfaces. The machined areas of the roof and floor plates are recessed and intended to provide
clearance for the coil packs. Guide pins at the bottom and top of the walls are provided to position
the sidewalls between the roof and floor plates.
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To provide maximum muon chamber coverage the barrel steel is supported on four “knife-
edge” plates resting on individual concrete supports (Figure 3.8). The four concrete supports run
the entire length of the detector basement, but the knife-edges run only the length of the barrel. The
knife-edges are braced together at about 3 m longitudinal (z) spacing to resist lateral forces. The
bracings are between the two outer layers of muon chambers to avoid interference. The base of
these supports, as shown in Figure 3.5, are designed to facilitate vertical adjustment of the barrel
elevation to compensate for the floor movements described in Section 3.2.2.

Prior to the muon steel barrel assembly, the two inner knife-edge supports of the barrel are
installed. The two outer supports are not placed until after the barrel floor coil packs have been
installed and tested.

The steel barrel assembly proceeds as follows. The pre-drilled and painted steel plates are
assembled into jigs on the surface and are lowered into the hall through the construction shaft by
the yard crane in groups of four (Figure 3.9). From the construction shaft laydown area in the hall
the plates are moved to the muon steel staging area by winched carts. After final checkout the plates
are lifted into place in groups of four by the hall crane. Two erection crews proceed with the
construction, each beginning in the middle of the detector and working out toward opposite ends.
After eight plates are in place, the longitudinal high-strength bolts are instalied and tightened to pull
the plates together. The last plate in any group of eight is tied to the next group by overlapping the
bolts. Using this procedure, the lower floor of the barrel is assembled first (Figure 3.10). Once the
lower floor is complete, the 200-mm-wide vertical spacer plates are installed, and work proceeds
with the installation of the upper floor in an identical fashion.

After the construction of the upper and lower floors is complete, the four preassembled coil
packs are lowered into the hall. The coil packs are aligned with the end of the barrel floor, and the
shipping spool of the coils are bolted temporarily to the floor. After final checkout the coil packs
are moved onto the end of the floor steel and are secured. Following the installation of the four
floor coil packs, the two remaining knife-edge floor supports are installed.

The erection of the barrel walls proceeds in a similar fashion, as shown in Figure 3.10. Using
temporary bracings to stabilize the plates from a wall of the hall, the outer walls are constructed
first. The inner walls, supported during construction by temporary struts and spacers from the
barrel floor, are erected next.

Installation of the lower coil packs of the walls is a two-step process. First the coils are
lowered to the top of the temporary wall bracings, then new bracings are installed above the coils
and the lower bracings are removed to permit lowering of the coils to the bottom of the walls.
Installation of the upper wall coils is similar to the installation of the floor coils described
previously.
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To permit the installation of the four prefabricated coil packs on the roof of the barrel, the inner
and outer roof steel is installed on a temporary structure as shown in Figure 3.10, construction step
4. The assembly of the two roof layers and the installation of their coil packs is the same as for the
floors. After checkout of the coils and installation of the locating pins on top of the walls, the roof
is lowered by jacks onto the temporary structure to complete the barrel. The lateral alignment of the
roof is checked and adjusted by the temporary wall struts as required. The lateral stability of the
barrel is provided by welding eight stainless steel pipe bracings between the wall and the roof
(Figure 3.11). The removal of the temporary wall bracing cox;xpletes the barrel assembly.

The estimated manpower requirement for muon steel barrel assembly for this detector using a
single crew is as follows:

+  Unloading, topside subassembly, and lowering plates to hall floor—6 men.
e  Receiving plates in hall—4 men.
«  Plate assembly and bolting—6 men.

Using two crews to assemble the plates would require eight more men in the hall.

In addition to the fixed-barrel muon steel described above, we have investigated the feasibility
of movable-barrel muon toroids. The walls and the roof of the barrel are split at the center of the
detector, and each half-section is mounted on rollers, as shown in Figure 3.12. To gain access to
the central calorimeters for normal servicing, the end steel toroids and endcap calorimeters as well
as the barrel muon steel sections move approximately 2 m. To provide room for major repair work
or modification of the detector, the moveable barrel sections move further out onto the operating
floor. This requires a deep trench in the concrete floor, which severely limits the movement of the
heavy components of the detector. Also the rigidity of the floor, so important to limit floor
movement due to heave, is impaired.

Structural analysis of the movable section of the barrel steel indicates that extensive field
welding between the walls and roof of the barrel steel is required to resist the lateral stability forces
and to maintain rigidity and alignment during the moving operation. Heavy steel framing and
rollers for guiding the bottom of the walls must be installed. These framings and other provisions
for moving the barrel steel reduce muon chamber coverage and require an extra operation during
disassembly since the end toroids and calorimeters have to moved in any case.

For the above reasons, and due to the added cost and maintenance of the rolling equipment, the
movable-barrel muon toroid alternate has not been pursued further.
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3.3.2 Muon Steel End Toroids Assembly

The end toroids of the baseline detector consist of four 850-mm-thick “wafers” separated by
200 mm gaps, as shown in Figure 3.13. Each half of these wafers is assembled from two 200-
mm-thick and two 225-mm-thick plates shop fabricated from four segments (A, B, C and D). The
three plates of segment B are butt-welded to each other using a tapered stainless steel spacer plate.
This tapered non-magnetic gap and a similar shimmed gap between segments C and D give a
uniform flux distribution around the corners of the toroids.

The four plates of each wafer are pulled together with 38-mm (1.5 in.)-diameter high-strength
bolts which reduce the gaps between the plates to less than 3 mm (1/8 in.). The plates may be
furnished to standard (ASTM-A6) mill tolerances. The mating surfaces of the half toroids and the
edges of all plates at the tapered gap are machined.

The end toroids are assembled in the south end of the detector hall following the muon steel
barrel construction. The plates are lowered through the construction shaft and installed in the
erection frame, as shown in Figure 3.14. The four wafers of each end toroid are constructed
separately. All plates of segment A are installed first, followed by the plates of segments B, C and
D. The overlapping plates between the segments may be bolted with fitted bolts or field-welded.
Final tightening of the high-strength bolts is carried out after the alignment of all plates in the wafer
has been checked.

After the four wafers of a toroid have been assembled, two of the wafers are aligned and pulled
together, as shown on Figure 3.15. The tie plates between the two wafers are installed next. This
procedure is repeated until all four wafers of the toroid are assembled into a single unit. Each half-
toroid is fitted with eight permanent rollers, moved away from the assembly area for installation of
the coil packs and muon chambers, then temporarily stored. The above assembly procedure is
repeated until all four half-toroids are completed.

Horizontal locating pins and clamping bolts are provided at the top and bottom of each wafer to
maintain alignment of a half-toroid pair and structural integrity while moving in and out of the
barrel.

Manpower requirement for the end toroid assembly is approximately the same as for the muon
steel barrel assembly; however, because of the limited space in the hall, only one wafer with one
crew can be constructed at a time.
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3.3.3 Calorimeter Assembly

The central and endcap calorimeters of the baseline detector are assembled in the north end of
the hall. As shown in Figure 3.16, this area is sealed off from the rest of the hall by a temporary
air-tight partition. The HVAC system of the hall is temporarily adjusted to maintain a slight
overpressure in the calorimeter assembly area to prevent entry of dust and fumes generated by the
muon steel assembly and other work. A total area of about 25.5 m by 15 m is provided for
calorimeter assembly. (Note that this area does not include the space set aside for the clean room.)
This area allows the construction of one calorimeter bay at a time while still providing room for
mobility of all construction equipment and access to the equipment shaft. The calorimetry of the
baseline detector consists of three central and two endcap calorimeter bays, shown in Figures 3.17
and 3.18.

Testing of the assembled calorimeter bays is performed in a clean room constructed to the east
of the calorimeter assembly area, as shown in Figure 3.16. The clean room is separated from the
assembly area by strip doors (overlapping flexible strips of heavy plastic) to allow unrestricted
movement of the bays. The room has a steel deck roof to provide support and a working area for a
self-contained pumping/filtration unit used to fill the modules of a bay with an ionization liquid
such as TMP. The clean room, pressurized by filtered air, is sized to hold up to four calorimeter
bays with an allowance of 3 m of clearance between them. This clearance permits mobility of the
telescoping work platforms used to reach any area of the calorimeter assemblies during checkouts
and filling of the modules.

Each calorimeter bay is constructed from preassembled modules weighing on the order of 20
tonnes. These modules are delivered to the calorimeter storage and staging building at the surface.
From the staging area the modules are lowered to the hall through the equipment shaft, then moved
to the assembly area on carts. The steel saddles and aluminum washers and frames of the
calorimeter bays are lowered to the hall through the construction shaft, then moved to the
calorimeter assembly area by the hall crane.

The support saddles are interconnected by box members equipped with four sets of Hillman
rollers and hydraulic jacks. Normally, the weight of the calorimeter bay is carried by the box beam
resting on steel blockage on the roller tracks. When the calorimeter bay must be moved, the rollers
are lowered by the hydraulic cylinders, and the entire bay is rolled on steel tracks laid on the
operating floor or installed in the muon steel barrel. The rollers can pivot through 360 degrees,
allowing the movement of the calorimeter bays in any direction required.

The central calorimeter bays are constructed of 32 inner modules and 32 outer modules bolted
to two aluminum washers that are supported on steel saddles (Figure 3.17).
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Assembly of the central calorimeter bay (Figure 3.19) proceeds as follows:

1. Assemble the steel saddles and box beams onto the four rollers and anchor the assembly to
the floor.

2. Install temporary spacer struts between two washers and lift this subassembly onto the
saddles. The top of the saddles are fitted with lubricated bronze bearing bars to facilitate
rolling of the washers during assembly of the modules.

3. Install brackets and hydraulic cylinders to washers and saddle. These cylinders provide the
rotational motion needed during the assembly process.

4. Lift in four inner calorimeter modules and bolt to the inside edge of the washers in the
topmost position. Since the inner calorimeter modules are longer (along the beam line)
than the clearance between the two washers, they are lifted through the washers
perpendicular to the position they will assume once installed.

5. Lift in four outer modules with flux return steel and install in topmost position using bolts
recessed in the outside face of the washers.

6. Rotate the washer/module assembly 450 clockwise using the hydraulic cylinders, remove
the temporary spacer struts at the top of the washers, and repeat these two steps until all
but the last five inner modules are installed. Because of the limited space between the two
washers, the last five inner modules are installed with the fixture used for the installation
of the end calorimeter modules.

7. After all modules of a central calorimeter bay are installed, lock the saddle to the washer
with bolts tapped into the washer, remove the hydraulic cylinders, and move the
completed bay into the clean room.

We have performed several finite-element computer analyses to insure that deformation of the
washer will not interfere with the installation of the modules during assembly. As shown in
Figures 3.20 and 3.21, the maximum stress and deflection of the 100-mm (4 in.)-thick aluminum
washers during and after assembly of the modules is acceptable.

The endcap calorimeter bays are made up of 20 inner hadronic modules and 24 outer hadronic
modaules, plus a monolithic EM module, as shown in Figure 3.18. The modules are boited to a
welded aluminum frame consisting of an inner and outer shell and three washers. The aluminum
frame is supported by the lower portion of the flux return steel, which is welded to the support
saddle to form a rigid cradle. The module support frame, the lower half of the return steel and
saddle assembly, and the top half of the return stecl are lowered to the floor through the
construction shaft. The two halves of the return steel are field-welded, and the rollers and hydraulic
jacks are installed under the saddle. The completed return steel and saddle assembly is moved to
the calorimeter assembly area.
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Assembly of the endcap calorimeter bays proceeds as follows:
1. Install the module support frame inside the return steel barrel and lock in.

2. Position the special assembly fixture shown in Figure 3.22 and fasten it to the end of the
return steel by temporary bolts. This prevents any movement between the fixture and the
module support frame which would interfere with installation of the modules.

3. Install the 8 middle and 8 rear inner calorimeter modules, then the 12 rear outer modules.
The assembly fixture is repositioned periodically to access the full face of the calorimeter
assembly.

4. Move the assembly fixture to the opposite face of the endcap calorimeter bay, bolt to the
return steel, and install the 4 front inner and the 12 front outer hadronic modules.

5. Install the monolithic EM module and move the assembled endcap to the clean room for
the final electrical checkouts and filling of the modules.

The flat end return steel of the endcap calorimeters is installed by bolting the steel plates to the
machined rear face of the curved return steel. The end return steel will be assembled from 3 to 5
segments to facilitate removal for servicing the rear face of the endcap. )

As previously noted, the calorimeters are moved about the detector hall on Hillman rollers
running on steel tracks. The bays are moved from the assembly area to the clean room and to their
operating positions in the barrel muon steel on portable steel tracks welded to the floor plate.
However, as described in Section 3.2.3, certain areas of the hall will be provided with permanent
tracks. The calorimeters will be pulled along the tracks by hydraulic jacks bolted to the steel
tracks.The estimated manpower requirement for assembling the calorimeters is as follows:

*  Receiving, unloading, unpacking and staging the modules at topside. Lowering modules
to hall—8 men.

*  Receiving modules at bottom, moving to assembly area—4 men.
*  Module installation—6 men.

The estimated rate of installation using the above manpower is two modules per 8-hour shift.
After two modules are installed, they are tested in a second shift before installation of the next two
modules. Additional physicist manpower is required to checkout modules after installation.
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3.3.4 Muon Chambers

We assume that the muon chambers arrive in the hall as panels, several meters on a side, ready
to be installed. Support and alignment frames are attached to the muon steel to accept the panels.
Transport of the panels is by hall crane. The problems of muon chamber support and alignment
have been greatly simplified in this study and need to be addressed in future studies.

3.3.5 Solenoidal Coil

The superconducting solenoidal coil arrives at the detector hall fully assembled and ready to be
installed. It is assumed that the coil arrives at the hall mounted on a mandrel which is designed to
support the coil during transportation to the site and during installation. The coil is lowered into the
hall via the construction shaft and is carried by the overhead hall crane to the area previously used
for calorimeter assembly. Mounting the coil on its temporary support trolleys, and any other pre-
installation work, is done in this area. During the coil installation, all muon steel work and
calorimetry assembly will have been completed, leaving sufficient space available for coil work.

After unpacking and inspection, the coil is installed in the following steps:

1. ‘The coil is first lifted by its mandrel onto the saddles of the temporary supports located at

each end of the coil, as shown in Figure 3.23 (a). These temporary supports will hold the
coil on the beam line; they are designed to roll on calorimeter tracks.

2. After the shipping mandrel is extended by bolting an approximately 12-m-long beam to
one end, the coil is rolled into the barrel calorimeter until the end of the cantilever mandrel
extension has emerged from the calorimeter, as shown in Figure 3.23 (b). A third movable
support stand is bolted to the free end of the mandrel extension, and the middle temporary
support stand is removed.

3. The coil is now moved into the barrel calorimeter. After installation of the permanent
support links to the calorimeter and removal of the shipping ties, the mandrel is rolled out
from the coil.

4. Cryogenic and power connections are made.

Field mapping takes place after the coil has been cooled and the endcap calorimeters have
been temporarily moved into their operating positions.

The superconducting solenoidal coil operates at a cryogenic temperature of 4.5 K by boiling
liquid helium in the magnet and liquid nitrogen in shield. The cryogenic valve box is located on top
of the north end of the detector. Cryo pipes and electric power are connected to the magnet via an
approximately 30-cm2-diameter chimney. Figure 3.24 shows a schematic layout of the required
cryogenic cooling system in the hall and at the surface. As shown in the figure, the cryogenic and
vacuum equipment, such as local dewars and pumps, is located on the gallery at the side of the
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detector. A walkway from the gallery to the top of the detector is included to facilitate access to the
cryogenic valve box.

The impact of the cryogenic equipment assembly and installation on the magnet installation
schedule is minimized by completing most of the cryogenic piping installation prior to inserting the
magnet into the detector. Cleanup and cooldown time is accounted for in the magnet installation
schedule.

3.3.6 Central Tracking Device

We assume that the central tracking unit, including the silicon tracking device, arrives at the hall
fully assembled on a mandrel and ready to be installed. The central tracking device is lowered into
the hall through the construction shaft and is carried to the calorimeter assembly area by a hall
crane. This area is used for any necessary pre-installation work. After checkout, the tracking unit is
installed using the temporary support stands of the coil, in a manner similar to the installation of the
coil.

3.3.7 Beam Pipe

The beam pipe arrives at the hall in segments and is assembled on site. These segments are
lowered into the hall through the construction shaft and are either rolled to their installation sites on
trolleys or carried by the hall crane. Any preparatory work done on the beam pipe can be done in
any area adjacent to the barrel muon steel or in the barrel itself.

3. 3.8 Forward Calorimeters

We assume that the forward calorimeters arrive at the detector hall in halves, each half fully
assembled. They are brought into the detector hall through the construction shaft, carried to their
installation sites, and lifted onto their support cradles by the hall crane. Any work required on the
forward calorimeters is accomplished in situ once they have been installed. Sufficient room is
available for this work.

3.3.9 Electronics/Triggering

We have not studied the assembly of the readout and triggering electronics needed for this
detector. We have provided space for the electronic and its cables. The cables to the surface for the
electronics and triggering are carried by the cable shaft, which has been provided specifically for

this purpose.
3.3.10 Accelerator Components

Assembly of accelerator components is carried out in coordination with the SSC Laboratory.
We assume that the accelerator components are brought into the hall through the construction shaft
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and are carried to their installation sites by either of the two cranes in the detector hall. There is’
space available adjacent to their installation sites for any necessary preassembly work.

3.4 Schedule and Sequential Construction Drawing

3.4.1 Schedule

The estimated schedule for construction of the baseline detector is shown in Figure 3.25.
Estimates for the assembly of the muon steel have assumed that two crews are involved and that
work proceeds from the middle outward in two directions. Assembly of the endcap toroid steel is
done by the same crews during the periods when the coils for the barrel toroids are being
connected to power and to Low Conductivity Water (LCW), and are being tested for electrical
continuity and for integrity of the electrical insulation and cooling system.

Both the barrel and the endcap calorimetry assembly schedules assume that, on average, one
calorimeter module can be installed and tested per day. We foresee the calorimeter installation
occupying two shifts per day: the day shift to install and the evening shift to test and calibrate the
installed modules. We have allowed five months contingency at the end of the calorimeter
schedule; a third shift per day may also be taken as additional contingency time. The overall
scheduling for the detector is easiest if at least one endcap calorimeter is completed prior to
installation of the barrel system. This simplifies motion of the heavy objects inside the collision
hall.

The superconducting coil cannot be installed until the barrel calorimeter is complete and has
been placed in its final position on the beam line. From the argument in the previous paragraph,
this would imply that at least one endcap calorimeter has also been fabricated. Prior to installation
of the central tracking device, the magnetic field of the solenoid must be measured. This requires
installation of the endcap calorimeters, since they provide part of the return yoke of the magnet.
Initial testing of the field-mapping instrumentation can take place simultaneously with the
installation and testing of the coil, but the final mapping must wait until all of the magnetic elements
are installed and operational.

After the magnetic field has been mapped, the endcap calorimeters are withdrawn and
installation of the central tracking device (including the silicon tracker) can proceed. The central
tracking is assumed to arrive in the hall as a single, pre-tested unit that requires minimal debugging
inside the collision hall prior to instillation in the detector.

Installation of the muon chambers begins with the successful testing of the barrel iron toroids
and their coils. The exterior chambers are installed first, followed by the chambers on the inside of
the steel (except for those on the bottom, which are installed with the barrel calorimeter). The end

53



L]

- -

LR

-

444

[ SN S O )

[ 2 ]

s
+
LR A 2
bEEE-

14144
T e e

[SY LY S P )
a3JdJEEER B

rirfr

RiIVINIB|wiViNjwiv]|ja Qlaojeisisio

HONTHS

wininjzdieiasir|siainin

Jis P ifady

EE EE B

RTK BASELINE DETECTOR CONSTRUCTION SCHEDWLE

isfnjiejojefisiwirie

Tie |

m.m
m wm_w Eek {

54

L L}
[N o8

trprp]
A BAL S

11

=1 - -4

LR

Figure 3.25. Baseline Detector Construction Schedule

ll"'l1.'l.lll.l’llIill"l.l.l.ll.ﬂﬂﬂ.l’..N,lﬂﬂﬂ’!l”"“lll&n“‘-‘ﬂﬂﬂ
i_L_.1.J}




cap muon chambers are installed as soon as the endcap iron toroids and their coils are assembled
and have been successfully tested.

~ Estimating the schedule for the installation of the electronics is more problematical; we have not
considered this schedule in detail. We assume that large-scale testing of the data acquisition system
and pathways begins with the assembly of the first calorimeter bay. Some of this testing could
provisionally be done using the electronics gallery in the hall as a temporary data acquisition
location. However, prudent planning implies that beneficial occupancy of the operations center
should be no later than one year after beneficial occupancy of the collision hall.

3.4.2 Sequential Construction Drawings

A full-scale, three-dimensional computer model of the baseline detector and hall has been
made. An electronic model has many advantages over conventional drawing and modeling
techniques; a primary example is the ability to easily manipulate the pieces that constitute the
completed model. Complicated construction tasks may then be quickly simulated and potential
problem areas may be pinpointed. In this manner, our model has served to help establish and
verify space requirements and usage, constructibility, possible scheduling conflicts, and general
construction information and needs.

The objective of the modeling exercise is to simulate the detector construction at various stages
of completion. Three-month periods have been established as generally sufficient to highlight
construction milestones; however, additional views have been assembled where necessary. The
result of this work is a series of drawings depicting the detector construction with a high degree of
detail and realism. The construction sequence is presented in Figures 3.26 through 3.43.

Figure 3.26 presents the hall at beneficial occupancy (month 0 on the construction schedule).
At this time construction begins on the first muon steel end toroid in the area adjacent to the
personnel shaft at the near end of the hall. Sufficient space is available for the end toroid assembly,
for any necessary steel preparatory work, for temporary storage of the completed units, and for
access to the personnel shaft. The end toroid steel is brought into the hall through the construction
shaft. |

Preparation for the barrel muon steel assembly also begins at this time with erection of the floor
support beams (knife edges) and all necessary sub-floor support structures. Materials for this work
are also brought into the hall through the construction shaft. A staging area adjacent to the muon
steel barrel (and clear of the construction shaft access) provides room for any steel preparatory
work. At the far end of the hall work begins on the hall partition and the clean room.

Figure 3.27 depicts the hall after three months of activity. The first end toroid assembly is
complete, and the unit awaits movement to a temporary storage area. Construction of the barrel
muon steel begins with the assembly of the lower floor. The assembly begins in the center of the
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Figure 3.27. Bascline Detector Construction Sequence (Month 3)



barrel and proceeds out toward each end. Two crews are required, each working in opposite
directions. Figure 3.27 also shows the staging areas available for steel preparatory work for both
the end toroids and the barrel muon steel. At the far end of the hall work continues on the clean
room and hall partition. |

Figure 3.28 shows the hall six months into construction. The first end toroid unit has been
moved to a temporary storage area and a second end toroid is approximately 50% assembled. The
muon steel barrel upper and lower floors have both been completed, and their coil packs have been
installed. Outer floor supports are installed at this time. At the far end of the hall the temporary
partition and the clean room are complete. The first central calorimeter bay assembly is begun by
erecting the support washers and saddle. The washers are lowered into the hall as fully assembled
units through the construction shaft.

Hall activity at nine months is seen in Figure 3.29. The second end toroid is complete and both
units await transport to the opposite end of the hall. Assembly of the barrel muon steel continues
with the erection of the outer walls and their temporary supports. At the far end of the hall the first
central calorimeter bay assembly is complete, and the unit has been moved into the clean room
where it is undergoing electrical checkout. The saddle and support washers for the second central
calorimeter bay have been assembled, and the installation of the calorimeter modules is in progress.
This view also shows the tooling required for the installation of the modules. The calorimeter
modules are brought down to the hall level via the equipment shaft at the far end of the hall and are
rolled into the hall on trolleys. It should be noted that any material or equipment necessary for the
assembly of the calorimeter bays which cannot be transported through the equipment shaft must be
brought through the construction shaft. The support washers are an example. The hall partition
does not permit through-access to the large crane into the calorimeter assembly area; this requires
the transfer of equipment from the large crane to a trolley able to carry these pieces into this region.
This transfer can be accomplished in the area adjacent to the hall partition. Three-dimensional
computer simulation of this scenario shows this to be possible at this or any subsequent stage.

'Figure 3.30 shows hall activity at 10 months. The two completed end toroids must be moved
to the opposite end of the hall at this time. Once the toroids are moved, progress on the barrel
muon steel can continue with the erection of the inner walls and their temporary supports. These
temporary supports prevent passage of large objects through the barrel steel. During this period the
outer wall coil packs are installed. The calorimeter modules installation is in progress on the second
central bay.

The hall at 12 months is shown in Figure 3.31. The two completed end toroids can be seen in
their storage positions adjacent to the hall partition. Construction has just begun on the third end
toroid. The muon barrel inner walls are compictc, and the installation of the coil packs is in
progress. The second calorimeter bay assembly is complete and is undergoing electrical checkout
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Figure 3.28. Baseline Detector Construction Sequence (Month 6)
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Figure 3.30. Baseline Detector Construction Sequence (Month 10)
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Figure 3.31. Baseline Detector Construction Sequence (Month 12)



in the clean room. The last central calorimeter bay support has been assembled, and the installation
of the modules is underway.

At 15 months (Figure 3.32), the third end toroid has been completed, and the unit awaits
movement to its temporary storage. The barrel muon steel roof temporary supports have been
erected, and the lower roof has been assembled in a raised position. The lower roof coil packs are
installed at this time. The last central calorimeter bay is complete and is undergoing electrical
checkout in the clean room. The central bay’s assembly fixture has been moved to storage at the far
end of the hall. Assembly of the first endcap calorimeter bay begins at this time with construction
of the return steel.

Figure 3.33 shows the progress made after 18 months. The third end toroid has been moved to
its temporary storage, and construction is in progress on the last unit. The barrel muon steel upper
roof has been completed, and both roofs are lowered into position. At the opposite end of the hall,
calorimeter modules are installed into the first endcap bay. A special fixture, required to achieve
this, is shown along side the calorimeter bay.

The state of the hall at 21 months is shown in Figure 3.34. At this stage the last muon end
toroid assembly has been completed. All muon steel temporary supports and scaffolding have been
removed, and the permanent supports have been installed. Installation has begun on the inner
muon chambers. The first endcap calorimeter bay is complete and is undergoing electrical checkout
in the clean room,; the second endcap calorimeter is under construction.,

During month 23 (Figure 3.35), the second completed endcap assembly is moved to the
opposite end of the hall. Prior to moving the endcap, the hall partition and part of the clean room
wall are dismantled. Installation of the inner and middle muon chambers is in progress. The endcap
assembly fixture has been placed in storage.

Months 24 through 28 are a contingency period. At month 30 (Figure 3.36), the central
calorimeter bays have been installed in their operating positions, and installation of the coil begins.
The coil is presumed to be supplied with a mandrel support. This support is poised on a trolley
syétcm, and a mandrel extension is then attached. Dismantling of the clean room is complete.

Coil installation proceeds at 30.5 months (Figure 3.37). The coil is positioned next to the
calorimeters with the mandrel extension protruding through the bays. Trolley support can then be
provided on each side of the central bays. The coil is then inserted into the bay assembly, and the
trolleys and mandrels are removed.

Figure 3.38 shows the hall at 33 months. The coil installation has been completed, and the
endcap calorimeters are temporarily moved into operating position. The coil field mapping then
proceeds.

At 36 months (Figure 3.39), the coil field mapping is complete, and the endcap calorimeter
bays are pulled back to allow access in preparation for the central tracking unit installation. The
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Figure 3.32. Baseline Detector Construction Sequence (Month 15)
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Figure 3.33. Baseline Detector Construction Scquence (Month 18)
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Figure 3.37. Bascline Detcctor Construction Sequence (Month 30.5)
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Figure 3.38. Baseline Detector Construction Sequence (Month 33)
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Figure 3.39. Baseline Detector Construction Sequence (Month 36)



central tracking unit is lowered into the detector hall via the construction shaft. There is sufficient ’
clearance to transport the unit over the detector to the far end of the hall.

Figure 3.40 shows installation of the central tracking unit during month 36 using methods
similar to those employed during the coil installation.

The final installation of the endcap calorimeter bays and the muon end toroids occurs at month
38 (Figure 3.41).

During month 40 (Figure 3.42), construction progresses with installation of the accelerator
magnets, the outer muon chambers, and the forward calorimeters. Construction is complete at

month 42 (Figure 3.43).

3.5 Disassembly and Repair Sequences

Two major repair procedures are simulated: replacement of an endcap calorimeter module, and
repair of the silicon tracking unit. A primary concern is the space required to achieve these repairs.
These procedures are considered to be worst-case scenarios.

3.5.1 Minor Repairs

The detector has been conceptualized so that minor repairs can be made without having to break
the beam tube.

Figure 3.44 shows the detector open for minor repairs. The procedure is as follows: First, the
forward calorimeter opens in two halves and moves out of the way. Second, the muon toroids
move back as far as possible without interfering with the magnet support system. Third, the
calorimeters move back 1 m or more, allowing access to most electronics in the detector.

3.5.2 Endcap Calorimeter Module Replacement

An endcap calorimeter module replacement is shown in Figures 3.45 through 3.47. The endcap
at the near end of the hall is chosen because of the smaller working area available at that end of the
hall. It is apparent that if the procedure can be accomplished here, it can also be accomplished at the
opposite and larger end of the hall. We first investigated whether it is possible to perform this
repair without disassembling the beam pipe. In this case, after the forward calorimeter and end
toroids have been removed, the endcap calorimeter is pulled out as far as allowed by the accelerator
magnets. This places the endcap in the hall, where crane coverage is possible. However, removal
of a calorimeter module requires the same fixture used to assemble the unit, and positioning and
maneuvering of this fixture is difficult with the beam pipe in place. Also crane coverage, which is
necessary to remove the module from the disassembly fixture, becomes limited with both the
endcap and its disassembly fixture in place. For these reasons we decided to perform the repairs
off the beamline. The repairs are accomplished in the area adjacent to the detector and underneath
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the construction shaft (which area is available). The forward calorimeters and end toroids are
moved to one side of the accelerator magnets, and the endcap is then brought into the hall. The
disassembly fixture can now be positioned on either side of the calorimeter and the faulty module
removed. Reassembly proceeds in the reverse manner.

3.5.3 Silicon Tracking Repair

Silicon repair is depicted in Figures 3.48 through 3.51. The first step is to remove the forward
calorimeters off the beamline and to pull the end toroids out and move them to the sides. The
endcap calorimeters are then pulled back as far as the accelerator magnets will allow. Sufficient
room is now available between the endcaps and the outermost muon chambers to allow the
transport of necessary equipment into the detector. This also provides enough clearance between
the outer muon chambers and the endcap to make some crane coverage possible. The next step is to
position a fixture (a monorail has been used in this study) to remove the tracking devices. The
intermediate tracking units are removed first. The silicon tracker can then be extracted. Since the
tracking device weighs only about 270 kg, it can be lowered onto a cart and rolled out into the hall
if necessary. Reassembly proceeds in the reverse manner.
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Figure 3.51. Baseline Detector—Silicon Tracking Repair (Step 4)



4.0 AIR CORE TOROID DETECTOR

4.1 Air Core Toroid Detector Descripfion

In this chapter we discuss the Air Core Toroid (ACT) detector, so named because of a pair of
superconducting toroids in the endcap region. A three-dimensional view of the detector is shown in
Figure 4.1, and a cross-section and elevation view are shown in Figures 4.2 and 4.3, respectively.

We describe this detector starting with the tracking system and working outward. The tracking
system is divided into a silicon inner tracker and an outer tracker. The outer tracker is further
divided into central and intermediate regions. These three elements arrive as an assembled sub-
system; we consider them only from the point of view of installation, testing, and maintenance.
The solenoidal coil design is based on an “air-core” or short solenoid design.!] This magnet does
not use iron near the ends of the coil, and hence the external forces on the coil cryostat and the
calorimeter are dominated by gravity. Any electromagnetic forces between the calorimeter and coil
have been ignored.

The calorimeter is loosely based on the Warm Liquid design by EG&G;2 however, the studies
described here apply equally to any self-supporting calorimeter built from *“modules” of 20 to 50
tonnes. The calorimeter modules are assembled into five cylindrical bays: three central bays and
two endcap bays. Each bay extends about 3 m along the beam line and weighs about 1200 tonnes.
One essential ingredient of the calorimeter bays is the inclusion of return iron in the individual
calorimeter modules to create a field-free region for electronics or photomultiplier tubes (PMT) on
the outside of the calorimeter. About 65% of the flux is returned through the volume of the non-
magnetic calorimeter, and the remaining 35% is returned through the steel at the outside of the
calorimeter. There are small forward (5 > In | > 3) calorimeters for missing energy measurements.
These are located just in front of the interaction region quadrupoles.

The calorimeter is surrounded by magnetized iron muon toroids, 1.5 m thick in the barrel
region ( |'r| | < 1.5). The octagonal barrel iron toroid has 2 coils located near each corner, for a total
of 16 coils. There are four planes of muon chambers in the barrel region, with two on the outside
and two on the inside of the iron. The momentum resolution of the exterior muon system is limited
by the position resolution of the chambers and the 1.5-m gap between the two exterior chambers.
Charge determination is possible to momenta well in excess of 1 TeV/c. In order to maintain the
clectronics at the back of the central calorimeter, the innermost muon chamber layer must be
moved. This chamber layer is mounted on rails similar to a closet door, so that alternate panels can
be moved as necessary to gain access to the back of the calorimeter.
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Figure 4.1.0verall ACT Detector Layout (3-D View)
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The momentum resolution of the central tracking device deteriorates at small angles with
respect to the beam line; it is in these forward/backward directions that the most accurate
momentumn measurement for muons is achieved by the ACTs. In these superconducting magnets,
the magnetic field circulates around the beam line, and muon chambers must measure the angle of
the track before and after the toroids in the 0 direction. Analogous to the barrel region, there are
four chamber stations associated with the ACT: two chamber stations in front of the ACTs and
two chambers following. These measure the bend angle of muons as they pass through the
magnetic field of the toroids.

Three layers of trigger scintillators in the barrel (ACT) region provide a fast trigger for muons.
These scintillators crudely measure the bend angle of muons exiting the steel or ACTs.

We anticipate a large flux of low-momentum particles in the forward direction from beam
spray, particles escaping from the inside surface of the endcap calorimeters, and albedo from the
forward calorimeters. To protect the muon chambers in this area from these low-energy particles,
we add a conical absorber layer approximately 50-cm-thick between the ACT and the beam line.
The absorber must be designed to intercept both charged and neutral particles, including neutrons.
For the purposes of this study we assume the absorber is solid steel, but we expect it will consist
of several layers of different materials to provide the optimum neutron absorption.

The ACT detector is logically equivalent to the baseline detector but has slightly different
dimensions, capabilities, and technology. The differences are summarized as follows:

* The length of the tracking volume is increased from 8 m to 9 m, to obtain better tracking
coverage at small angles with respect to the beam line.

* The barrel iron muon toroids are changed in shape from a square to an octagon. In this
configuration the tracking chambers of the muon system more closely approximate ideal
cylinders. This improves their position resolution for high-energy (i.e., radial) tracks. Due
to maintenance and access considerations, the chamber midway through the steel is
climinated. The separation between the pairs of muon chambers inside and outside the iron
toroids is increased to improve the angular resolution, and hence, the momentum
resolution of the system.

» Superconducting ACTs replace the endcap iron toroids in order to improve the momentum
resolution for muons in the forward direction. This magnet has better analyzing power than
the iron magnets, and the lever arms of the chambers are increased to further improve the
resolution.

* New muon trigger scintillator layers provide an indication of a penetrating particle early in
the trigger logic.

Approximate dimensions and some overall mechanical parameters of the ACT detector are
listed in Table 4.1.



Table 4.1. ACT Detector Mechanical Parameters

Detector Size Units Comments

Tracking Volume 3.7x9.0 n? od x length
Total Channels 200 K incl. inter & central
Silicon Tracking 1.0x6.0 m? diameter x length
Silicon Tracking Weight 0.6 tonne

Coil 3.7x44x90 g id x od x length

Barrel Calorimeter 45x9.3*x8.0 m? id x od x length
Weight 4400 tonne includes return steel
Total Channels 120 K includes endcaps

Endcap Calorimeter 1.0 x9.3* x 35 e id x od x length
Weight 3000 tonne both ends

Muon Barrel Toroids 17.1 x17.1 x 24.6 n w x h x length
Weight 15,580 tonne

Muon ACT Toroids 40x122x3 n id x od x length
Waeight 160 tonne both ends

Muon Barrel Chambers 22.0 x22.0 x 36.5 m w x h x length
Total Channels 60 K

Muon ACT Chambers 126 x 126 X 5.5 m® w x h x length
Total Channels 40 K includes both ends
* includes retum steel

Each subsystem in the detector will require a variety of connections for proper operation and to
meet safety requirements. The connections to each subsystems consist of:

Mechanical supports

Trigger and data acquisition cables

Power, including low and high voltage connections.
Cooling fluids or gases

Sub-system speciality fluids or gases

Alignment monitoring and adjustment

Environmental monitoring (temperature, 0xygen concentration , explosive gas
concentrations, smoke detectors, etc).

The details of these connections will depend critically on technology chosen for each
subsystem, and planning will have to consider the interactions between subsystems as well as the
needs of individual detector elements. However, the general strategy for the “hookup” of the
detector to external systems is as follows.

For all detector subsystems, the front-end electronics, level 1 trigger electronics, and temporary

data

storage for about 100 crossings (including data buffering between the level 1 and level 2
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trigger decisions) are mounted directly on the mechanical structure of the subsystem. These
electronics are connected via flexible cable trays to global trigger and data acquisition electronics
located in a multi-story gallery next to the detector inside the collision hall. The flexible cable trays
allow motion of detector subsystems to provide access to the internal portions of the detector
without disconnecting cables or utilities. This includes the cryogenic fluids and power leads
necessary for the ACTs.

The layout of the hall currently allocates the second and third floors for trigger and data
acquisition areas. Each floor of the gallery is approximately 4 m wide by 30 m long. These two
floors are fully air-conditioned enclosures and are provided with computer (false) floors for routing
of cables between electronics racks. Data acquisition and trigger signals are communicated to the
surface via the 3-m-diameter cable shaft located 8 m inside the wall next to the gallery. Floors
above the third level of the gallery (as well as the basement below the first floor) are reserved for
mechanical systems, gas and fluid handling, and cryogenics systems for the superconducting
solenoid and ACTs. These floors do not have separate air-conditioning or computer floors.
Utilities for these areas, as well as any heavy-duty power lines, are connected to the surface via a
separate utility shaft to avoid pickup of switching noise from the heavy-duty power cables on the
data acquisition cables.

4.2 Air Core Toroid Detector Hall Design

4.2.1 Overview and General Hall Plan

The ACT detector collision hall is 33.0 m wide and 82.0 m long, constructed with its long axis
parallel to the collider beam line as shown in Figure 4.4. To best utilize the floor areas reserved for
muon steel and calorimeter assembly, the center of the detector is offset by 1.5 m and 5.5 m from
the long and short axes of the hall, respectively. Dimensions of the hall are based on access around
the completed detector, space requirements for assembly and checkout of the calorimeters and end
muon toroids, and clearance requirements for retracting the detector components for maintenance
access. In-place upgrading of the detector has also been considered. A temporary air-tight partition
between the muon steel assembly and the calorimeter assembly areas of the hall is erected to
provide a clean area for calorimeter assembly.

As shown in Figure 4.5, the top of the main operating floor is set level with the top of the roller
tracks in the barrel muon steel, and the basement under the detector is about 5 m below that. A 3-
m-wide passage for moving small equipment on the operating floor and a 7-m-wide passage for
transporting large items by the hall crane from one end of the hall to the other are provided.
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The basement is extended to the side wall of the hall under the 4-m-wide passage to provide
room for pumps, compressors, utility distribution and other equipment, and structural
requirements.

The walls of the hall are tied to the rock behind by rock anchors. The walls extend about 23 m
above the operating floor, as shown in Figure 4.6. The crane runways rest directly on the top of
the side walls, which are provided with vertical recesses for the flush-mounted air-conditioning
ductwork.

The roof of the collision hall is a parabolic concrete arch supported on independent foundations
just behind the top of the side walls (Figure 4.6). This low-rise arch imposes an outward force on
the rock mass behind the side walls of the hall, thereby reducing the heave forces on the side walls.
The arch foundations are not tied to the walls, so that any change in the overburden or surface
loading above the arch will not affect the walls or the floors of the hall. Placing the roof of the hall
on top of the walls would impose a high vertical load on the walls, and in turn on the edge of the
hall floor slabs, which may be just above the weak Eagle Ford Shale if the hall is located at the
west cluster. The resulting immediate and long-term floor movements would be significant and
could be influenced by changes in the overburden pressure on the roof.

The space between the top of the wall and the base of the arch can be used for distribution of
some of the hall utilities, and for servicing of the cranes, the fans of the air-conditioning system,
and the roof drainage sumps.

The proposed hall configuration may be constructed by conventional open excavation, or by
excavating to the top of the walls and constructing the roof arch while the excavation proceeds to
the hall floor. The latter arrangement will permit an earlier start of the backfill operation, and
therefore, reduce construction time of the hall.

4.2.2 Detector Basement and Support

The adopted maximum floor movement is 2.5 mm for short duration (one week) loading and
25 mm for long duration (one year or more) loading after all components of the detector are in
place. These floor movement specifications require a very rigid concrete basemat under the
detector. The floor movement during erection of the muon steel and after the central calorimeters
are installed is also restricted to 25 mm; however, this could be compensated for by pre-setting the
main steel barrel supports before erection of the muon steel begins. Weight calculations indicate
that the detector loading on the basement floor is about the same as the present vertical rock
pressure at this elevation. This means that deflection of the floor due to the weight of the detector
will be very small; therefore, floor movement will be largely controlled by the heaving pressure of
the underlying rock. In the operating floor areas the floor loading is very low—Iless than 10% of
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the present rock pressure—and, therefore, the upward floor movement due to the unopposed heave "
could be significant.

To reduce floor movements, the detector basement must be made very rigid. The stiffness of
the basemat depends on the thickness and uncracked moment of inertia and modules of elasticity of
the concrete, as well as on the length and aspect ratio of the floor spans. The vertical restraint of the
perimeter walls will also effect the deflection of the slab.

To construct a basement slab to be as rigid as possible, the edge of the detector floor is
restrained by the stiff walls of the hall on two sides and by the heavily reinforced retaining walls at
the ends of the detector. Using a higher strength (and Young's modulus) concrete also reduces
deflections. Our preliminary finite element calculations indicate that floor deflections caused by the
stationary and moving components of the detector will not exceed the adopted maximum floor
movements. Floor movement caused by heaving of the underlying rock mass may be large,
however, and could require special design considerations as outlined below.

Detailed design of floor will be based on the actual detector loadings and deflection limitations,
and on the results of a geotechnical investigation of the physical properties of the underlying rock
at the selected hall location. However, if the hall is located at the west cluster, the detector support
floor will rest on or directly above the Eagle Ford Shale, and will, therefore, be subjected to the
long-term heave forces of the shale. Assuming that the excavation is stable, the immediate (elastic)
heave of the rock is not a problem until the concrete floor has hardened. After that, swelling due to
the migration of the moisture in the rock and to creep and redistribution of stresses caused by the
uneven overburden pressure may cause a slow upward floor movement. The magnitude and
duration of this movement would be difficult to estimate. However, there are several ways to
overcome the heave problem. A simple solution is to provide the means to adjust the height of the
base plates of the four barrel support beams. This may be accomplished by supporting the base
plate on a sole plate and shims, as shown in Figure 4.7. To adjust the elevation of the detector,
low-height hydraulic jacks placed under the base plate are used to unload the shim plates; after the
shim thickness is adjusted, the jacks lower the detector to the required elevation. After the nuts are
locked to the base plates the jacks are removed.

A more direct solution to the heave problem is to post-tension the floor slab to the underlying
rock. This is be done by drilling into the rock through several rows of blockouts near the midspan
of the floor and installing rock bolts to a depth of approximately 1.5 times the width of the hall.
The lower 1/3 of the bolt length is grouted into the rock, while the upper 2/3 is sleeved to permit
slippage. The bolts are ininally tensioned for the weight of the detector and, if required, further
tensioned to reduce heave. The floor movements are continuously monitored by lasers; if required,
the bolts may be retensioned or slackened to adjust the floor elevation.
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4.2.3 Operating Floor Construction

To facilitate disassembly of the detector components and access to the detector, the top of the
operating floor is set level with the top of the roller tracks in the barrel. Unlike the detector
basement floor, the operating floor will be loaded to less than 10% of the present vertical rock
pressure at this elevation. This means that to reduce floor movement to acceptable levels, the heave
pressure from the underlying rock will have to be restrained by the floor slab. Excessive floor
heaving could slow down disassembly operations of the detector because rolling the heavy
components on a sloping floor will require special procedures to insure safety. The supports of the
forward calorimeter and of the acceleration magnets must be adjustable to maintain proper
alignment.

Floor heave could be reduced by post-tensioning the floor slab to the underlying rock, as
described in Section 4.2.2, or by separating the floor slab from the rock by a layer of compressible
materials. This problem should be studied further as soon as the results of the geotechnical
investigation become available.

4.2.4 Access and Utility Shafts

Access to the hall is provided by a rectangular construction shaft penetrating the hall roof in the
southeast corner of the hall and by two circular shafts, both with stairs and one equipped with an
elevator. Separate shafts for utilities, cabling, and air-conditioning ducts are also provided. The
location of these shafts is shown on Figure 4.4 ; shaft information is summarized in Table 4.2.

Table 4.2. Hall Shafts.

Name or Use Size Cross-section Access
Construction Shaft 7mx14m rectangular crane only
Equipment Shaft 8m round stairwell/crane
Personnel Shatft 8m round stairwell/elevator
Cable Shaft 3m round stairwell
Utility Shaft _____3m . round ___stairwelldumbwalter

The construction shaft provides a 14-m by 7-m access into the hall for lowering all steel used in
constructing the muon barrel and the end toroids; the support beams and erection rigs of the barrel;
and the saddles, washers, and return flux steel of the endcap calorimeters. The air core toroids,
solenoidal coil, central tracking device, and the muon chamber panels are also brought down
through the construction shaft. To maximize the usable floor area for detector assembly and for
possible major repair or modification work on the detector in the future, the construction shaft is
located in the corner of the detector hall. Placing the shaft on the center line of the hall would
require a longer hall for detector assembly and would locate the shaft over the beam line. Location
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of the construction shaft over the beam line would inhibit the use of the shaft after beam line’
components are in place. Once the detector assembly has been completed, this shaft is closed at the
top by overlapping precast concrete slabs to block radiation. These slabs may be removed later to
regain access to the hall for lowering large objects.

The equipment shaft is 8 m in diameter and is located away from the northwest corner of the
detector hall so that at the surface the shaft is outside the area excavated for the hall construction.
This allows the shaft to be built earlier to provide access to the hall before the hall roof is
constructed and backfilled. The bottom of the shaft is connected to the operating floor by an 8-m-
wide concrete-lined tunnel. The equipment shaft and tunnel are partitioned by a fire wall to enclose
the fire escape stairs and egress route from the hall (Figure 4.8). The stairwell and egress route in
the tunnel are slightly pressurized to prevent smoke from entering this region in the event of a fire.
The equipment shaft also incorporates a 3-m by 4-m hoisting well for lowering calorimeter
modules, electronics, and other equipment. Space for a 900 kg capacity construction elevator and
for the ductwork of the hall ventilation system is also provided.

The personnel shaft is located a distance from the southwest wall of the detector hall. For the
reasons given above, this shaft is also situated outside of the region excavated during hall
construction. As shown in Figure 4.8, this 8-m-diameter shaft and the connecting tunnel house the
second fire escape stairwell and egress route. The personnel shaft contains the passenger/light-
freight elevator connecting the operations center on the surface to the main hall floor, the ductwork
for the hall ventilation system, and the piping and power supply for the conventional hall services
(e.g., lighting, power outlets, cranes, and sumps).

The cable shaft is 3 m in diameter and is located approximately 15 m from the west wall of the
hall in line with the center of the detector. This shaft will carry all signal cables from the hall to the
data acquisition and control rooms of the operations center on the surface. As shown in Figure 4.9,
the shaft is equipped with vertical cable trays—60 cm. by 15 cm (24 in. by 6 in.) and 90 cm by 15
cm (36 in. by 6 in.)—and a 1.5-m-diameter spiral staircase to provide access to the cables. The
cable trays are arranged to be within arm’s reach of the staircase. The bottom of the cable shaft is at
the operating floor level of the hall; however, additional cable passages from the shaft to the floors
supporting the electronics cabinets are also provided.

The utility shaft, also 3 m in diameter, is located at least 9 m away from the west wall of the
hall in order to bypass the hall roof foundation. The location of this shaft is coordinated with the
layout of the surface facilities. The bottom of the shaft is at the floor level of the detector support.
As shown in Figure 4.9, the utility shaft will have several compartments for the 400 Hz, 60 Hz,
and DC power lines, the tracking chamber gases and helium and nitrogen gases, and the
cryogenics and safety systems. A 1.5-m-diameter spiral staircase with frequent landings and a 250-
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kg-capacity dumbwaiter to carry maintenance tools and equipment for servicing these utilities are’
also provided.

4.3 Air Core Toroid Detector Assembly

4.3.1 Muon Steel Barrel Assembly

The configuration and construction of the octagonal muon steel barrel is shown in Figure 4.10,
and some general specifications are listed in Table 4.3

Table 4.3. Mechanical Specification for ACT Detector Muon Toroids.
e e ]

Thickness of steel at 90° 15m
Magnetic field 18T
Maximum allowed gap in steel 3mm
Minimum fraction of steel along any radial path 98 %
Field at inner radius of ACT 18T
Field integral in ACT projected along 6 = 0° 45T-m

The barrel steel will be assembled from 1500-mm (59 in.)-wide trapezoid-shaped plates
(Figure 4.11). The plates are arranged to lay in the X-Y plane, parallel to the flux lines. The plate
thickness is 198 mm (7.75 in.), except for the three 380-mm (15 in.)-thick plates centered at the
interaction point, and a 194-mm (7.5 in.)-thick plate at each end of the barrel. The reason for the
three thick plates at the interaction point is to meet the 98% minimum solid material ray penetration
criterion. As shown on the side view in Figure 4.10, a total of 119 layers make up the 24,100 mm
length of the barrel.

Except for the three 380-mm (15 in. )-thick central layers, the plates are ordered from the steel
mills in one piece. The length of the 380 mm plates exceeds the maximum rolling length available
from U.S. mills, so these plates must be spliced by partial penetration butt-welding. The plates
may be gas-cut from standard rolling widths; however, the sloping edge of the “short” plates, and
about 2200 mm (86 in.) at each end of the “long” plates are milled for bearing on each other.
Except for two grooves for the radial support plates of the barrel, no other machining is required.
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The strength of the barrel is provided by the overlapping long plates tied together by the eight '
38-mm (1.5 in.)-diameter, high-strength bolts located on a 1150-mm (40 in.)-diameter bolt circle,
as shown in Figure 4.11. These bolts provide a slip-critical connection between the long plates,
thereby preventing rotation at the corners of the octagonal-shaped barrel. (Slip-critical joints are
defined by the codes as joints in which slip would be detrimental to the serviceability of the
detector.) Our finite element calculations indicate that the deflection at the top of the barrel is 3 mm
(1/8 in.) due to self weight. However, as described below, the gravitational load can be
compensated by appropriate adjustment of the erection frame before tightening of the corner bolts.
The bolts away from the corners are used to pull the plates together so that the gap between the
plates does not exceed 3 mm anywhere in the barrel. Thus, the 98% minimum solid material ray
penetration criterion is achieved.

We have also investigated the feasibility of using thicker plates, plates in different orientation
and arrangement, and plates secured with high-strength bolts tapped into the muon steel. Using
thicker plates for the barrel would reduce the number of plates to be installed, but this is not
considered an advantage because the plates may be handled in groups of four or more during
shipping and installation. Thicker plates would require larger diameter and/or more bolts in order to
pull them together and to provide the required strength at the corners of the barrel. Thicker plates
will also cost more to buy, and the machining and general handling costs are higher.

Plates arranged with mitered ends pointing toward the interaction point would not meet the ray
penetration criterion and would require bolts installed in machined pockets and tapped into the
muon steel. Longitudinal bolts or plug welds to pull the plates together would also be required. A
brief investigation of tapping-high strength bolts (ASTM A490 or Grade 8) into the soft muon steel
(Fy = 28 ksi) was also made. Theoretically, the length of thread engagement should be about four
times the bolt diameter; however, because of shear lag, there will be some yielding of the first few
threads of the hole. Normally, the strength of the nut (or tapped material) is equal to or higher than
the bolt strength, but in this case the yield strength of the bolt is about four times that of the tapped
material. Consultations with experts in the field indicate that this type of connection is very unusual
and should be tested for pull-out strength in a laboratory.

Concerning a plate arrangement where the moment and shear force are transferred through the
machined joints by compression on the steel and combined tension and shear of the bolt, we have
found that such a joint will have to be machined to a very close angular tolerance. This is because
after tightening of the bolts, the joint will close tight and the angular deviation of the machined
surfaces from the true will determine the actual shape of the barrel after assembly. Any errors in
machining will be hard to correct in the field, so all components of this type of design should be
preassembled in the fabrication shop.
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The plates of the barrel are drilled with oversized holes to facilitate installation of the
longitudinal bolts and to permit adjustments of the barrel shape during assembly. To reduce bolt
length the plates will be pulled together in groups of eight. The outermost plates of each group will
have recessed holes on both sides to receive the bolts from the adjacent group of plates. The length
of the plates depends on their position in the barrel. The number of each plate type required for the
barrel is shown in Table 4.4.

Table 4.4. Plate Count for Muon Barrel Steel Toroid.

Plate Location Length ¥ Thickness Number Required Weight of Each Plate

(mm) (tonnes)

Central Short Plates 5852 x 380 12 19.47

Central Long Plates 10095 x 380 12 38.45

Interm. Short Plates 5852 x 198 456 10.15

Interm. Long Plates 10095 x 198 456 20.04

Short End Plates 5852 x 194 8 9.94

LOQ End Plates 10095 x 194 8 19.63

Note: All plates are 1500 mm wide. Length is the overall length of each plate.

To provide maximum chamber coverage, the barrel muon steel is Supported on two inclined
longitudinal plates resting on the concrete floor (Figure 4.12). The plates are braced together at
about 2-m-longitudinal intervals to resist buckling and any lateral force on the barrel. As shown in
Figure 4.7, the bracings are located between the two outer layers of the muon chambers to avoid
interference. The base of these supports is designed to facilitate vertical adjustment of the barrel
elevation to compensate for the floor movements described in Section 4.2.2.

Prior to the muon steel barrel assembly, the two inclined plate supports of the barrel are
installed. The muon steel erection rig and the temporary supports of the lower inclined plates of the
barrel are also installed at this time. See Figures 4.13 and 4.14.

The barrel steel assembly proceeds as follows. The pre-drilled and painted steel plates are
assembled into jigs on the surface and are lowered into the hall through the construction shaft by
the yard crane in groups of four. From the construction shaft laydown area in the hall, the plates
are moved to the muon steel staging area by winched carts. After final checkout the plates are lifted
into place in groups of four by the hall crane. One or two erection crews construct the barrel,
beginning in the middle of the detector and working out toward opposite ends.

Beginning with the bottom segment of the barrel, four long plates, separated temporarily by
200-mm-wide wood spacers, are placed on the supports. Next, the four inclined long plates are
installed on both sides of the barrel. Finally, the four short plates are placed between the long
plates of the bottom three segments of the barrel. The above procedure is repeated until about 3 m
of the bottom segments of the barrel is assembled (Figure 4.15). Note that the number of plates to
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Figure 4.12. ACT Detector—Muon Steel Barrel Supports
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be lifted by the hall crane at one time does not affect the assembly procedures and may be varied by
the assembly contractor.

After the above steps are completed, temporary tracks are installed on the bottom plates, and
the assembly frame shown in Figure 4.16 is rolled onto the bottom segment of the barrel. The
assembly frame is equipped with adjustable longitudinal beams to support the upper segments of
the barrel and to align the plates before tightening of the longitudinal bolts.

In the next step, using the procedures described for the bottom segments, a 3-m length of the
vertical and the top three segments of the barrel plates are assembled (Figure 4.17).

After installing all plates in a 3-m-long portion of the barrel, the plates are pulled together by
hydraulic jacks. The longitudinal bolts are installed next, and after the final alignment check of the
barrel is completed the longitudinal bolts are tightened to the required tension in a predetermined
sequence. The bolt tension is checked with an ultrasonic device prior to assembly of the next group
of plates.

The proposed plate arrangement and assembly procedures permit full adjustment of the barrel
shape to the required tolerances, including compensations for dead load deflection, without
shimming or grinding to correct for fabrication errors.

The magnetic field is powered by 16 coils symmetrically located at each corner of the octagonal
muon steel. After the construction of the barrel steel is complete, 32 half-coil packages are lowered
into the hall via the construction shaft. These half-coils are pre-assembled modules approximately
24 m long, slightly longer than the full length of the barrel. Each half-coil on the outside of the
steel is mechanically and electrically joined at the north and south ends of the barrel toroid to its
mate on the inside surface of the steel. Water circuits are completed using flexible tubing.

4.3.2 Muon Air Core Toroid Assembly

The air core toroid assembly includes the muon steel toroid, the air core toroid, the absorber,
and several layers of muon chambers, as shown in Figure 4.18. The whole assembly is supported
on a single structural frame equipped with rollers to permit movement when opening the detector
for inspection or repair.

As shown in Figure 4.19, the muon steel toroids are assembled with two alternating shapes of
145-mm (5.75 in.)-thick plates in ten layers. The selected combination of plate size and thickness
is available from most domestic mills in a single piece. Larger or thicker plates would require butt-
welding, which is costly and could be difficult when small flatness tolerances must be maintained.
Each layer of the toroid plates is offset by 45° to provide an overlap of the crescent-shaped plates.
The nine high-strength bolts in this overlap will be able to resist the gravity and magnetic forces
acting on the toroid.
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A vertical jig frame, as shown in Figure 4.20, will be used to support and align the plates’
during assembly. The first set of plates is bolted temporarily to the jig while the remaining plates
are clamped and/or bolted to the first set and to the core of the jig. During assembly the bottom
plates are supported on temporary steel sleepers that have been shimmed to provide a perfectly
horizontal surface at the correct height above the floor. After all ten layers of the muon steel toroids
are assembled, the permanent high-strength bolts are installed through the oversized holes and are
fully tightened after final alignment of the plates.

Once the toroid is completed, steel outriggers designed to support the toroid and the absorber
are installed. In the next step the hydraulic jacks and Hillman rollers are installed under the
outriggers so that the hydraulic cylinders can lift the whole assembly for moving. The completed
toroid is shown in Figure 4.21.

The absorbers are assembled from eight cast steel sections on permanent saddles, supported on

temporary rollers (Figure 4.22). The eight sections are held together by bolting them to heavy plate
rings at each end.
We assume that the air core toroids are delivered to the site as a single unit, or that they are
assembled on the surface. The air core toroids are then mounted on temporary frames supported on
Hillman rollers in a building near the construction shaft on the surface. After completion and
checkouts, the air core toroid is rolled onto a jacking frame at the top of the construction shaft and
is lowered to the hall floor.

The jacking frame will serve as a slow, heavy-capacity freight elevator that may be used to
lower the air core toroids as well as the calorimeter bays and the endcap calorimeters. The
maximum weight to be lowered is approximately 200 tonnes, as determined by the endcap
calorimeter. The size of the frame is determined by the air core toroids.

As shown in Figure 4.23, the jacking frame assembly consists of four hollow-core hydraulic
jacks provided with multiple wedges that clamp onto a series of lowering cables which hold the
jacking frame. The frame is constructed from rigid box members onto which the air core toroids or
calorimeters can be rolled. The jacks are mounted on two cross beams that straddle the construction
shaft. Note that for simplicity only one cable has been shown on each jack. We anticipate about
40 cables per jack. These bundles of cables are laid along the muon steel yard on wood guides or
held on large diameter reels. (By the time the jacking frames are needed the muon steel assembly is
complete.)
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Figure 4.20 ACT Detector—Muon Steel End Toroid (Under Construction)
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Figure 4.23. ACT Detector—Jacking Frame



The jacking frame weighs around 50 tonnes and is stored beside the construction shaft, as’
shown in Figure 4.24. When needed, the overhead crane installs the facing frame on the top of the
construction shaft, and the air core toroid is rolled onto the frame. When it reaches the hall floor,
the jacking frame enters an approximately 2-m-deep depression so that the top of the frame is level
with the operating floor. This depression is covered with a heavy, removable platform when the
jacking frame is not in use.

Based on a nominal operating speed of the jacking system of 4.8 m/h, it takes approximately
13 hours to lower the ACT to the hall floor. Allowing time for rolling onto the frame, lowering,
and rolling off the frame, we estimate three days are required to move an air core toroid or
calorimeter bay from the surface to the hall floor. We recommend that the design of the jacking
frame and the lowering operation be entrusted to experienced professional companies specializing
in heavy lifts.

For this study we have obtained from such a company the very rough cost estimates for leasing
the system described (Table 4.5). Note that this type of jacking equipment is generally leased and
may not be purchased.

Table 4.5. Unit Labor and Rental Costs for Hydraulic Jacking System.
L}

Move-in and Assembly $125,000
Dismantling $75,000
Equipment Rental $25,000 per month

Esuigment Ogeration giooo per dax

Assuming that both air core toroids are ready for lowering in one month, the total cost of
moving them into the hall is shown in Table 4.6.

Table 4.6. ACT Jacking Frame Cost Summary.

Equipment Mobilization and Dismantling $200,000
Equipment Rental $125,000
Equipment Operation $24,000

TOTAL COST $349,000

L -
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After an air core toroid has been lowered into the hall, assembly of the absorber, the air core,’
and the muon steel end toroids into a single movable unit proceeds as follows. As the weight of the
air core toroid and absorber exceeds the capacity of the overhead hall crane by several times, the
assembly procedures of these components rely entirely on using hydraulic jacks and Hillman
rollers. As shown in Figures 4.25 and 4.26, the air core and steel toroids and the absorber are
assembled in eight steps.

First, the absorber is moved into the air core toroid with the help of an assembly tool. At this
point the air core toroid is bolted to the absorber, and the temporary frame of the air core toroid is
removed. Next, the absorber/air core toroid assembly is moved into the muon steel toroid using the
assembly tool, and the support frames of the two are bolted together to complete the assembly.
Finally, the prefabricated muon chambers are lowered to the hall floor and installed on the
completed assembly.

4.3.3 Calorimeter Assembly

The central and endcap calorimeters of the baseline detector are assembled in the north end of
the hall. As shown in Figure 4.27, this area of the hall is sealed off from the rest of the hall by a
temporary, air-tight partition. The HVAC system of the hall is temporarily adjusted to maintain a
slight overpressure in the calorimeter assembly area. This overpressure will prevent entry of dust
and fumes generated by the muon steel assembly and other work. A total area of about 25.5 m by
15 m is provided for calorimeter assembly. (Note that this area does not include the space set aside
for the clean room.) This area allows the construction of one calorimeter bay at a time, while still
providing room for the mobility of all construction equipment as well as access to the equipment
shaft. The calorimetry of the baseline detector consists of three central and two endcap calorimeter
bays, shown in Figures 4.28 and 4.29.

Testing of the assembled calorimeter bays is performed in a clean room constructed to the east
of the calorimeter assembly area, as shown in Figure 4.27. The clean room is separated from the
assembly area by strip doors (overlapping flexible strips of heavy plastic) to allow unrestricted
movement of the bays. The room has a steel deck roof to provide support and working area for a
self-contained pumping/filtration unit used to fill the modules of a bay with an ionization liquid,
such as TMP. The clean room is also pressurized by filtered air. The clean room is sized to hold up
‘to four calorimeter bays with an allowance of 3 m of clearance between them. This clearance
permits mobility of the telescoping work platforms used to reach any area of the calorimeter
assemblies during checkouts and filling of the modules.

Each calorimeter bay is constructed from preassembled modules weighing on the order of
20 tonnes. These modules are delivered to the calorimeter storage and staging building at the
surface. From the staging area the modules are lowered to the hall through the equipment shaft and
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are moved to the assembly area on carts. The steel saddles and aluminum washers and frames of
the calorimeter bays are lowered to the hall through the construction shaft and are moved to the
calorimeter assembly area by the hall crane.

The support saddles are interconnected by box members equipped with four sets of Hillman
rollers and hydraulic jacks. Normally, the weight of the calorimeter bay is carried by the box beam
resting on steel blockage on the roller tracks. When the calorimeter bay needs to be moved, the
rollers are lowered by the hydraulic cylinders, and the entire bay is rolled on steel tracks laid on the
operating floor or installed in the muon steel barrel. The rollers can pivot through 3609, allowing
the movement of the calorimeter bays in any direction required.

The central calorimeter bays are constructed of 32 inner modules and 32 outer modules bolted
to two aluminum washers supported on steel saddles, as shown in Figure 4.28.

Assembly of a central calorimeter bay (Figure 4.30) proceeds as follows:

1. Assemble the steel saddles and box beams onto the four rollers and anchor the assembly to
the floor.

2. Install temporary spacer struts between two washers and lift this subassembly onto the
saddles. The top of the saddles are fitted with lubricated bronze bearing bars to facilitate
rolling of the washers during assembly of the modules.

3. Install brackets and hydraulic cylinders to the washers and saddle. These cylinders provide
the rotational motion needed during the assembly process.

4. Lift in four inner calorimeter modules and bolt to the inside edge of the washers in the
topmost position. Since the inner calorimeter modules are longer (along the beam line)
than the clearance between the two washers, they are lifted through the washers
perpendicular to the position they will assume once installed.

5. Lift in four outer modules with flux return steel and install in topmost position, using bolts
recessed in the outside face of the washers. -

6. Rotate the washer/module assembly 45° clockwise using the hydraulic cylinders, remove
the temporary spacer struts at the top of the washers, and repeat the above two steps until
all but the last five inner modules are installed. Because of the limited space between the
two washers, the last five inner modules are installed with the fixture used for the
installation of the end calorimeter modules.

7. After all modules of a central calorimeter bay are installed, lock the saddle to the washer
with bolts tapped into the washer, remove the hydraulic cylinders, and move the
completed bay into the clean room.
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We have performed several finite-element computer analyses to insure that deformation of the
washer will not interfere with the installation of the modules during assembly. As shown in
Figures 4.31 and 4.32, the maximum stress and deflection of the 100-mm (4 in.)-thick aluminum
washers during and after assembly of the modules are acceptable.

The endcap calorimeter bays are made up of 20 inner hadronic modules and 24 outer hadronic
modules, plus a monolithic EM module (Figure 4.29). The modules are bolted to a welded
aluminum frame consisting of an inner and outer shell and three washers. The aluminum frame is
supported by the lower portion of the flux return steel, which is welded to the support saddle to
form a rigid cradle. The module support frame, the lower half of the return steel and saddle
assembly, and the top half of the return steel are lowered to the floor through the construction
shaft. The two halves of the return steel are ficld-welded, and the rollers and hydraulic jacks are
installed under the saddle. The completed return steel and saddle assembly is moved to the
calorimeter assembly area.

Assembly of the endcap calorimeter bays will proceed as follows:

1. Install the module support frame inside the return steel barrel and lock in.

2. Position the special assembly fixture shown in Figure 4.33 and fasten it to the end of the
return steel by temporary bolts. This prevents any movement between the fixture and the
module support frame which would interfere with the installation of the modules.

3. Install the 8 middle and 8 rear inner calorimeter modules, then the 12 rear outer modules.
The assembly fixture is repositioned periodically to access the full face of the calorimeter
assembly.

4. Move the assembly fixture to the opposite face of the endcap calorimeter bay, bolt to the
return steel, and install the 4 front inner and the 12 front outer hadronic modules.

5. Install the monolithic EM module and move the assembled endcap to the clean room for
the final electrical checkouts and filling of the modules.

The flat end return steel of the endcap calorimeters is installed by bolting the steel plates to the
machined rear face of the curved return steel. The end return steel will be assembled from three to
five segments to facilitate removal for servicing the rear face of the endcap.

As previously noted, the calorimeters are moved about the detector hall on Hillman rollers
running on steel tracks. The bays are moved from the assembly area to the clean room and to their
operating positions in the barrel muon steel on portable steel tracks welded to the floor plate.
However, as described in Section 4.2.3, permanent tracks will be provided in certain areas of the
hall. The calorimeters will be pulled along the tracks by hydraulic jacks bolted to the steel tracks.
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The estimated manpower requirement for assembling the calorimeters is as follows:

+  Receiving, unloading, unpacking, and staging the modules at topside; lowering modules
to hall—8 men.

e  Receiving modules at bottom, moving to assembly area—4 men.

«  Module installation—6 men,

The estimated rate of installation using the above manpower is two modules per 8-hour shift.
After two modules are installed, they are tested in a second shift before installation of the next two
modules. Additional physicist manpower to checkout modules after installation is required.

4.3.4 Muon Chambers

We assume that the muon chambers arrive in the hall as panels, several meters on a side, ready
to be installed. Support and alignment frames are attached to the muon steel to accept the panels.
Transport of the panels is by hall crane. The problems of muon chamber support and alignment
have been greatly simplified in this study and need to be addressed in future studies.

4.3.5 Solenoidal Coil

The superconducting solenoidal coil arrives at the detector hall fully assembled and ready to be
installed. It is assumed that the coil arrives at the hall mounted on a mandrel which is designed to
support the coil during transportation to the site and during installation. The coil is lowered into the
hall via the construction shaft and is carried by the overhead hall crane to the area previously used
for calorimeter assembly. Mounting the coil on its temporary support trolleys, and any other pre-
installation work, is done in this area. During the coil installation, all muon steel work and
calorimetry assembly will have been completed, leaving sufficient space available for coil work.

After unpacking and inspection, the coil is installed in the following steps:

1. The coil is first lifted by its mandrel onto the saddles of the temporary supports located at

each end of the coil. These temporary supports will hold the coil on the beam line; they are
designed to roll on calorimeter tracks.

2. After the shipping mandrel is extended by bolting an approximately 12-m-long beam to
one end, the coil is rolled into the barrel calorimeter until the end of the cantilever mandrel
extension has emerged from the calorimeter, as shown in Figure 4.34. A third movable
support stand is bolted to the free end of the mandrel extension, and the middle temporary
support stand is removed. ‘
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3. The coil is now moved into the barrel calorimeter. After installation of the permanent
support links to the calorimeter and removal of the shipping ties, the mandrel is rolled out
from the coil.

4. Cryogenic and power connections are made.

Field mapping takes place after the coil has been cooled and the endcap calorimeters have
been temporarily moved into their operating positions.

The superconducting solenoidal coil operates at a cryogenic temperature of 4.5 K by boiling
liquid helium in the magnet and liquid nitrogen in shield. The cryogenic valve box is located on top
of the north end of the detector. Cryo pipes and electric power are connected to the magnet via an
approximately 30-cm2-diameter chimney. Figure 4.35 shows a schematic layout of the required
cryogenic cooling system in the hall and at the surface. As shown in the figure, the cryogenic and
vacuum equipment, such as local dewars and pumps, is located on the gallery at the side of the
detector. A walkway from the gallery to the top of the detector is included to facilitate access to the
cryogenic valve box.

4.3.6 Central Tracking Device

We assume that the central tracking unit, including the silicon tracking device, arrives at the hall
fully assembled on a mandrel and ready to be installed. The central tracking device is lowered into
the hall through the construction shaft and is carried to the calorimeter assembly area by a hall
crane. This area is used for any necessary pre-installation work . After checkout, the tracking unit
is installed using the temporary support stands of the coil, in a manner similar to the installation of
the coil.

4.3.7 Beam Pipe

The beam pipe arrives at the hall in segments and is assembled on site. These segments are
lowered into the hall through the construction shaft and are either rolled to their installation sites on
trolleys or carried by the hall crane. Any preparatory work done on the beam pipe can be done in
any arca adjacent to the barrel muon steel or in the barrel itself.

4.3.8 Forward Calorimeters

We assume that the forward calorimeters arrive at the detector hall in halves, each half fully
assembled. They are brought into the detector hall through the construction shaft, carried to their
installation sites, and lifted onto their support cradles by the hall crane. Any work required on the
forward calorimeters is accomplished in situ once they have been installed. Sufficient room is
available for this work.
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4.3.9 Electronics/Triggering

We have not studied the assembly of the readout and triggering electronics needed for this
detector. We have provided space for the electronic and its cables. The cables to the surface for the
electronics and triggering are carried by the cable shaft, which has been provided specifically for

this purpose.
4.3.10 Accelerator Components

The assembly of accelerator components is carried out in coordination with the SSC
Laboratory. We assume that the accelerator components are brought into the hall through the
construction shaft and are carried to their installation sites by either of the two cranes in the detector
hall. There is space available adjacent to their installation sites for any necessary preassembly
work.

4.3.11 Calorimeter Assembly Above Ground

This section examines the concept of assembling the calorimeter sections above ground and
lowering the completed bays into the hall after testing. Surface construction may be more efficient
and safer. It permits greater and more flexible calorimeter movement. It also allows for the detector
hall to be reduced in size, although probably not enough to compensate for the duplication of
equipmeni required. This duplication arises from the need to be able to disassemble the
calorimeters underground in case of malfunction after installation. Figures 4.36 and 4.37 show the
above-ground facilities for the concept being studied. Figures 4.38 and 4.39 show a cross section
and an elevation of the surface facilities in relation to the detector hall.

The muon steel is handled in a yard covered by an 80-tonne gantry crane. The gantry crane and
a portion of the yard rail tracks are built ahead of beneficial occupancy in the area away from the
hall excavation, as seen in Figure 4.36. This gantry crane is equipped with a trolley, a 65-tonne
hook and a 15-tonne auxiliary hook, both capable of lowering loads up to 64 m below the surface
via the construction shaft.

The yard (Figure 4.36) is capable of storing 25% of the plates required for the muon steel
barrel. We assume it is acceptable to store short plates on top of long plates. The yard is covered
with roofing for about 30 m; the rest of the yard is uncovered. The roofed portion will allow

‘operation during foul weather. The muon steel plates are stored on edge, on 4 x 4 logs. They are
stored and moved in groups of four by the gantry crane.

The calorimeter modules are received, tested, and calibrated in the calorimeter module staging
building provided with a 40-tonne bridge crane. Once the modules are ready for assembly, they are
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Figure 4.37. ACT Detector—Surface Facilities—Calorimeter Assembly Above Ground (3-D Vicw)
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lifted by the bridge crane onto a transfer car, which carries them to the assembly building next
door. This building is air-conditioned.

The calorimeter assembly building is provided with a 65-tonne bridge crane and with hook
height sufficient to lift the air core toroids. This crane will not be able to handle loads down the
shaft. When this is needed, the gentry crane will be used. The bridge crane can however move
loads to within reach of the gantry crane.

The calorimeter assembly building is subdivided into three separate rooms. Proceeding from
south to north they are: 1) the head house for the construction shaft, 2) the calorimeter assembly
room, and 3) a clean room for storage and testing of completed calorimeter bays.

The head house encloses the construction shaft, with access for the muon gantry crane. This
room also provides a “laydown’ and a temporary, covered storage area for equipment that must be
lowered into the hall via the construction shaft. Examples are ventilation equipment, fork lifts, and
assembly fixtures, or sub-system assemblies such as the central tracking chamber device or the
muon tracking chambers.

The central air-conditioned room is the calorimeter assembly room, which is provided with
large doors that communicate to the room housing the construction shaft. It is in this room that the
calorimeter modules are loaded into their support frames to create the finished calorimeter bays.
Large doors connect this room with the module staging building described above.

At the north end of the calorimeter assembly building is a large, relatively clean room sized to
store four completed calorimeter bays during testing. Clearance of 3 m between the bays permits
mobility of the telescoping work platforms used to reach any area of the calorimeter assemblies
during checkout.

Above-ground subsystem assembly is achieved in four phases. During Phase 1, the muon steel
is lowered by the gantry crane, while calorimeter modules are tested in the staging building.
Figure 4.40 shows the status of the construction at the end of Phase 1. The construction buildings
are ready to receive calorimeter modules for assembly from the staging building next door. Note
that a partition has been installed to separate the calorimeter assembly area from the area
surrounding the construction shaft. A clean room for testing calorimeter sections has also been
completed.

During Phase 2, the muon steel continues to be lowered while the calorimeter sections are
being assembled and tested (Figure 4.41).

At the end of Phase 3, the muon steel has all been lowered, and the calorimeter sections are
lowered to the underground hall floor while the air core toroids are being assembled and tested
(Figure 4.42).

At the end of Phase 4, the air core toroids are lowered to the hall floor (Figure 4.43).
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Figure 4.40. ACT Detector—Surface Construction Facilities (Phase 1)
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Figure 4.41. ACT Detector—Surface Construction Facilities (Phase 2)
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Figure 4.42. ACT Detector—Surface Construction Facilities (Phase 3)
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Figure 4.43. ACT Detector-—Surface Construction Facilitics (Phasc 4)



4.4 Schedule and Sequential Construction Drawings

4.4.1 ACT Detector Schedule

The estimated schedule for construction of the ACT detector is shown in Figure 4.44.
Estimates for the assembly of the muon steel have assumed that two crews are involved and that
work proceeds from the middle outward in two directions. Assembly of the endcap toroid steel is
done by the same crews during the periods when the coils for the barrel toroids are being
connected to power and to Low Conductivity Water (LCW), and are being tested for electrical
continuity and integrity of the electrical insulation and cooling system. We consider the Air Core
Toroids to be high-tech devices that are delivered late in construction of the project. We schedule
their introduction into the hall as late as possible to be consistent with data acquisition at the end of
42 months. The width of the hall permits the ACT: to be installed even after the rest of the detector
is largely in place, because they can be moved from one end of the hall to the other using the 7-m-
wide corridor at one side of the detector.

Both the barrel and the endcap calorimetry assembly schedules assume that one calorimeter
module is installed and tested per day. We foresee the calorimeter installation occupying two shifts
per day: the day shift to install, and the evening shift to test and calibrate the installed modules. We
allow five months contingency at the end of the calorimeter schedule; a third shift per day may also
be employed as additional contingency time. The overall scheduling for the detector is easiest if at
least one endcap calorimeter is completed prior to installation of the barrel system. This simplifies
motion of the heavy objects inside the collision hall.

The superconducting coil cannot be installed until the barrel calorimeter is complete and has
been placed in its final position on the beam line. From the argument in the previous paragraph,
this would imply that at least one endcap calorimeter has also been fabricated. Prior to installation
of the central tracking device, the magnetic field of the solenoid must be measured. This requires
installation of the endcap calorimeters, since they provide part of the return yoke of the magnet.
Initial testing of the field-mapping instrumentation can take place simultaneously with the
installation and testing of the coil, but the final mapping must wait until all of the magnetic elements
are installed and operational.

After the magnetic field has been mapped, the endcap calorimeters are withdrawn and
installation of the central tracking device (including the silicon tracker) can proceed. The central
tracking is assumed to arrive in the hall as a single, pre-tested unit that requires minimal debugging
inside the collision hall prior to installation in the detector.

Installation of the muon chambers begins with completion of the barrel iron toroids and their
coils. The exterior chambers are installed first, followed by the chambers on the inside of the steel

150



MONTHS

chedule

S

ACT DETECTOR CONSTRUCTION SCHEDWLE

11 1 Lo 0 + |>|-I||0.|_|_ - - b
¢ el s e Al ibal ol it B St 171 - s
A Sp VRS VRPN HrUN N AN SIS AU SR M PRI G i -
3 2 e el B Al e ik 2 - 3
) =1 L |- dabbbl cicidaua-danbal o dJass LR €|
- n?’ . ’ + .
[ R R e e s it dhalial it e e AR SR S el ] mg &0+17||T.l11l.07lll111.l - [
* n ™ — Y ~+ -t T s
r==—~fmaqrrtrrfFrrmadrrtrrEerlem Om Ll it ey S e b o ol oo T2 il 2l o 3|
T T T T T T T T T o ™ T T T -
SF-~=ad1ytrrroinmtgrt et @ rr---4~=-4rrf-|-4114-t -+t~ ¢
T L B L S P R R A o pup o A AU G (L S P ]
L2l st s i Sl i S v il i S B Ay T3 et P} [}
oY) MR SN (AT y Ry Sy SN o S Wy Ay N S L O R U S (R N N U O DU G | iy (g R N R H
v FRER A P AR L i il P P I
) R R kX R e e e ] L ] 444 Llicblitldeaddy =L Al - 4 H
P O SRR N AP i ol — N L
[ e R e R dhatiad mlaiad R I - “ 4 - 4v||TT|.|.HlA¢ PR S TR P R E4
BpF-==mq4trrrrfr=-intty 1T T L 1 3
- LR LA NI SR N S 1T T * 1 -
Rpr---jmafrrrrrpccadaT 11T TT 11~ fd
T LI T T LR VT 1 p .Ph ¥ - 4
L1 wiadior i A i et B A 713 T3 7 1 L
RN (U ISP R Ny G SRYANCIR L G T 442 L1 14 44
8 i Briivdh sl st i el 1 | ]
b -l fretfaaday 144 11 R PR [y
Nt AT S P A L n N
n P e e e T ol el St -+ - - -+ 4+ -+ - - 4 ”
8- Radld + EEEE ES 3 EEEEER B LEEE EER -+ 1 X
T T Tt T T -
ak- trr TITT Avtrri-rrma-4rrt - 11 s
LI T T L LA LS T
- T 5 it7t-F el S s u s ok e B8 et 2
! ] LEk ) COt QRN S SRS DRI G
QF- n ) 1 [ (A T ) ®
el- [N 1 Lt b api-idpid il potfatiasdadda s
. s e i o B P
5k~ - + stobopiadbalaslonnfaieadasda -3
Bt~ x I -+ O S S St “4+r L]
riy - T s v
Lr- rr T rt-F-tmaptrr L
™ r T ™7
k- rr 7 Tt- TT 3
ol . Ly 4 D NN -3
N [ i i [l hid
- L LL 4 11L4 . FOry
a i I L L 1 ded. a
sk~ Lo b dbblblbjelidddddddo - .» b =
—t bl Y A AP I A
[ Y S R R R e N SRR £ - + 2
ettt +it o ERARS pe
Sr--=maq4rrtrr rirrEretmdart - - 1 2
P rrtrrtTr L LI S SN B Tor -
b2 ofiatintlel min ks A ol TtrrtrrimmdatT - TT 1 =
[y S Tl LIS QLI AN L LD I 0 A o 4 ~
- AT T O Sl o T e A0 T T bt
[") I SO T T I TR R SO TS Y i1 ] .
ebvnacd A 1 1l I S | Lol el lodod
7)) S Py 1{LL aalictec o laa o Lo Lo taad 4 "
PO | PO P POl P R P s i
[ PSRN | PN IRONY Rrips dadtrrfprmltadaad e b Figal 2T p K3
Sk~ rrt ettt s +rt-F- +¢ 1 e
T — g r—r
b ----hqTr rr ri-f- TT b =
- - TT T [T T TT ] -y
el nfadhutiey anl [Bn WA S T o Sl o IiT =
Py A O B T TL T-F- Tt 1 <
= il L 1 1 Ll
[y S 5] TR IRV AV SFNYIN SUNOR Jravip SVRTN [y Ny . s 4 -
A Ll derd. 1l il ke 1L
ofF----pdasterljuadaalon Ay G s + ] -
L il EERE E A TS EEE PR X +t$- +r -+ 4 [N
ettty * + - — *
- -—{=hqrrtrrfrr|oada e T~ TrT 1=t- 417t~ -Fr-4-11 -
U U __l—— T LI T T LB T L L LEL LI
hid pinin) GhAARAs i nahhhhhad TIL- TT (i iadin ik & Sl aind of iofhe indle lnih B bl
[N SV N G NS T LS SRR B S Y 1) [N [ECHUIS NN QR N SN g
hd i Bk, Pt T B il 1 i ) ra) ] hd
[ (R RO R N R S i I Y 1} . FAFN JCNCIENS DTSN Y R SO RPN Jhgn -
id bl 1L 1l el 1.1 1 L bk L dond. Al
emfadddstecfenfaagailan i O JEY S STEPIR (N G 9 ~
-4~ Frtmfetmtd 4 4 4+ - B i e e s B -
i E ! 1 2
" k1 1 '
2l = ' ! 'y Fi
lnm o ' ' -
BT o ! 1 ..m Ed
mnm 1 ' 14
n:um m ' 1 ] Pl
" LEE 2 ) ] i
mrv' o
55 ! ! Lesd (2E |5
£ H &
LT $ ' Bl L g
T-00 © | _rl S = =

151

Figure 4.44. Air Core Toroid Detector Construction




(except for those on the bottom, which are installed with the barrel calorimeter). The endcap muon
chambers are installed as soon as the endcap iron toroids, their coils, the ACT, and the steel
absorber are assembled.

Estimating the schedule for the installation of the electronics is more problematical; we have not
considered this schedule in detail. We assume that large scale-testing of the data acquisition system
and pathways begins with the assembly of the first calorimeter bay. Some of this testing could
provisionally be done using the electronics gallery in the hall as a temporary data acquisition
location. However, prudent planning implies that beneficial occupancy of the operations center
should be no later than one year after beneficial occupancy of the collision hall.

4.4.2 Detector Assembly Sequence

A three-dimensional computer model of the detector construction sequence has been created
(Figures 4.45 to 4.59). The construction steps are depicted at three-month intervals beginning with
the hall at beneficial occupancy (month 0, Figure 4.45).

The detector assembly begins with installation of the barrel muon steel supports and
construction of an erection frame. The necessary materials are brought into the hall via the
construction shaft. Any preparatory work can be accomplished in the staging area adjacent to the
erection sites.

The state of the hall after three months is seen in Figure 4.46. At this time the muon steel
support is complete, and construction of the hall partition and clean room is ready to begin.

Figure 4.47 shows the hall during the sixth month of construction. The hall partition and clean
room are complete. The muon steel construction is undcrway; and construction is about to begin
on the central calorimeter bay. Materials for the muon steel barrel are brought into the hall via the
construction shaft. The calorimeter support shells and washers are also brought into the hall
through the construction shaft. The calorimeter modules are brought into the hall through the
equipment shaft.

At nine months (Figure 4.48), the muon steel construction continues and is roughly half-
finished. The central calorimeter bay is complete and has been moved to the clean room for
electrical checkouts. Construction begins on the first end calorimeter bay.

The hall at 12 months is seen in Figure 4.49. Work on the muon steel barrel continues. The
first end calorimeter is complete and has been moved to the clean room for electrical checkouts.
Construction begins on the second end calorimeter. '

Figure 4.50 shows the hall during month 15 of construction. The muon steel barrel is
complete, and installation of the barrel coils is in progress. The second end calorimeter i§ complete
and is undergoing electrical checkouts in the clean room. Construction is begun on the first endcap
calorimeter. Construction is also begun on the muon steel end toroids.
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Figure 4.45. ACT Detector Construction Sequence (Month 0)
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Figure 4.46. ACT Dectector Construction Scquence (Month 3)



TED

CONSTRUCTED
o MUON STEEL BARREL STARTED

ROOM

o CENTER CALORIMETER STAR

o CLEAN
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Figure 447. ACT Dectector Construction Scquence (Month 6)
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Figure 4.48. ACT Detector Construction Sequence (Month 9)
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Figure 4.49. ACT Detector Construction Sequence (Month 12)
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Figure 4.50. ACT Detector Construction Sequence (Month 15)



During month 18 (Figure 4.51), the installation of the muon steel barrel coils is complete. The
construction of the muon steel toroids is also completed during this period. The end toroids coil
installation is in progress. The first endcap calorimeter assembly is complete and awaits transport
to the clean room.

The state of the hall after 21 months is shown in Figure 4.52. The first endcap calorimeter has
been moved to the clean room and is undergoing electrical checkouts. Construction has begun on
the second endcap calorimeter. Installation of the end toroid coils is complete. The first absorber
cone is complete, and assembly of the second absorber cone is in progress.

Figure 4.53 shows the hall at 24 months. The last endcap calorimeter has been moved to the
opposite end of the hall and is undergoing electrical checkouts. The construction of the second
absorber is complete. The installation of the barrel steel inner muon chambers is in progress. A
platform for housing electronics and utilities has been erected on the side of the detector hall
containing the narrow gallery.

During month 27 (Figure 4.54), installation of the outer muon chambers is in progress on the
muon steel barrel.

The hall at month 30 is seen in Figure 4.55. At this time the installation of the outer muon
chambers is complete, and the central calorimeters have been installed. The hall partition and the
clean room have been dismantled. Installation of the coil is underway.

At month 33 (Figure 4.56), the coil has been installed, and the process of mapping the coil
field is in progress. The first air core toroid has been lowered into the hall and has been assembled
into an integral unit with an absorber and a muon toroid. Installation of the muon chambers of this
assembly will begin at this time. The second air core toroid will also be lowered into the hall at this
time.

By the month 36 (Figure 4.57), the second absorber/ACT/muon toroid assembly is complete,
and installation of its muon chambers is underway. The muon chamber installation is complete on
the first absorber/ACT/muon toroid unit. Installation of the central tracking device begins at this
time. The endcap calorimeters have been previously moved offline in preparation for this activity.

The state of the hall at month 39 is seen in Figure 4.58. At this time the final installation of the
endcap calorimeters has taken place, along with the installation of the absorber/ACT/toroid units.
Assembly of the forward calorimeter and the accelerator components begins at this time.
Figure 4.59 shows the hall at completion.
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Figure 4.51. ACT Detector Construction Sequence (Month 18)
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Figure 4.52. ACT Detector Construction Sequence (Month 21)
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Figure 4.53. ACT Detector Construction Sequence (Month 24)
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Figure 4.54. ACT Detector Construction Sequence (Month 27)



¢ QUTER MUON CHAMBER INSTALLATION COMPLETE

¢ CENTRAL CRLORIMETERS INSTALLED

*BEGIN COIL INSTALLATION
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Figure 4.55. ACT Detector Construction Sequence (Month 30)
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¢ FIRST RBSORBER/ACT/TORDOID ARSSEMBLY COMPLETE
¢COIL FIELD MAPPING IN PROGRESS

Figure 4.56. ACT Detector Construction Sequence (Month 33)




EGIN MUON CHRMBER INSTALLATION ON

ECOND TOROID ASSEMBLY
*¢BEGIN CENTRAL TRACKING INSTALLATION

ECOND ABSORBER/RCT/TOROID ASSEMBLY

ORD1D ASSEMBLY COMPLETE
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Figure 4.57. ACT Detector Construction Sequence (Month 36)



o FINAL INSTALLATION OF ENDCAP CALORIMETERS

o INSTALL ACT
e BEGIN ASSEMBLY OF FORWARD CALORIMETERS

e BEGIN MAGNET INSTALLATION
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Figure 4.58. ACT Detector Construction Sequence (Month 39)
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e HALL AT COMPLETION

Figure 4.59. ACT Detector Construction Sequence (Month 42)




4.5 Disassembly and Repair Sequences

4.5.1 Minor Repairs

The detector has been conceptualized so that minor repairs can be made without having to break
the beam tube. Figure 4.60 shows the detector open for minor repairs. The procedure is as
follows: First, the forward calorimeter opens in two halves and moves out of the way. Second, the
muon toroids move back as far as possible without interfering with the magnet support system.
Third, the calorimeters move back 1 m or more. This will allow access to most electronics in the

detector.

4.5.2 Endcap Calorimeter Module Repair

The repair of a calorimeter module entails a major operation of disassembly of the detector. As
shown in Figure 4.61, the calorimeters are temporarily moved out of the way. It is then necessary
to interrupt and remove the beam tube, dipoles and magnets, which will be stored at the south end
of the hall. The muon toroid is then moved and stored at the southeast end of the hall, and the
forward calorimeters are brought over to the side of the hall to provide working space for the next
step.

Figure 4.62 shows the endcap calorimeter removed from the barrel and placed in a working
position. The assembly fixture is positioned by the crane in front of the calorimeter for module
removal and replacement.

4.5.3 Silicon Tracking Repair

In order to repair the silicon tracking device, it must be removed from the detector. The
removal procedure is depicted in Figures 4.63 through 4.65. As shown in Figure 4.63, the
procedure starts with the displacement of the forward calorimeters laterally to allow space for
retraction of the muon toroids. The toroids and endcap calorimeters can retract approximately 7 m,
creating a 7-m working space at each side of the barrel calorimeter to allow for tools and equipment
to operate during the removal.

The beam tube needs to be removed at this point. The intermediate tracking units are now
removed and can be stored temporarily inside the detector, as shown in Figure 4.64.

As Figure 4.65 shows, an extraction device is installed and the silicon tracking device is
removed and transported outside the detector by a light monorail temporarily assembled for this

purpose.
Replacement of the silicon tracking device proceeds in the reverse manner as above.
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Figure 4.60. ACT Detector Open for Minor Repairs



ILI

o MOVE FORWARD CALORIMETERS OFFLINE
o MOVE ACCELERATOR COMPONENTS OFFLINE
o MOVE END TORDID TO STORAGE

Figure 4.61. ACT Detector—Endcap Calorimeter Module Replacement (Step 1)




¢ REMOVE ENDCAP CALORIMETER FROM BARREL
e POSITION ASSEMBLY FIXTURE AND PROCEED

WITH MODULE REPLACEMENT

172

Figure 4.62. ACT Detector—Endcap Calorimeter Module Replacement (Step 2)
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Figure 4.63. ACT Detector—Silicon Tracking Replacement (Step 1)



e INSTALL MONORAIL AND REMOVE INTERMEDIARTE

TRACKING UNITS
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Figure 4.64. ACT Detector—Silicon Tracking Replacement (Step 2)



o REPLACEMENT PROCEEDS IN REVERSE MANNER

o REMOVE SILICON TRACKING UNIT

Figure 4.65. ACT Detector—Silicon Tracking Replacement (Step 3)
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5.0 LIQUID ARGON CALORIMETER DETECTOR

5.1 Liquid Argon Calorimeter Detector Description

The Liquid Argon Calorimeter (LAC) detector design is developed around a calorimeter in
which the active medium for detecting energy is liquid argon, a cryogenic fluid that must be
maintained at 89 K. As showers develop in the calorimeter, ionization is left in the liquid argon.
The number of ions produced is proportional to the total energy deposited in the calorimeter. A
liquid argon calorimeter has the advantage of being radiation-resistant. The LAC Detector,
however, presents new problems in the design of the detector and the hall because it introduces a
large volume (180,000 1) of liquid argon which must be maintained at cryogenic temperatures. The
general hall and detector design philosophy addresses safety concerns associated with a leak within
the hall due either to damage to a liquid argon cryostat or to one of the liquid transfer lines. The
major hazards resulting from these accidents are asphyxiation, cryogenic burns, reduced visibility,
and damage to structural members due to low temperature exposure. A special insulated sump,
with insulated transfer lines between the detector and the sump, has been added to reduce the
amount of liquid argon evaporated into the hall in the event of a leak. This sump has a separate vent
line to the surface, where the cold argon gas can be safely vented.

Safety considerations have also played a major part in the overall design philosophy of the
detector. In previous designs, we maintained an access space between the outside of the
calorimeter and the inside of the muon steel for maintenance of electronics in this area. In the LAC
detector this access space has been eliminated for two reasons:

1. The LAC is less dense on average than equivalent calorimeters based on other

technologies. For the same total thickness of absorber as measured in nuclear interaction
lengths, the LAC is physically about 1 m thicker. This increases the cost of the detector.

Eliminating the access space reduces the overall size of the detector and, therefore, the
overall cost.

2. The annular space between the calorimeter and the muon steel represents an extremely
confined space with limited egress in case of a catastrophic loss of liquid argon. Hence,
we have chosen to achieve access to this space, when the calorimeter is filled with liquid
argon, by moving the end toroids about 8 m axially, rather than by providing an annular
access space.

The logic of the LAC detector remains the same as in previous detector designs: a tracking
system in a solenoidal magnetic field surrounded by a calorimeter. The calorimeter is, in turn,
surrounded by an extensive system of iron toroids, tracking chambers, and trigger scintillators for
muon detection. A three-dimensional view of the detector is shown in Figure 5.1, and a cross-
section and elevation of the detector are shown in Figure 5.2.
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Figure 5.1.0verall LAC Detector Layout (3-D View)
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We describe this detector in detail starting with the tracking system and working outward. The
tracking system is a silicon inner tracker with an outer tracker. The outer tracker is further divided
into a central and intermediate region, and both trackers are assumed to be fabricated using
scintillating fiber technology. These three elements arrive as assembled sub-systems, and we
consider them only from the point of view of installation, testing, and maintenance. The solenoidal
coil design is based on an “air-core” or short solenoid design.! This magnet does not use iron near
the ends of the coil; hence, the external forces on the coil cryostat and the calorimeter are dominated
by gravity. Any electromagnetic forces between the calorimeter and coil have been ignored.

The calorimeter is based on a design produced by KEK Laboratory in Japan, Kawasaki Heavy
Industries, the SSC Laboratory, and Lawrence Berkeley Laboratory. We have specifically
considered the routing of pipes and locations of cryogenic services for the calorimeter. The entire
calofimeter is composed of three cylindrical sections: a barrel calorimeter and two endcap
calorimeters. The barrel is about 9 m long. Each endcap calorimeter extends about 3 m along the
beam line and weighs about 1200 tons. The electronics for the calorimeter and tracking lie in two
annular spaces directly outside the calorimeter at each end of the barrel. The central part of this
space is occupied by the feed-throughs which transport the calorimeter signals from cryogenic to
room temperature. Electronics for the endcap calorimeters are mounted either in the analogous
space on the outside diameter of the endcap calorimeter or just outside the endwall of the
calorimeter.

Outside the electronics space is the return yoke for the magnet. About 65% of the flux is
returned through the volume of the non-magnetic calorimeter, and the remaining 35% is returned
through the steel at the outside of the calorimeter. Note that there is no access to the electronics
space without moving the endcap calorimeters.

There are small forward (5 > I | > 3) calorimeters for missing energy measurements. These are
located directly in front of the interaction region quadrupoles.

The calorimeter is surrounded by magnetized iron muon toroids. In the barrel region ( |11 | <
1.5) the toroid is 1.5 m thick. The octagonal barrel iron toroid has 2 coils located near each corner,
for a total of 16 coils. There are three stations of muon chambers in the barrel region, two on the
outside and one on the inside of the iron. The momentum resolution of the exterior muon system is
limited by the position resolution of the chambers and the 1.5 m gap between the two exterior
chambers. Charge determination is possible to momenta well in excess of 1 TeV/c. The chambers
on the inside of the steel are 1 m thick and are inserted on rails parallel to the long (z) axis of the
detector. Access to the chambers at the middle of the detector is achieved by removing an endcap
calorimeter, then removing as many muon chambers as necessary to reach the chamber desired.
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At small angles with respect to the beam line the momentum resolution of the central tracking
device deteriorates. In these forward directions the most accurate momentum measurement for
muons comes from the intermediate iron toroids. These toroids are 4 m thick and are energized to
1.8 T. In analogy to the barrel region, there are chamber stations on both sides of the iron to
measure the incoming and outgoing muon trajectory. For mechanical reasons we have divided the
equivalent inner chamber into two separate chambers. Hence, there are four chamber stations in the
intermediate muon system: two chamber stations in front of the toroids and two stations following
the toroids. Two layers of trigger scintillators in the barrel and endcap regions provide a fast trigger
for muons. These scintillators crudely measure the bend angle of muons exiting the steel.

We anticipate a large flux of low-momentum particles in the forward directions from beam
spray, particles escaping from the inside surface of the endcap calorimeters, and albedo from the
forward calorimeters. To protect the muon chambers in this area from these low-energy particles,
we add a conical absorber layer approximately S0 cm thick between the intermediate muon system
and the beam line. The absorber must be designed to intercept both charged and neutral particles,
including neutrons. For the purposes of this study we assume the absorber is solid steel, but we
expect it will consist of several layers of different materials to provide the optimum neutron
absorption.

Other than elimination of the access space just outside the calorimeter, the major differences
between the LAC and the ACT detector are as follows:

The size of the muon system has been adjusted to allow for the different size of the LAC.

2. The two internal barrel muon chambers have been combined into a single structure of
equivalent thickness.

3. We have replaced the endcap Air Core Toroids of the previous design with iron toroids.
4. The size of the tracking volume is reduced to 3.4 m diameter by 8 m long.

Table 5.1 lists some major mechanical properties of the LAC detector.

180



Table 5.1. LAC Detector Mechanical Parameters.
ﬂ

Detector Size Units Comments
Tracking Volume 3.4x8.0 m diameter x length
total channels 1195 K Fiber, incl. inter & central
Silicon Tracking 1.0x5.6 m diameter x length
Silicon Tracking Weight 0.6 tonne
Coil 3.4x41x8.0 m id x od x length
Barrel Calorimeter 4.2 x11.6* x8.0 m id x od x length
weight 4900 tonne includes return steel
Total channels 93 K Includes endcaps
Endcap Calorimeter 1.0x 11.6* x4.0 m id x od x length
weight 3130 tonne  both ends
Muon Barrel. Toroids 17.0 x 17.0 x 26.1 m w x h x length
weight ' 15,770 tonne
Muon Endcap Toroids 122x122x%x 4 m w x h x length
weight 8320 tonne  both ends
Muon Barrel Chambers 224 x22.4%x33.0 m w x h x length
Total Channels 66 K
Muon Endcap Chambers 16.0 X 16.0 x 10.3 m w x h x length
Total Channels 42 K includigg both ends

* includes return steel

Each subsystem in the detector will require a variety of connections for proper operation and to
meet safety requirements. The connections to each subsystems consist of:

e Mechanical supports

» Trgger and data acquisition cables

*  Power, including low and high voltage connections

e Cooling fluids or gases

e Sub-system speciality fluids or gases

e Alignment monitoring and adjustment

o Environmental monitoring (temperature, oxygen concentration, explosive gas

concentrations, smoke detectors, etc.)

The details of these connections depend critically on the technology chosen for each
subsystem. Planning must consider the interactions between subsystems as well as the needs of an
individual detector element. However, the general strategy for the “hookup” of the detector to
external systems is as follows. '
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For all detector subsystems the front-end electronics, level 1 trigger electronics, and tcmporary"
data storage for about 100 beam bunch crossings (including data buffering between the level 1 and
level 2 trigger decisions) are mounted directly on the mechanical structure of the subsystem. These
electronics are in turn connected via flexible cable trays to global trigger and data acquisition
electronics located in a multi-story gallery next to the detector inside the collision hall. The flexible
cable trays allow motion of detector subsystems to provide access to the internal portions of the
detector without disconnecting cables or utilities. This includes the cryogenic fluids necessary for
the endcap calorimeters, which must move 8 m to access the central detector.

The layout of the hall currently allocates the second and third floors of this gallery for trigger
and data acquisition areas. Each floor of the gallery is approximately 4 m wide by 30 m long.
These two floors are fully air-conditioned enclosures and are provided with computer (false) floors
for routing of cables between electronics racks. Data acquisition and trigger signals are
communicated to the surface via the 3-m-diameter cable shaft, located 8 m inside the wall next to
the gallery. Floors above the third level of the gallery are reserved primarily for the cryogenics
systems of the superconducting solenoid and calorimeter. These levels, as well as the basement
below the first floor, do not have separate air-conditioning or computer floors. Utilities for these
areas, as well as any heavy-duty power lines, are connected to the surface via a separate utility
shaft to avoid pickup of switching noise from the heavy-duty power cables to the data acquisition
cables.

The fourth and fifth levels of the gallery hold LAC cryogenic and vacuum equipment such as
argon conditioners, valve boxes, and turbomolecular pumps. Figure 5.3 shows the layout of the
endcap cryogenic equipment on the level 4 platform. Level 5 has the barrel cryogenic equipment
and the solenoidal magnet helium cryogenic equipment. As shown in Figure 5.4, there are two
flexible piping carriages, one on each end of the fourth level of the gallery, to allow the end caps to
move up to 8 m from the operating position without breaking the vacuum or cryogenic lines. The
elevation of the cryogenic equipment ensures that cryogenic lines will always point upward to
avoid possible vapor traps. By placing the dewars at approximately the same elevation as the
detector, pressure due to the argon liquid head in the conditioners remains within acceptable limits.

5.2 Liquid Argon Calorimeter Detector Hall Design

5.2.1 Overview and General Hall Plan

The LAC detector collision hall is 31.0 m wide and 88.0 m long, constructed with its long axis
parallel to the collider beam line, as shown in Figure 5.5. Dimensions of the hall are based on
access around the completed detector, space requirements for assembly and checkout of the
calorimeters and end muon toroids, and clearance requirements for retracting the detector
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components for maintenance access. In-place upgrading of the detector has also been considered.
A temporary air-tight partition between the muon steel assembly and the calorimeter assembly areas
of the hall is erected during calorimeter assembly to provide a clean area . As shown in Figure 5.3,
a 5-m-wide area at the north end of the hall is reserved for the auxiliary shops required during
calorimeter assembly and general maintenance. Table 5.2 lists the cryogenic equipment of the LAC
detector that would be installed in a 6.5-m-deep and 25.0-m-wide alcove located in the west wall of
the hall.

Table 5.2. Liquid Argon Cryogenic Equipment.

tem Number Capacity Size
Dewars
Liquid argon 3 60,000 | 40mdx9m
Liquid nitrogen 1 20,000 | 3.0mPx6m
Boilers
Liquid argon 1 3 stage x 50 kW 15mPx10m
: = 150 kW
Liquid nitrogen 1 3 stage x 50 kW 1.5mPx10m
=150 kW
Valve boxes and Distribution N/A N/A 1x2x1md
headers

The alcove is sealed from the hall by removable concrete panels and is drained to a sump under
the detector basement by several insulated floor drains. These large-diameter floor drains are
designed to remove any argon gas in the alcove. Suction fans are provided to maintain the alcove
space at a slightly lower pressure than that of the main hall. We have estimated the extra cost of the
alcove and the removable concrete wall at $700,000.

As shown on Figures 5.6 and 5.7, the top of the main operating floor is set level with the top
of the roller tracks in the barrel muon steel, and the basement under the detector is about 5.0 m
below that. A 3-m-wide clear passage for moving small equipment along the west side of the
detector on the operating floor is provided, as is a 4-m-wide passage along the east side of the
detector for transporting large items by the hall crane from one end of the hall to the other.

The basement is extended to the side wall of the hall under the west passage to provide room
for pumps, compressors, utility distribution, and other equipment, and for structural requirements.
Under the west side of the detector basement is a large insulated sump to collect liquid argon spills
and vapors in the hall and in the alcove. The sump is evacuated to the surface by a 1-m-diameter
insulated vent line.

The walls extend about 22.8 m above the operating floor, as shown in Figure 5.6. The crane
runways rest directly on the top of the side walls, which are provided with vertical recesses for the
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flush-mounted air-conditioning ductwork. The walls of the hall are tied to the rock behind by rock
anchors.

The roof of the collision hall is a parabolic concrete arch supported on independent foundations
just behind the top of the side walls, as shown in Figure 5.6. This low-rise arch imposes an
outward force on the rock mass behind the side walls of the hall, thereby reducing the heave forces
. on the side walls. The arch foundations are not tied to the walls, so that any change in the
overburden or surface loading above the arch will not affect the walls or the floors of the hall.
Placing the roof of the hall on top of the walls would impose a high vertical load on the walls and,
in turn, on the edge of the hall floor slabs, which may be just above the weak Eagle Ford Shale if
the hall is located at the west cluster. The resulting immediate and long-term floor movements
would be large and could be influenced by changes in the overburden pressure on the roof.

The space between the top of the wall and the base of the arch can be used for distribution of
some of the hall utilities and to service the cranes, the fans of the air-conditioning system, and the
roof drainage sumps.

The proposed hall configuration may be constructed by conventional open excavation or by
excavating to the top of the walls and constructing the roof arch while the excavation proceeds to
the hall floor. This arrangement will permit an earlier start of the backfill operation, and will,
therefore, reduce construction time of the hall.

5.2.2 Safety Considerations

The LAC detector contains approximately 180,000 1 of liquid argon, which is maintained at 89
K by boiling liquid nitrogen. Due to the large volume of liquid argon in the LAC detector, the hall
has been designed to achieve maximum possible safety during installation, operation, and
disassembly procedures.

The alcove area in the hall provides space for large argon storage tanks to facilitate transfer of
liquid argon to and from the cryostats without the risk of subjecting the cryostats to the large liquid
head that exists between the surface and the hall. Similarly, the platform containing most of the
cryogenic equipment is located at the desired elevation on the west wall nearest the detector. This
minimizes the risk of damage to cryogenic lines due to movement of cranes or forklifts.

To facilitate disassembly of the detector, the cryogenic piping system incorporates flexible
.carriages, which allow the end caps to move up to eight m without disconnecting any vacuum or
cryogenic lines. The size of the carriage is based on the 10-in.-diameter vacuum vent line and an
axial stroke of 8 m. Special mounting platforms are installed in the hall for supporting the
carriages.

Spills are collected by insulated trays directly under all cryogenic equipment, valve boxes, and
distribution headers. These trays are connected by insulated piping to intermediate sumps or
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directly to the main sump. The variable-speed fans of the main sump remove the liquid and some
of the gaseous argon collected by the trays. The connecting lines may be isolated by valves
controlled by the argon spill sensors so that suction in the lines affected by a spill can be

To address large spills of liquid argon, a thermally insulated subfloor sump with a liquid argon
capacity of 300,000 1 is placed under the detector basement. The sump serves as a holding volume
in case of a catastrophic accident that would lead to a large liquid argon spill. Any spill in the
detector area is collected by the depressed basement floor, which is sloped to several rows of large-
diameter floor drains connected to the sump by insulated lines embedded in the floor (Figure 5.6).
These drain lines are designed for rapid collection of liquid and gaseous argon. (Argon is heavier
than air, and, therefore, will tend to remain on the floor.) Floor drains rather than trenches are used
so the spill can be disposed into a totally insulated area as quickly as possible, thereby reducing
evaporation of the spill. Floor drains and piping are also less expensive and less obstructive to
traffic on the floor. Any reduction in floor stiffness (so important to minimize the floor movement)
caused by the pipes can be compensated for by extra reinforcements. To remove argon gas from
the high points of the floor, additional suction ducts located around the perimeter of the detector
basement and certain areas of the operating floor are provided.

The sump is connected to the surface via a 1-m-diameter vent line designed to evacuate argon
gas at a maximum rate of 20,000 cfm, the worst-case rate of argon gas boil-off. The suction fans
can be sized for twice the worst-case rate to permit mixing of the argon gas with ambient air,
thereby reducing the concentration of argon in the discharge flue. The fans are activated by gas
sensors placed at critical locations in the hall. The mechanism of dispersing the discharged argon
into the atmosphere is not addressed in this design report; it should be studied after the layout of
surface buildings is completed.

The impact of liquid argon leaks on the hall ventilation system is not addressed. Gaseous argon
is heavier than air and will tend to stay near the bottom of the hall. Therefore, smoke evacuation
vents which are located at the ceiling will not be helpful and may be counterproductive if they are
activated during a liquid argon spill in the hall.

5.2.3 Detector Basement and Support

The adopted maximum floor movement is 2.5 mm for short duration (one week) loading and
25 mm for long duration (one year or more) loading after all components of the detector are in
place. These floor movement specifications require a very rigid concrete basemat under the
detector. Floor movement during erection of the muon steel and after the calorimeters are installed
is also restricted to 25 mm; however, this could be compensated for by presetting the main steel
barrel supports before erection of the muon steel begins. Weight calculations indicate that the
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detector loading on the basement floor is about 105% of the present vertical rock pressure at this
elevation. This means that deflection of the floor due to the weight of the detector could be very
small, and, therefore, the floor movement will be largely controlled by the heaving pressure of the
underlying rock. In the operating floor areas, floor loading is very low (less than 10% of the
present rock pressure); therefore, the upward floor movement due to the unopposed heave could be
large.

To reduce floor movements the detector basement must be made very rigid. The stiffness of the
basemat depends on the thickness and uncracked moment of inertia and modulus of elasticity of the
concrete, as well as on the length and aspect ratio of the floor spans. The vertical restraint of the
perimeter walls will also affect the deflection of the slab.

To construct a basement slab to be as rigid as possible, the edge of the detector floor is
restrained by the stiff walls of the hall on two sides, and by the heavily reinforced retaining walls at
the ends of the detector. Using a higher strength (and Young's modulus) concrete also reduces
deflections. Our preliminary finite element calculations indicate that floor deflections caused by the
stationary and moving components of the detector will not exceed the adopted maximum floor
movements. However, floor movement caused by heaving of the underlying rock mass may be
large and could require special design considerations as outlined below.

Detailed design of floor will be based on the actual detector loadings and deflection limitations,
and on the results of a geotechnical investigation of the physical properties of the underlying rock
at the selected hall location. However, if the hall is located at the west cluster, the detector support
floor will rest on or directly above the Eagle Ford Shale, where it will be subjected to the long-term
heave forces of the shale. Assuming that the excavation is stable, the immediate (elastic) heave of
the rock is not a problem until the concrete floor has hardened. After that, swelling due to
migration of the moisture in the rock and to creep and redistribution of stresses caused by the
uneven overburden pressure may cause a slow upward floor movement. The magnitude and
duration of this movement would be difficult to estimate. However, there are several ways to
overcome the heave problem. A simple solution is to provide the means to adjust the height of the
base plates of the barrel supports. This may be accomplished by supporting the base plate on a sole
plate and shims, as shown in Figure 5.8 To adjust the elevation of the detector, low-height
hydraulic jacks placed under the base plate would be used to unload the shim plates. After the shim

“thickness has been adjusted, the jacks would lower the detector to the reqmred clevation. The jacks
may be removed after the nuts are locked to the base plates.

A more direct solution to the heave problem is to post-tension the floor slab to the underlying
rock. This is done by drilling into the rock through several rows of blockouts near the midspan of
the floor and installing rock bolts to a depth of approximately 1.5 times the width of the hall. The
lower 1/3 of the bolt length is grouted into the rock, while the upper 2/3 is sleeved to permit
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slippage. The bolts are initially tensioned for the weight of the detector and, if required, further
tensioned to reduce heave. The floor movements are continuously monitored by lasers, and, if
required, the bolts may be retensioned or slackened to adjust the floor elevation.

5.2.4 Operating Floor Construction

To facilitate disassembly of the detector components and access to the detector, the top of the
operating floor is set level with the top of the roller tracks in the barrel. Unlike the detector
basement floor, the operating floor will be loaded to less than 10% of the present vertical rock
pressure at this elevation. This means that to reduce floor movement to acceptable levels, the heave
pressure from the underlying rock will have to be restrained by the floor slab. Excessive floor
heaving could slow down disassembly operations of the detector because rolling the heavy
components on a sloping floor will require special procedures to insure safety. The supports of the
forward calorimeter and of the acceleration magnets will have to be made adjustable to maintain
proper alignment.

Floor heave could be reduced by post-tensioning the floor slab to the underlying rock, as
described in Section 5.2.3, or by separating the floor slab from the rock by a layer of compressible
materials. This problem should be further studied as soon as the results of the geotechnical
investigation are available.

To facilitate movement of the detector components during construction and major disassembly,
the entire floor area north and south of the detector basement is covered by a 12-mm-thick steel
plate. The plate is leveled before anchoring to the floor slab by high-strength grout. This
arrangement provides the proper rolling surface and distributes the high rolling pressures of the
rollers under the end toroids and calorimeters. Some components of the detector are moved to
predetermined areas via guided paths to provide access to the central tracking device and
calorimeters for testing and maintenance. To facilitate this work, the floor plate in these areas is
thickened to about 36 mm and is machined flat to reduce rolling resistance. Tapped holes for
anchoring the push/pull jacks are provided in these areas.

5.2.5 Access and Utility Shafts
Access to the hall is provided by two rectangular construction shafts penetrating the hall roof in
‘the northeast and southeast corners of the hall, and by two circular shafts, both with stairs and one
equipped with an elevator. Separate shafts for utilities, cabling, and for the air-conditioning ducts
are also provided. Figure 5.5 shows the location of these shafts; Table 5.3 provides additional
information about the shafts.
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Table 5.3. Hall Shafts.
S

_Name or Use Size Cross-section Access
Construction Shaft #1 10 mx 13m rectangular crane only
Construction Shaft #2 6 mx 13m rectangular crane only
Equipment Shaft 8m round stairwell/crane
Personnel Shaft < 8m round stairwell/elevator
Cable Shaft 3m round stairwell

Util'ﬂ Shaft 3m round stairwelldumbwaiter

Construction Shaft #1 is located near the northeast corner of the hall and provides a 10 by 13 m
access into the hall for lowering the barrel calorimeter jackets, the completed endcap calorimeter,
and the forward calorimeters and the central tracking device. Some of the muon chamber panels
may also be brought down through this shaft. Construction Shaft #2 provides a 6 by 13 m access
into the hall for lowering all steel used in constructing the muon barrel, the end toroids,and the
support beams and erection rigs of the barrel. When the muon steel assembly is finished, the
completed endcap calorimeter and forward calorimeter and the majority of the muon chamber
panels are also brought down through this construction shaft.

To maximize the usable floor area for detector assembly and for possible major repair and/or
modification work on the detector in the future, the construction shafts are located in the corners of
the detector hall. Placing the shafts on the center line of the hall would require a longer hall for
detector assembly and would locate the shaft over the beam line. Location of the construction shaft
over the beam line would inhibit the use of the shaft after beam line components are in place. Once
the detector assembly has been completed, both construction shafts are closed at the top by
overlapping precast concrete slabs to block radiation. These slabs may be removed later to regain
access to the hall for lowering large objects.

The equipment shaft is 8 m in diameter and is located away from the northwest corner of the
detector hall so that at the surface the shaft is outside the area excavated for hall construction. This
allows the shaft to be built earlier to provide access to the hall before the hall roof is constructed
and backfilled. The bottom of the shaft is connected to the operating floor by an 8-m-wide,
concrete-lined tunnel. The equipment shaft and tunnel are partitioned by a fire wall that encloses the
fire escape stairs and egress route (Figure 5.9). The stairwell and egress route in the tunnel are
slightly pressurized to prevent smoke from entering this region in the event of a fire. The

‘equipment shaft also incorporates a 3 m by 4 m hoisting well for lowering calorimeter modules,
electronics, and other equipment. Space for a 2000-1b-capacity construction elevator and for the
ductwork of the hall ventilation system is also provided.

The personnel shaft is located a distance from the southwest wall of the detector hall. For the
reasons given above, this shaft is also situated outside the region excavated during hall
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construction. As shown in Figure 5.9, this 8-m-diameter shaft and the connecting tunnel house the'
second fire escape stairwell and egress route. The personnel shaft contains the passenger/light
freight elevator connecting the operations center on the surface to the main hall floor, the ductwork
for the hall ventilation system, and the piping and power supply for the conventional hall services,
such as lighting, power outlets, cranes, and sumps.

The cable shaft is 3 m in diameter and is located approximately 15 m from the west wall of the
hall in line with the center of the detector. This shaft will carry all signal cables from the hall to the
data acquisition and control rooms of the operations center on the surface. As shown in Figure
5.10, the shaft is equipped with 60 cm X 15cm (24 in. X 6 in.) and 90 cm x 15 cm (36 in. X 6 in.)
vertical cable trays and a 1.5-m-diameter spiral staircase to provide access to the cables. The cable
trays are arranged to be within arm’s reach from the staircase. The bottom of the cable shaft is at
the operating floor level of the hall; however, additional cable passages from the shaft to the floors
supporting the electronics cabinets are also provided.

The utility shaft, also 3 m in diameter, is located at least 9 m away from the west wall of the
hall to bypass the hall roof foundation. The location of this shaft is coordinated with the layout of
the surface facilities. The bottom of the shaft is at the detector support floor level; additional access
to the top equipment floor is also provided. As shown in Figure 5.10, the utility shaft will have
several compartments for the 400 Hz, 60 Hz, and DC power lines, the tracking chamber gasses
and helium and nitrogen gasses, and the cryogenics and safety systems. Also provided are a 1.5-
m-diameter spiral staircase with frequent landings and a 250-kg-capacity dumbwaiter to carry
maintenance tools and equipment for servicing these utilities.

5.3 Liquid Argon Calorimeter Detector Assembly

5§.3.1 Muon Steel Barrel Assembly

The configuration and construction of the octagonal muon steel barrel is shown in Figure 5.11,
and some general specifications are listed in Table 5.4.

Table 5.4. Mechanical Specification for LAC Detector Muon Toroids.

Thickness of steel at 90° 1.5m
Magnetic field 18T
Maximum allowed gap in steel 3mm
Minimum fraction of steel along any radial path 98 %

Thickness of steel in endcags Erallel to beam 4.0 m

The barrel steel will be assembled from 1500 mm (59 in.)-wide, trapezoid-shaped plates as
shown in Figure 5.12. The plates are arranged to lie in the X-Y plane, parallel to the flux lines.
The plate thickness is 190 mm (7.5 in.), except for the three 380 mm (15 in.)-thick plates centered
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at the interaction point, and a 150-mm (6.0 in.)-thick plate at each end of the barrel. The reason for
the three thick plates at the interaction point is to meet the 98% minimum solid material ray
penetration criteria. As shown in Figure 5.11, a total of 135 layers make up the 26,140 mm length
of the barrel.

Except for the three 380-mm (15 in.)-thick central layers, the plates are ordered from the steel
mills in one piece. Because the length of the 380 mm plates exceeds the maximum rolling length
available from U.S. mills, these plates must be spliced by partial penetration butt-welding.

The plates may be gas cut from standard rolling widths; however, the sloping edge of the
“short” plates, and about 2200 mm (86 in.) long area at each end of the “long” plates are milled for
bearing on each other, as shown in Figure 5.12. Except for two grooves for the radial support
plates of the barrel, no machining is required.

The strength of the barrel is provided by the overlapping long plates tied together by eight 38-
mm (1.5 in.)-diameter high-strength bolts located on a 1150-mm (40 in.)-diameter bolt circle, as
shown in the exploded view in Figure 5.12. These bolts provide a slip-critical connection between
the long plates, thereby preventing rotation at the comers of the octagonal-shaped barrel. (Slip-
critical joints are defined by the codes as joints in which slip would be detrimental to the
serviceability of the detector.) Our finite element calculations indicate that the deflection at the top
of the barrel is 3 mm (1/8 in.) due to self weight. However, as described below, the gravitational
load can be compensated by appropriate adjustment of the erection frame before tightening of the
corner bolts. The bolts away from the corners are used to pull the plates together so that the gap
between the plates does not exceed 3 mm anywhere in the barrel, and that the criterion of 98%
minimum solid material ray penetration is achieved.

We have also investigated the feasibility of using thicker plates, plates in different orientation
and arrangement, and plates secured with high-strength bolts tapped into the muon steel. Using
thicker plates for the barrel would reduce the number of plates to be installed; however, this is not
considered an advantage since the plates may be handled in groups of four or more during shipping
and installation. Thicker plates would require larger diameter and/or more bolts in order to pull the
plates together and to provide the required strength at the corners of the barrel. Thicker plates cost
more, and the machining and general handling costs are also higher.

Plates arranged with mitered ends pointing toward the interaction point would not meet the ray

‘penetration criterion and would require bolts installed in machined pockets and tapped into the
muon steel. Longitudinal bolts or plug welds to pull the plates together would also be required. A
brief investigation of tapping high-strength bolts (ASTM A490 or Grade 8) into the soft muon steel
(Fy=28 ksi) was also made. Theoretically, the length of thread engagement should be about four
times the bolt diameter; however, because of shear lag, there will be some yielding of the first few
threads of the hole. Normally the strength of the nut (or tapped material) is equal to or higher than

200



the bolt strength, but in this case the yield strength of the bolt is about four times that of the tapped '
material. Consultations with experts in this field indicate that this type of connection is very
unusual and should be tested for pull-out strength in a laboratory.

As for a plate arrangement where the moment and shear force are transferred through the
machined joints by compression on the steel and combined tension and shear of the bolt, we have
found that such a joint will have to be machined to a very close angular tolerance. This is because
after tightening of bolts, the joint will close tight, and the angular deviation of the machined
surfaces from the true will determine the actual shape of the barrel after assembly. Any errors in
machining will be hard to correct in the field, so all components of this type of design should be
preassembled in the fabrication shop.

The plates of the barrel are drilled with oversized holes to facilitate installation of the
longitudinal bolts and to permit adjustments of the barrel shape during assembly. To reduce bolt
length, the plates will be pulled together in groups of eight or more The outermost plates (of each
group) will have recessed holes on both sides to receive the bolts from the adjacent group of plates.
The length of the plates depends on their position in the barrel. The number of each plate type
required for the barrel is shown in Table 5.5.

Table 5.5. Plate Count for Muon Barrel Steel Toroid.

Plate Location Length ¥ Thickness Number Required _ Weight of Each Plate
Central Short Plates 5766 x 380 mm 12 19.09 tonnes
Central Long Plates 10008 x 380 mm 12 38.06 tonnes
Interm. Short Plates 5766 x 190 mm 520 9.54 tonnes
Interm. Long Plates 10008 x 180 mm 520 19.03 tonnes
Short End Plates 5766 x 150 mm 8 7.53 tonnes
Long End Plates 10008 x 150 mm__ 8 15.03 tonnes

Note: All plates are 1500 mm wide. Length is the overall iength of each plate.

To provide maximum chamber coverage the barrel muon steel is supported on two inclined
longitudinal plates resting on the concrete floor, as shown in Figure 5.13. The plates are braced
together at about 2 m longitudinal intervals to resist buckling and lateral forces on the barrel. As
shown in Figure 5.6, the bracings are located between the two outer layers of muon chambers to
avoid interference. The base of these supports is designed to facilitate vertical adjustment of the
.barrel elevation to compensate for the anticipated floor movements described in Section 5.2.3.
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Prior to the muon steel barrel assembly, the two inclined plate supports of the barrel are
installed. The muon steel erection rig and the temporary supports of the lower inclined plates of the
barrel are also installed at this time. See Figures 5.14 and 5.15.

The barrel steel assembly proceeds as follows. The predrilled and painted steel plates are
assembled into jigs on the surface and are lowered into the hall through the construction shaft by
the yard crane in groups of four. From the construction shaft laydown area in the hall, the plates
are moved to the muon steel staging area by winched carts. After final checkout, the plates are
lifted into place by the hall crane in groups of four. One (or two—see Section 5.4.1) erection
crews construct the barrel, beginning in the middle of the detector and working out toward
opposite ends as follows.

Beginning with the bottom segment of the barrel, four long plates, separated temporarily by
200-mm-wide wood spacers, are placed on the supports. Next, the four inclined long plates are
installed on both sides of the barrel, and finally the four short plates are placed between the long
plates of the bottom three segments of the barrel. The above procedure is repeated until about 3 m
of the bottom segments of the barrel is assembled (Figure 5.16). Note that the number of plates to
be lifted by the hall crane at one time does not affect the assembly procedures and may be varied by
the assembly contractor.

After the above steps are completed, temporary tracks are installed on the bottom plates, and
the assembly frame shown in Figure 5.17 is rolled onto the bottom segment of the barrel. The
assembly frame is equipped with adjustable longitudinal beams to support the upper segments of
the barre] and to align the plates before tightening of the longitudinal bolts.

In the next step, using the procedures described for the bottom segments, a 3-m length of the
vertical and the top three segments of the barrel plates are assembled (Figure 5.18).

After all plates in a 3-m-long portion of the barrel have been installed, the plates are pulled
together by hydraulic jacks. The longitudinal bolts are installed next, and after the final alignment
check of the barrel is completed, these bolts are tightened to the required tension in a predetermined
sequence. The bolt tension is checked with an ultrasonic device prior to assembly of the next group
of plates.

The proposed plate arrangement and assembly procedures permit full adjustment of the barrel
shape to the required tolerances—including compensations for dead load deflection—without

- shimming or grinding to correct for fabrication errors.
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Figure 5.15. LAC Detector—Muon Toroid Construction.
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The magnetic field is powered by 16 coils symmetrically located at each corner of the octagonal
muon steel. After construction of the barrel steel is complete, 32 “half-coil” packages are lowered
into the hall via the construction shaft. These half-coils are pre-assembled modules approximately
26 m long, slightly longer than the full length of the barrel. Each half-coil on the outside of the
steel is mechanically and electrically joined at the north and south ends of the barrel toroid to its
mate on the inside surface of the steel. Water circuits are completed using flexible tubing.

5§.3.2 Muon Endcap Toroid Construction

The muon endcap toroids assembly includes the muon steel toroids, the absorber, and several
layers of muon chambers, as shown in Figure 5.19. The entire assembly is supported on a set of
Hillman rollers to permit movement when opening the detector for inspection or repair. The
assembly consists of two halves bolted together so that they can be separated when the endcap is
moved out of the barrel. Before the endcap can be separated, the auxiliary steel framing shown in
Figure 5.20 must be bolted to the toroids.

As shown in Figure 5.21, the muon steel toroids are assembled with two alternating shapes of
200-mm (7.9 in.)-thick plates in ten layers. The selected combination of plate size and thickness is
available from most domestic mills as a single piece. Larger or thicker plates would require butt
welding, which is costly and could be difficult when small flatness tolerances must be maintained.
Each layer of the toroid plates is offset by 11.25° to provide an overlap of the wedge-shaped
plates. The seven high-strength bolts in this overlap will provide the required strength to resist the
gravity and magnetic forces acting on the toroid.

A vertical jig frame, as shown in Figure 5.22, is used to support and align the plates during
assembly. The first set of plates is bolted temporarily to the jig while the remaining plates are
clamped and/or bolted to the first set and to the core of the jig. During assembly, the bottom plates
are supported on temporary steel sleepers that have been shimmed to provide a perfectly horizontal
surface at the correct height above the floor. After all ten layers of the muon steel toroid plates are
assembled, the permanent high-strength bolts are installed through the oversized holes; they are
fully tightened after final alignment of the plates. The second set toroid is assembled using a similar
procedure.

Once a toroid is half completed, steel outriggers designed to support the toroid are installed. In
the next step the hydraulic jacks and Hillman rollers are installed so that the hydraulic cylinders can
lift the whole assembly for moving. The completed half-toroid is shown in Figure 5.23. There is a

'850-mm gap between the two toroids to allow for the coils and experimental equipment.

Figure 5.20 shows the conical absorbers assembled from eight cast steel sections on temporary
saddles The eight sections are held together by bolting them to heavy plate rings at each end. After
assembly the absorbers are rolled into the end toroid and fastened by steel gusset plates to form a
rigid unit.
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5.3.3 Calorimeter Assembly

The calorimeter for the LAC detector is divided into three components: the barrel calorimeter
and two endcaps. For this study, it is assumed that the barrel calorimeter is built in the hall, taking
advantage of the hall space and cranes available there. It is also assumed that the endcap
calorimeters are built on the surface because of schedule and space availability problems in the hall.

In this section, we briefly describe the assembly method for the barrel calorimeter. Assembly
of the endcap calorimeters follows similar steps and is not described.

The barrel calorimeter consists of a liquid argon vessel inside a vacuum insulation vessel. The
liquid argon vessel is separated into spaces that contain the active modules of the calorimeter. The
liquid argon vessel is supported on four pairs of legs which are located on the same centerline as
structural disks for reasons of strength. The vessel is closed on both ends by convex covers. (See
the exploded view in Figure 5.24.) The barrel calorimeter is surrounded by flux return iron.

The liquid argon vessel is first lowered to the hall floor and mounted on a special support
frame. The support frame is provided with Teflon-coated guides so that the liquid argon vessel can
move axially when necessary. On the hall floor the calorimeter modules are inserted into the liquid
argon vessel by a specially designed tool (Figure 5.25). Each module is electrically checked after
installation and its cables properly routed to cryogenic feed-throughs.

After all the modules have been installed into the liquid argon vessel, it is sealed with the end
covers and vacuum leak checked. Superinsulation is then applied to the outside of the liquid argon
vessel. The vacuum insulating vessel is now lowered to the hall floor. The vacuum vessel is
provided with guides similar to those of the liquid argon vessel support frame so that the liquid
argon vessel can slide axially in and out of it. The frames of the two vessels are butted together and
the liquid argon vessel is slid into the vacuum vessel by means of horizontal hydraulic jacks
fastened to the liquid argon vessel support (Figure 5.26). Numerous electrical connections to the
cryogenic feed-throughs are now made. The vacuum vessel is closed and the vacuum leak
checked.
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The flux return steel is fabricated during the calorimeter assembly. The return steel again is
provided with Teflon-coated guides for the vacuum vessel to slide on. A method of fabricating this
component has not been developed in this report, nor has proper stress been analyzed. Preliminary
calculations indicate that with the calorimeter fully loaded on the return iron supports, there will be
a significant vertical deflection, measured at the guide surface, which will have to be compensated
for in the fabrication. The return steel is transported to its destination in the muon steel barrel by
Hillman rollers.

Once the return steel is in place, the calorimeter is transported—supported by Hillman rollers—
until the support frame butts against the muon steel. At this point two possibilities exist for
transporting the barrel calorimeter from its support frame to the return iron: 1) a special frame and
guides is designed to bridge the gap from the support to return iron, and 2) the return iron is
moved to the edge of the muon steel to receive the calorimeter and is then rolled back into position
by Hillman rollers. These alternatives should be engineered and evaluated.

The procedure for assembly of the endcap calorimeters is similar except that the endcap
calorimeter and its return iron are moved as one component.

5.3.4 Muon Chambers

We assume that the muon chambers arrive in the hall as panels several meters on a side and
ready to be installed. Support and alignment frames are attached to the muon steel to accept the
panels. Transport of the panels is by hall crane. The problems of muon chamber support and
alignment have been greatly simplified in this study and need to be addressed further.

5.3.5 Solenoidal Coil

The superconducting solenoidal coil arrives at the detector hall fully assembled and ready to be
installed. It is assumed that the coil arrives at the hall mounted on a mandrel which is designed to
support the coil during transportation to the site and installation. The coil is lowered into the hall
via the construction shaft and is carried to the area previously used for calorimeter assembly by the
overhead hall crane. Mounting of the coil on its temporary support trolleys and any other pre-
installation work is done in this area. During coil installation, all muon steel work and calorimetry
assembly will have been completed, leaving sufficient space available for coil work.

After unpacking and inspection, the coil is installed in the following steps:

1. The coil is first lifted by its mandrel onto the saddles of the temporary supports located at

each end of the coil. These temporary supports will hold the coil on the beam line and are
designed to roll on calorimeter tracks.

2. After the shipping mandrel is extended by bolting an approximately 12-m-long beam to
one end, the coil is rolled into the barrel calorimeter until the end of the cantilever mandrel
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extension has emerged from the calorimeter (Figure 5.27). A third movable support stand
is bolted to the free end of the mandrel extension, and the middle temporary support stand
is removed.

3. The coil is moved into the barrel calorimeter. After installation of the permanent support
links to the calorimeter and removal of the shipping ties, the mandrel is rolled out from the
coil. '

4. Cryogenic and power connections are made.

5. Field mapping takes place after the coil has been cooled and the endcap calorimeters have
been temporarily moved into their operating positions.

The superconducting solenoidal coil operates at a cryogenic temperature of 4.5 K by boiling
liquid helium in the magnet and by using liquid nitrogen in a shield. The cryogenic valve box is
located on top of the north end of the detector. Cryogenic pipes and electric power are connected to
the magnet by an approximately 30-cm-diameter chimney. Figure 5.28 shows a schematic layout
of the required cryogenic cooling system in the hall and at the surface. The cryogenic and vacuum
equipment, such as local dewars and pumps, is located on the gallery at the side of the detector. A
walkway from the gallery to the top of the detector is included to facilitate access to the cryogenic
valve box.

5§.3.6 Central Tracking Device

We assume that the central tracking unit, including the silicon tracking device, arrives at the hall
fully assembled on a mandrel and ready to be installed. The central tracking device is lowered into
the hall through the larger construction shaft and is carried to the calorimeter assembly area by a
hall crane. This area is used for any necessary pre-installation work. After checkout, the tracking
unit is installed using the temporary support stands of the coil, in a manner similar to the
installation of the coil.

5§.3.7 Beam Pipe

The beam pipe arrives at the hall in segments and is assembled on-site. The segments are
lowered into the hall through the construction shaft and are either rolled to their installation sites on
trolleys or carried by the hall crane. Any preparatory work on the beam pipe can be performed in
any area adjacent to the barrel muon steel or in the barrel itself.
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Figure 5.27. LAC Detector—Solenoid Coil Installation.
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5.3.8 Forward Calorimeters

Each forward calorimeter consists of two separate halves, each half consisting of the
calorimeter itself, part of the absorber cone, muon chambers, and a support structure. The support
is mounted on Hillman rollers, and the muon chambers are bolted to the absorber shell. The
Hillman rollers travel on machined steel tracks fastened to the hall floor. The calorimeter halves,
together with the absorber and support structure, arrive preassembled at the surface and are
lowered to the hall floor through the construction shaft. The muon chambers are added later. These
items are shown in Figure 5.29.

The forward calorimeters rest on steel support members from the basement floor. These steel
members are removable so that the lower barrel muon chambers can be installed or removed for

repair.
5.3.9 Electronics/Triggering

We have not studied the assembly of the readout and triggering electronics necessary for this
detector. We have provided space for the electronics and cables. The cables to the surface for the
electronics and triggering are carried by the cable shaft.

5.3.10  Accelerator Components

The assembly of accelerator components is carried out in coordination with the SSC
Laboratory. We assume that the accelerator components will be brought into the hall through the
construction shaft and carried to their installation sites by either of the two cranes in the detector
hall. There is space available adjacent to their installation sites for any necessary preassembly
work.

5.4 Schedule and Sequential Construction Drawings

5.4.1 Construction Schedule

The construction schedule is shown in Figure 5.30. The total duration from beneficial
occupancy to startup is 48 months. The schedule is based on several assumptions:

» Duration of activities are based on the experience of the participants in this report. For the

assembly of the calorimeters, durations estimated by Kawasaki Heavy Industries were

used. For more accurate durations, activities need to be broken down further and
examined in more detail.

* Construction of the endcap calorimeters is performed on the surface while the barrel
calorimeter is constructed in the hall.

e One crew (rather than two) is utilized for the building of the muon steel, since the steel is
not on the critical path.
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The schedule could be accelerated if all calorimeters were assembled on the surface. They could
then be built while the hall is under construction; however, this would mean larger surface facilities
and a heavier lifting device needed to lower the heavier barrel calorimeter. The muon steel
construction in this case would need two crews. The schedule for this option was not studied.

Assembly of the end toroid steel is done by the same crews during the periods when the coils
for the barrel toroids are being connected to power and to Low Conductivity Water (LCW) and are
being tested for electrical continuity and for integrity of the electrical insulation and cooling system.

Both the barrel and the endcap calorimetry assembly schedules assume that, on average, 1.5
calorimeter modules are installed and tested per day. We foresee the calorimeter installation to
utilize two shifts per day, with the day shift installing, and the evening shift testing and calibrating
the installed modules. A third shift per day is reserved as contingency.

The bulk of the cryogenic piping construction on the gallery platforms and in the dewar alcove
is scheduled for completion just prior to insertio of the calorimeter barrel into the flux return.
Dewar installation and connection, along with cryogenic piping to the barrel calorimeter, is
completed several months after barrel installation. Vacuum testing and cooldown of the barrel then
proceed. Cryogenic piping installation to the first endcap calorimeter takes place at this time,
followed by cooldown and testing. The cryogenic connection of the second endcap must wait until
the solenoidal field has been measured and the central tracking device has been installed.

The superconducting coil is installed after the barrel calorimeter is located in its final position
on the beam line. Prior to installation of the central racking device, the magnetic field of the
solenoidal coil must be measured. This requires that both endcap calorimeters be in position, since
they provide part of the return yoke of the magnet. Initial testing of the field-mapping
instrumentation can take place simultaneous with the installation and testing of the coil, but the
final mapping must wait until all of the magnetic elements are installed and operational.

After the magnetic field has been mapped, the endcap calorimeters are withdrawn, and
installation of the central tracking device (including the silicon tracker) can proceed. The
unconnected endcap is withdrawn far enough to allow installation of the central tracking device.
The central tracking device is assumed to arrive in the hall as a single, pre-tested unit requiring
minimal debugging inside the collision hall prior to installation in the detector.

Installation of the muon chambers begins with the successful testing of the barrel iron toroids
- and their coils. The endcap muon chambers are installed after the end iron toroids and their coils
have been assembled and successfully tested. |

Estimating the schedule for installation of the electronics is more problematical; we have not
considered this schedule in detail. We assume that large-scale testing of the data acquisition system
and pathways begins with the installation of the barrel calorimeter. While some of this testing could
provisionally be done using the electronics gallery in the hall as a temporary data acquisition
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location, prudent planning implies that beneficial occupancy of the operations center should be no
later than one year after beneficial occupancy of the collision hall.

5.4.2 LAC Sequential Construction Drawings

In order to better visualize the detector and the construction problems and space requirements, a
three-dimensional computer model of the hall and detector has been created comprising several files
and a cell library. Different aspects of the construction sequence are placed in different layers that
can be turned on or off. Simulation of construction methods and sequences is performed by
moving cells or combining the different layers.

The three-dimensional model allows us to accurately establish hall space requirements during
construction and repair, and to establish a logical sequence for the construction schedule. The
modeling exercise also allows us to take progress pictures of the detector construction and to
visualize different situations as assembly progresses. A period of three months between progress
pictures is selected as sufficient to highlight construction milestones. These progress pictures can
be seen in Figures 5.31 through 5.47. ,

Figure 5.31 shows the hall at beneficial occupancy or month 0 on the construction schedule. At
this time floor preparation begins, which entails preparing all the tools and workstations required
for the future construction. Two months is allowed for this activity.

Two weeks after beneficial hall occupancy, installation of the muon steel barrel supports
commences. Three months are allowed for this activity, which includes installation of the structural
steel and accurate levelling of the edges of the radial plates which serve as the base for the
alignment of the detector.

Assembly of the muon steel barrel erection frame begins one month after beneficial occupancy.
This frame is a jig around which the muon steel plates are supported before bolting together. Two
months is allowed for this activity.

Figure 5.32, month 3, shows the muon steel barrel supports erected and the barrel erection
frame assembled. Starting in month 2, the hall partition and shops are assembled. The partition of
the hall is necessary to divide the dirty operation of the steel construction from the clean operation
of the barrel calorimeter assembly. The partition is provided with sliding doors to allow passage of
personnel and tools. Both the shops and the partitions will be built in three months, starting in

-month 3. The muon steel barrel assembly starts in month 5 with placement of a sufficient number
of bottom plates to support the assembly frame. (For more details of the barrel steel construction,
see Section 5.3.1.) The liquid argon vessel is lowered to the hall floor in month 5.

Figure 5.33, month 6, shows the hall with the shop platforms built, the partition erected, the
barrel calorimeter liquid argon vessel in the assembly position, and the muon steel being erected.
Insertion of the barrel calorimeter modules starts in month 7 and continues for 12 months. On the
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Figure 5.31. LAC Detector Construction Sequence (Month 0).
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Figure 5.32. LAC Detector Construction Sequence (Month 3).
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Figure 5.33. LAC Detector Construction Sequence (Month 6).



surface, the fabrication of the flux return steel has begun, as has setup for the the endcap
calorimeters assembly.

Figure 5.34 shows the hall at month 9, with the muon steel barrel construction 50% complete
and the insertion of modules in the liquid argon vessel continuing. Note the special equipment
needed for insertion of modules. The figure shows two insertion machines, but a more detailed
study of this operation may reveal that one machine is sufficient to complete the job on time.

Instéllation of modules into the first endcap calorimeter on the surface starts at month 10 and
continues for 6 months.

Figure 5.35, month 12, shows the muon barrel steel 80% complete and the barrel calorimeter
module insertion operation 45% complete. Construction of the muon barrel steel is complete at
month 14, at which time installation of the muon steel coils begins. Construction of the end steel
toroids starts at month 15 following completion of the barrel.

Figure 5.36, month 15, shows the muon steel barrel complete, the barrel steel coil installation
undeway, installation of the barrel calorimeter modules 70% complete, and erection of the muon
toroids underway.

Coil installation on the first half of the muon end toroids starts in month 16, after erection of a
toroid half is complete. In month 17, the second half of the muon toroid is completed and the coil
installation is started. In month 16, the first endcap calorimeter module installation is completed on
the surface. Module installation of the second endcap calorimeter starts at month 17, as does
superinsulation of the first endcap calorimeter.

Figure 5.37 shows the hall at month 18. The first muon steel toroid is complete, the coil
installation on the finished toroids is 75% complete, the construction of the absorber is underway,
the muon barrel coils are complete, and installation of the barrel calorimeter modules is 95%
complete. Construction of the gallery structure starts at month 19 and takes two months to
complete, after which installation of the equipment inside the gallery commences.

Construction of the absorbers for the first muon toroid is complete at month 19, and installation
of the muon toroid halves is complete at month 20. At this point the two halves of the muon end
toroid are joined together and are rolled to the far end of the muon barrel to make room for further
construction. Using the same steel erection crew, construction of the barrel calorimeter flux return
steel starts at month 21, immediately after construction of the first muon toroid ends.

Installation of the barrel calorimeter module is finished at month 19; closeout and testing last
for 1.5 months. The superinsulation of the barrel calorimeter starts in month 21. By the end of
month 21, the second endcap calorimeter module insertion is 80% complete, and the first endcap
liquid argon vessel has been inserted into its vacuum vessel; the vessel is in turn inserted into the
flux return steel casing.
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Figure 5.34. LAC Detector Construction Sequence (Month 9).
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Figure 5.35. LAC Detector Construction Sequence (Month 12).
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Figure 5.36. LAC Detector Construction Sequence (Month 15).
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Figure 5.38 shows the status of construction by the end of month 21. The gallery structure is
complete, the first muon steel toroid is finished and stored in the barrel steel, the liquid argon
vessel is closed up, and the barrel calorimeter return steel construction is underway. Construction
of the return steel for the barrel calorimeter is finished in month 23; it is then installed in the muon
barrel steel. The same steel crew begins the second muon steel end toroid in month 23,
immediately following completion of the barrel calorimeter return steel.

The barrel calorimeter superinsulation is finished at month 23, and the liquid argon vessel is
slipped into the vacuum vessel at month 24. On the surface, installation of the module for the
second endcap calorimeter is complete at month 22. The second endcap liquid argon vessel is
tested and closed at month 23, and the superinsulation started at month 24.

In month 24 (Figure 5.39), the barrel liquid argon vessel is inserted into its vacuum vessel,
construction starts on the second half of the second muon end toroid, and construction and
installation of the barrel calorimeter flux return steel is completed. Construction of the second end
muon toroid is finished at month 25, and installation of its coils is finished during month 27. The
second conical absorber is finished during month 27. This ends all steel fabrication in the hall, thus
allowing the hall partition to be removed for component maneuvering on the next detector assembly
steps.

Vacuum extraction on the barrel calorimeter is finished by month 26, and the barrel calorimeter
is rolled into the return steel during month 27 after the hall partition has been removed. On the
surface, the superinsulation for the second endcap is finished in month 25. The liquid argon vessel
is slipped into the vacuum vessel, and both are inserted into the flux return steel at month 27. The
cryogenic valve box and liquid argon boiler are installed in the alcove at month 26, and cryogenic
piping installation from the gallery to the barrel calorimeter begins at month 27.

Figure 5.40, month 27, shows the hall partition removed, the coils for the second muon toroid
installed, construction of the conical absorbers finished, the first muon end toroid moved to a
storage position, the cryogenic valve box and boiler installed, and the barrel calorimeter in its final
position.

Installation of the barrel outer muon chambers starts in month 28 and continues for seven
months. Cabling of the muon chambers starts in month 30 and continues for 13 months.

Both endcap calorimeters are lowered into the hall during month 29. Installation of the
‘cryogenic dewars is complete by month 29, and cryogenic piping for the barrel calorimeter and
from the dewars to the platforms is finished by month 30. Installation of the power tracks will be
accomplished during months 29 and 30.

Installation and testing of the detector superconducting solenoidal coil begins at month 28 and
continues for 8 months.
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Figure 5.39. LAC Detector Construction Sequence (Month 24),
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Figure 5.40. LAC Detector Construction Sequence (Month 27).



Figure 5.41, month 30, shows installation of the outer muon chambers underway, installation
of the coils completed on the second end toroid, both endcaps lowered to the hall floor, the detector
solenoidal coil being prepared for installation, piping from platform to barrel installed, cryogenic
dewars installed, and power tracks installed.

Installation of calorimeter cable commences at month 31 and continues for 15 months. Endcap
calorimeter cryogenic piping commences at month 31. Cryogenic testing of the barrel calorimeter
starts at month 31.

Figure 5.42 shows the hall at month 33. Installation of the barrel exterior muon chamber is
90% complete, solenoidal installation is 80% complete, and endcap cryogenic piping has started.

Installation of barrel exterior muon chambers is finished by month 34, at which time
installation of interior muon chambers begins. In actual construction, there is interleaving of
exterior and interior muon chamber installation. The object is to keep the installation crew fully
occupied during the period.

By month 36 the endcap calorimeters are moved in to allow coil field mapping. Forward
calorimeter construction starts by month 36. All cryogenic piping is finished by now except for
piping to the east endcap, which needs to move out at a later time to allow for installation of the
central tracking devices. Endcap testing of the west endcap starts inmonth 35.

Detector solenoid installation is finished by month 35, and check-out of the coil starts.

Figure 5.43, month 36, shows installation of barrel interior muon chambers underway, the
first forward calorimeter constructed, and the endcap calorimeters moved in. Installation of muon
chambers on muon toroids begins in month 38, after installation of barrel interior chambers is
complete. Testing for the west side endcap will be finished by month 38. Coil check-out and field
mapping are accomplished by month 39.

Figure 5.44, month 39, shows installation of muon chambers on muon end toroids to be 70%
complete, construction of the forward calorimeters 80% complete, and coil ficld mapping almost
complete. Forward calorimeter construction is finished at month 40. The muon end toroid
chambers are complete at month 40, at which time installation of muon chambers on the forward
calorimeters is started.

The central tracking device is installed during months 40 and 41. This requires complete
removal of the east side endcap and movement of the west endcap to the maximum range of its
power track. _

Figure 5.45, month 42, shows the central tracking device installed, the west muon toroid
halves joined, muon chambers on forward calorimeters installed, and quadrupoles installed on the
west side of the hall. The east calorimeter endcap is moved into position for piping, wiring and
cooldown during months 43 through 45. During this period, the west side endcap muon toroid and
forward calorimeter are moved to their final positions.
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Figure 5.41. LAC Detector Construction Sequence (Month 30).
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Figure 5.44. LAC Detector Construction Sequence (Month 39).
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Figure 5.45. LAC Detector Construction Sequence (Month 42).



Figure 5.46, month 45, shows the west end of the detector completed, the east side endcap
calorimeter in its final position, the piping and wiring for the endcap calorimeters completed, the
east muon end toroid joined, and the east end beamline quadrupoles installed. The east side muon
toroid is moved in at month 47, after the final installation of the detector beam tube. The east side
forward calorimeter with its muon chamber is moved to its final location in month 48.

Figure 5.47 shows the detector at month 48, completed and in its closed position.

5.5 Disassembly and Repair

Disassembly and repair exercises were performed to ascertain the room required in the hall to
repair the detector without raising major components to the surface. (In actual repair, it may be
more practical to raise components to the surface.)

Three basic situations are simulated: the detector undergoing service or minor repairs, the
detector open for endcap calorimeter repair, and the detector disassembled for barrel calorimeter
repair. Situations requiring repair of the coil or components of the central tracking device are not
shown; note that these fall under the category of major repairs. .

The exercise demonstrates that the floor space developed for constructing the detector is about
the same as is required to repair it; therefore, whether the barrel calorimeter is built on the surface
or on the hall is not a major influence in determining the hall size if we assume that the endcaps are
to be built on the surface.

§.5.1 Minor Repairs

The detector has been designed so that it can be opened for minor repairs without disconnecting
the beam tube, removing the beamline quadrupoles, or disconnecting cables and pipes from the
endcap calorimeter and muon toroids (Figure 5.48). To accomplish this, the endcap calorimeters
and muon toroids are equipped with Hillman rollers running on machined steel tracks. Horizontal
hydraulic cylinders push the equipment by fastening one end of the cylinders to the steel tracks.

When opening one end of the detector, the forward calorimeter is the first component that must
be moved. It separates from the beam pipe, then each half retracts to a convenient position. Further
study is required to learn whether a forward calorimeter can be moved without disconnecting
cables. Study also needs to be done on the subject of radiation, which is present when opening the
forward calorimeters. A means of automatically introducing shielding may be necessary.

Once the forward calorimeter has been moved out of the way, the muon end toroid is moved
axially until it reaches the quadrupole supports. Power tracks are provided at each end to carry the
pipes and cables as a calorimeter endcap and toroid move. Maximum total movement is 8.5 m.
Because the calorimeter endcap and the power track need to move together, further study should be
done on the synchronization of their movements. Another problem that needs further attention is
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Figure 5.46. LAC Detector Construction Sequence (Month 45).
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Figure 5.47. LAC Detector Construction Sequence (Month 48).
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Figure 5.48. LAC Detector Open for Minor Repairs.
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the cabling for the muon toroids chambers. If they are connected to the same power track, then the
toroid, the calorimeter endcap, and the powertrack need to move together.

Once the movements have been completed, there is a 1.2-m gap between the endcap and the
muon barrel which can be used to gain access to the interior of the detector for servicing.

5§.5.2 Major Repairs

We define as major any repairs that require breaking the beam tube. Such repairs could entail
the replacement of any of the components of the central tracking device, of the coil, or of the
calorimeter modules. The duration of these repairs is greater than six months.

Figure 5.49 shows the arrangement when replacing modules on a calorimeter endcap. As can
be seen, the floor space is tight, but there is enough room to maneuver all the components. The
entire beamline must be disassembled. This repair is shown on the west end of the hall, where
there is less space available.

Figure 5.50 shows the arrangement necessary to replace modules on the barrel calorimeter.
Here again the floor space is tight but adequate. Once more, the entire beamline must be
disassembled. The repair of the solenoidal coil or of any of the components of the central tracking
device requires opening the detector in a manner similar to that shown in Figure 5.49. However,
because the barrel calorimeter need not be extracted, somewhat less space is required.
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LAC DETECTOR
OPEN FOR ENDCAP CALORIMETER REPAIR

Figure 5.49. LAC Detector Open for Endcap Calorimeter Repair.




LAC DETECTOR
OPEN FOR BARREL CALORIMETER REPAIR

Figure 5.50. LAC Detector Open for Barrel Calorimeter Repair.
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APPENDIX A

DETECTOR UTILITIES

To determine the electrical and cooling facilities needed for the hall, we have developed a
bottoms-up model of power consumption for the detector and hall. Based on this model we
estimate the cooling demand for the hall and surface facilities; from the cooling requirements we
created a model of the primary and secondary cooling load.

Operating power consumption is determined for three geographic regions: inside the solenoid,
between the solenoid and the iron muon toroids, and the remainder of the hall, including shafts and
surface buildings. In addition, the type of power used (400 Hz, 60 Hz Detector, 60 Hz other, DC,
and line power) is identified, and each load is traced back to the factors. Table A.1 summarizes
power information. We also estimate the contingency power capacity (SPARE in Table A.1) for
which bussing should be included. Some fraction (DIVERSITY in Table A.1) of the contingency
power was also included in the installed transformer capacity. For the baseline detector the total
power required is 14,471 KVA.

A model for heat removal was constructed based on load and location. Each thermal load was
apportioned between the various cooling systems (ICW, LCW, CHW, butane cooling, and A/C).
The net load on the system in each geographical location was tabulated, and results are summarized
in Table A.2. The secondary cooling needed to provide the primary cooling is summarized in Table
A3,
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Table A-1. Power Consumption.

[Mumb] wetts 400 Hz Power 60 Hz Detector 60 Hz Other DC Power Line Power
Chen] Chen}_Use | VEM. | Loed Yotal | Use | V/EN. | Load | Spare} Total | Load | Spare] Total | Losd | Spare] Tota | Use o | vEn. | Losd | 19F

Locstion Kehan Kwatt Kwatt KWait | kwan KWen Kwat | Kwan KWan | kwen kwen ] kwan | Kwan KWat KVA

Silicon Vertex 10 10 2 20
HV Dissipation 0.66 0.66

Straw Tracking 240 [ 002] 48 48 | 2 96
HV Dissipetion 0.36 0.36

Fiber Trecking
HV Dissipation

iInside Coll Totel 48 148

:

Cryostat
Ht Lesk/Coldwn

HV Dissipetion | 099 099

Muon Chember 3 |oo2f 07| 2 14)] 2 28
HY Dissipetion 0053 0.053

Muon Trigger o|ts]ol2]o]z2]o
HV Dissipation 0 0

side Tracking PS 2 |14e]| 2 |28
otsl Muon Stesl 7 2142 4284

Besrel 1739} 1.25 | 2174
Near End Cop 835 | 125 |668.8
For End Cap 282 | 1.25 | 3525

T

Totel Muon Torold 2556 2195

Muon Chembers 73 1002 146] 2 |292] 2 | 504
HV Dissp 0.1t on

* = Not Included in totals. PF = Power Factor. Div = Diversity Factor. EN s 1{Power Supply Efficiency). Frac s Fraction of Cooling. Jim Bensinger/Joseph Rasson 1/15/91
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Table A-1. Power Consumption (Continued).

Locstion
Muon Trigger
HV Dissp

HV Dissipation
Level { Trigger
DAQ

High Voltsge

| wumb)

400 H

r Power

60 Hz Detector

Hz Other

DC Power

Lin

e Power

1EN.

Load [ spers|

Total

Use

1/EN.

Load

Spere

Total

Loed

| Spare

Total

Loed

Spere

Total

VEN.

Load

APF

 Kchan

KWatt

Kwatt

KWart

KWan

KWan|

KWati

Kwan

KWan

KVA

16

5 18

04

24

2 |
14.67

18

2

112

144
4401

24

NN

24

1.02

0.162
24

N NN

408
0324

100
15

15
18

18
15

1725
s
240
rs
555

100

7893

2|

2011

a1

Blessgsa

5158

3

Totel UtiNty Shaft

5 8 8

240

|Suriece:
pAQ
Trigger Level 2
Trigger Level 3

* = Not included In totels. PF = Power Factor. Div = Diversity Factor. EN = 1/(Power Supply Efficiency). Frac = Frection of Cooling.

8

112

1200
24

15

138

270

» R
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Table A-1. Power Consumption (Continued).

8¢C

| Watts 400 Hz Power 60 Hz Detector 60 Hz Other DC Power Line Power
Chen] Chen) Use | 1E4. | Leod | Spare] Total | Uee | 1/EN. | Load |  Yotal | Loed | Spare] Totel | Load | Spare] Votel | Use | Spare] Div. | 1/EN.} Load | 1/PF | Supply|
Location ¥Kchen KW Kweet Kwan ] wan XWahh Kwan] Kwen xwan | Kwent xwan | xwen | kwan KWat KVA
Conwrol Room 10| 2 J200] 2 | 400
Wenkoring 100 10| 2 | 200
Computer System 100 0] 2 |20
Cryogenic System
Hollum Comp. 8001200} 1 1.3 [ 1300] 1.2 | 1,560
Solenold Colt PS 500 {125 1 | tafena] 12} o7
Control/Cold Box 60 2 | 120
20| 2]
Auxiary 50 50
Muon Terold PS 2656| 739 | 1 | 13 J1019] 12 | S208
400 1z MO Set 1002] 1002| 03 | 13| 426 | 1.2 | 2214
Solenold Pwr Bus 202 1 t3] 52 ] 12] 6
Crone
HVAC System
9849] 18 | 14
Al Cire Fon w]|1s] e
U Weter Pumps 125] 18 |1875
Power Trensiormer
€0 Hz Detecter e863|60.1] 03| 13| 263 12 ] 197
00 Hz Other 1667 841 | 03 | 13| 576 ] 12 | 290
Vont. Fan 5] 18]
Safely S0 50 2 | 100
Noninterrupteble Pwr 10 2 20
[Totel Surtece 356 Fit] 1421 40 L170) 1315 10%] 0 0_[7421|3657 4,440 Ta a7
o -1} 1092 28] 51 €66 132611667 25082676 Sasl 747113657 i a7

¢ = Not Included In folels. PF = Power Factor. Div = Diversity Faclor. ENf s 1APower Supply Efficiency). Frae = Fraction of Coofing. Jm Bensinger/Joseph Rasson 1/15/91
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Table A-2. Primary Cooling Requirements

ICW Lcw CcHW Butane Cool AC
Froc [ Load| Tin | T out Frac | Loed]| Tin [ Tout| Flow | Frac [ tosd] Tin [ Tout] Flow | Frac | Losd] Tin [T out] Flow] Free ] Losd] Tin | Tout] Fiow
Locstion Kwan| °F | °F xw-_q | °F | gpm kwat] °F | °F xw.nl ¢ | *c |ccmi xwﬁ ]l f ] cm

8

Siicon Vertex 1 ]2 10] 10 |so00
HV Dissipetion

Sirow Trecking 1 | 48] 45| e0 |2128
HV Dissipstion

Fiber Tracking
HV Dissipstion

Inside Coll T 0 [] ['] [] 48 2.128

|
g

R Leak/Coldwn

Solenold stet [)] [] [] [ ] [}] [} [}] )] []

Calorimeter 1 198 ] 45 | 60 |687.78
HV Dissipation

Muon Chember 1 14| 75 | ® 903
HV Dissipetion

Muon Trigger 1t]{o|»n]e| o
MV Dissipetion

Inside Tracking PS 1 | 148 45 | 60 |6.561

:o: inside Muon Steel 0 [] [] 0 2128 5434 [}] [} 14 903

Barrel 098 |1704] €5 | 75 |11 00213478] 75 | 80 | 2428

Near End Cap 098 |5243] €5 | 75 | 340 002f107] 75 | 80 | 6899
Far End Cop 098 |2764] 65 | 75 | 184 002|se4| 75 | 80 | 3637
[Tots! Muon Torold )] (1] 2505 1] (1] (] 9 51 32,962 J
Qutsids Muon Steel:
Muon Chambers 1 |292] 55| 75| 4n

* £ Not Included in totels. PF = Power Factor. Div =z Diversity Fector. Eff = 1APower Supply Eficiency). Free = Fraction of Coofing. Jim Bensinger/Joseph Resson 1/15/91



Table A-2. Primary Cooling Requirements (Continued).

09¢

IcwW LCW CHW Butene Cooling AC
Froc | Load| Tin | Yout]| Flow| Free [ Load] Tin [ T out] Flow| Frac | Losd] Tin | T out] Flow | Frec] Loed] Tin [Tout] Flow] Frac [ Losd] Tin [Tout] Fiow
Location kwattl °F | °F | gpm Jkwot| F | °F [ gpm Kwatl °F | °F | gpm] Kwatt] *c | °c_[ccminl kwanl F | °F | cFm
Muon Trigger 1 48 | 55| 15| 1738
Forwerd Calorimeter 1 |56] 50| 65 |24m
HV Dissipetion
Level 1 Trigger 1t | 72] 50} 65 |3192
High Vohege
Trocking
Huon Chembers
von Trigger
Montork 1 |so)] ss| 75| soe0
Liquid Handiing 02| 20| s5| 75 | 3224
Uight 1 [ 11s] 55| 75 | 18808
Outiot Power 1 ] 25| 5| 75| 403
Welding
Crane
Al Handiing 03 | 11| ss| 15 ] 1700
Sump Pumps 03] 75| ss| 75| 1200
Selety 03] 15] 85| 75 | 2418
Totsl Gutpide Mvon Steel ] [ 0 ] 716 344 ] (] 2845 474768
Torold Power Bus 1 | 100} 100] 130 | 2
Solencid Power Bus 1 20 | 100] 130} 4
Total Uity Shefl ] ] 120 1] ] 0 0 ] a 0
|Surtece;
DAD 1 600} 45 | 60 | 268
Trigger Levet 2 1 112 ] 45 | 60 |4965
Trigger Level 3 1 135 ] 45 ] 60 |5085

* 2 Not Included in fotals. PF = Power Factor. Div = Diversity Fector. Eff = 1{Power Supply Efficiency). Frac = Fraction of Cooling. Jim Bensinger/Joseph Resson 1/1581



Table A-2. Primary Cooling Requirements. (Continued).

ICW LCW cHW Butene AC

Location KWati] °F by 4 KWant] °F i Kwattl °F ‘F KWani] °c °c _jecAmin) Kwan] °F °F CFM -

19C

100

15
12

2709
132

200
100

45
45

8867

oS
0s

85

Froc [Losd| Tin | ¥ out] Flow | Free | Loed | Yin Toull low)] Frac [Losd] Tin | ¥ Flow | Frac [ Loed] Tin [T out]| Flow] Frec [Loed] Yin [ Tout] Flow
:j L

75

75
75

75

75

16,120

1.612
4,030

114

i

Bl

5,000

;

148

‘

* & Not Included In totele. PF & Power Factor. Div s Diversity Factor. Eft s 1APower Supply EMclency). Froc a Fraction of Cooling.

Jim Bensinger/Joseph Resson 1/1591
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Table A-3. Secondary Cooling Requirements.

Primary Cooling Pump or Blower Compressor Auxilary Secondary Cooling |
Load Flow Rate Pumps/Fans Pond/Tower
Secondary Cooli BTUMr | gpm.cim lAp(psiin H20)] KWwatt KWatt KWatt Btu/hr
icw '
100to 125°F 4,640,320 362 43 " 4,679,085
Lcw
65to 75 °F 8,546,651 1,667 250 304
100to 130 °F 8,109,282 527 53 20 8,178,866
CHW (Primary)
45to 60 °F 4,920,786 640 35 16 275 5,913,980
AC
55t0 75 °F 1,092,113 51,602 4 37
75 to 80°F Insd St 91,988 17,386 4 12
Surface Big 810,350 38,289 4 27
CHW (Secondary)
For A/C
AT=15°F 1,994,450 259 35 7 125 2,442,370
For LCW @65°F 8,546,651 1111 35 28 534 10,466,083
AT=15°F
Power for CHW Production and Circulation= 985 Kw
Hall HVAC Alr Handling = 37 KW
Surface "Bidg & Hall Ventlistion Fans= 40 Kw
Line Power= 14,471 KVA Total Ambient Heat Rejec 31,680,383




APPENDIX B
HVAC CONSIDERATIONS

1.0 SYSTEM REQUIREMENTS

Temperature in the hall is controlled to within 0.1°C of a set point of 24°C. The maximum
variation due to stratification or localized high-intensity heat sources is 3°C.

General air circulation is approximately two air changes per hour. Based on hall dimensions the
rate of air circulation will be approximately 40 m3/s. Air is drawn from the upper sections of the
hall and discharged in the lower sections. This minimizes large temperature variations due to
stratification of warm air in the upper level.

Normal ventilation is 25% of the total recirculated air (0.5 air changes per hour). Based on
dimensions of the hall, the ventilation rate is 10 m3/s. This air is delivered at temperatures ranging
from 10°C to 30°C, depending on heating and cooling loads. '

The ventilation air is exhausted from the hall after it passes through the detector. The air is
collected through a gasketed duct adjacent to the gap between the barrel and the end muon toroids.
The air enters the detector at approximately 24°C through the gap at the opposite end of the barrel.
The 10 m3/s ventilation rate absorbs 30kW with a temperature rise of 2.5°C.

The opening along the beam line should be minimized to maintain proper air distribution and
flow through the detector. During detector assembly the construction shaft is open. The air motion
through the shaft will depend on the tightness of the building above the shaft and the relative
temperatures in the building and in the underground hall. When the air in the hall is cooler than the
air in the building, very little air motion will occur. However, when the reverse is true, air motion
may be considerable and is difficult to predict.

The main hall employs a smoke purge system rated at approximately 80 m3/s. This provides
four air changes per hour. This type of ventilation system does not appear to be covered in the
codes governing underground structures such as this. Section 1715 of the 1988 Uniform Building
Code calls for four air changes per hour for atria. The purpose of atrium ventilation is to remove
smoke from a fire in the atrium so that hotel guests can see well enough to find their way out of
rooms which open onto balconies around the atrium. In the absence of other guidelines, four air
changes per hour has been selected.

Exit stairwells are provided with a pressurization system capable of maintaining 4.1 m/s
velocity through an open 0.91 m by 2.1 m door. This is in accordance with ASHRAE Systems
Volume, Chapter 58, and is intended to prevent smoke from entering the stairwell from a fire in the
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hall. Relief vents are located at the top of the shafts to limit high pressures which would prevent
closing the door at the bottom of the shaft.

There may be fluids in the hall which are toxic, flammable, volatile, cryogenic, or otherwise
hazardous. The rate of release of these fluids to the air in the hall must be determined. Comparing
the release rates with the allowable concentration may indicate a need for additional ventilation.

Humidity will be controlled to a minimum of 30% and a maximum of 50%, so that the dew
point of the air in the hall is below the wall surface temperature.

While the calorimeter is being assembled, the calorimeter assembly room at the north end of the
hall will be maintained at a slight positive pressure compared to the adjacent area in order to keep
construction dirt out of the area.

Table B.1 summarizes the specifications for the HVAC system.

erature, Humidity, and nl

‘Table B.1. Design Criteria for Temp

Summer Winter
Outside Dry-bulb 39°C -8°C
Outside Wet-bulb 24°C
Inside Dry-bulb 24°C 24°C
Temperature Control $0.1°C $0.1°C
Variation Due to Stratification 3.0°C 3.0°C
Inside Dew Point 13°C 10°C
Inside Relative Humidity 50% 40%
Wall Temp. (1) 16°C 16°C
Heat Gains to Air
Experimental Equipment
Outside the Detector : 400kW
Lighting 115kW
Smoke Purge Rate 4 changes/hour (80 m3/sec)
Minimum Air Circulation 2 air changes/hr (40 m3/sec)

Minimum Ventilation 0.5 air change/hr (10 m3/sec)

2.0 SYSTEM OPTIONS

Two HVAC systems are analyzed. System A uses multiple air-handling units, most of which
are located in the hall. System B uses a single large unit located on the surface. The heating and
cooling loads are not affected by choice of system. Both systems share several common elements.
The detector exhaust system and the stair pressurization systems are identical.
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2.1 System A

A schematic of System A is shown in Figure B.1. This system has eight 5 m3/s air-handling
units, four on each side of the hall, spaced according to the cooling load. They are located in
equipment rooms outside the walls near the top of the hall. Vertical ducts recessed in the walls
carry the supply air to horizontal distribution ducts at various levels. The horizontal ducts project
0.5 m into the hall. These eight units provide two air changes per hour and remove all the heat
rejected to the air by the electrical equipment, personnel, and lights.

Outside air for ventilation is delivered by an air-handling unit on the surface through a shaft to
the space above the traveling crane. It is distributed by a horizontal duct running the full length of
the hall. Each air-handling unit contains a filter, heating coil, cooling coil, and fan, all enclosed in a
metal cabinet. Chilled water is distributed to the cooling coils by piping which runs above the base
of the roof arch.

Two smoke-purge supply fans located on the surface, each rated at approximately 40 m3/s,
discharge air into the personnel shaft and equipment shaft. The air enters the hall near the floor. A
smoke exhaust fan located on the surface and rated at 80 m3/s is connected by a duct to the top
portion of the construction shaft. During a smoke emergency, these three fans provide four air
changes per hour for the hall. The normal exhaust fans do not run during a smoke emergency
unless the emergency is in the detector.

Estimated electric power requirement are listed in Table B.2.

Table B.2. HVAC Power Reguirements ssttem AZ'

8 Recirculating Units @ 5 kV 60 kW
1 Ventilation Supply Unit @ 19 kV 19
1 Normal Exhaust Fan @ 6 kW ' 6
2 Smoke Purge Supply Fans @ 15 kW 30
1 Smoke Purge Exhaust Fan @ 30kW 30
Maximum SimultaneousLoad &KW

System A has the following advantages:

1) Itmakes fairly simple the creation of a pressure gradient between the calorimeter assembly
area and the remainder of the hall during calorimeter assembly, and it eliminates mixing of
air from clean and dirty areas.

2) Temperatures can be controlled separately in eight zones.
3) Failure of an air handling unit will not deprive the whole cooling system.
4) All air-handling units are standard industrial equipment.
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Detector ) Construction Shaft
Detector Exhaust Slot J) Make-Up Air Duct Shaft, 1.2-mo
Detector Exhaust Fan, 21,000 CFM K) Smoke Control Supply Duct, 1.8 g, in
Make-Up Air Unit 21,000 CFM P el o and Equipment Shaft
Smoke Control Supply Fan 83,500 CFM L) Detector Exhaust Duct,1.2-mg in Personnel
(Typical of 2) ) Dot ust Duct,1.
Air Handling Units (Typical of 8) 10,500 CFM 000 Ducts 10,500 CFM 0.75-m x 1.0-m
Make-Up Air Iniet Duct O) Smoke Exhaust Duct, 2.6-ma

Figure B-1. HVAC System A Schematic -le- A/C Units in Hall.
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The disadvantages of System A are:

1) There are eight units to maintain.

2) Additional excavation and form work is required for the spaces to locate the eight
air-handling units.

2.2 System B

A schematic of System B is shown in Figure B.2. This system has one approximately 40 m3/s
air-handling unit located on the surface. It discharges air through a separate shaft to a duct running
the length of the hall above the crane. Four branch ducts on each side of the main duct deliver air to
eight vertical ducts recessed in the walls. The recessed ducts and the distribution system beyond
them are similar to those of System A. The air supplied by this system during normal operation is a
mixture of 25% outside air and 75% return air. There is no separate outside air unit.

Return air is drawn up the construction shaft by a return air/smoke exhaust fan.

A smoke-purge supply fan rated at approximately 40 m3/s discharges air through the
equipment shaft to the hall. A smoke exhaust fan rated at 40m3/s exhausts from near the top of the
construction shaft. During a smoke emergency the two smoke purge fans, the air-handling unit,
and the return/exhaust fan combine to provide four air changes per hour.

Estimated electrical power requirements are listed in Table B.3.

Table B.3. HVAC Power chuiremcnts ssxstem BZ-

Main Air-Handling Unit 75 kW
Normal Exhaust Fan 6
Return/Exhaust Fan 15
Smoke Purge Supply Fan 15
Smoke Exhaust Fan 15

2 Stair Pressurization Fans @ 0.75 1.5
Maximum Simultaneous Load . : 96 kW

System B has the following advantages:
1) There is one large air handling unit to maintain vs. nine smaller units.

2) Only one smoke purge supply fan is required because the main air-handling unit replaces
one of the supply fans.

The disadvantages of System B are:

1) A failure of the single main air-handling unit would cause a complete system shut-down.
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Detector J) Supply Shaft 83,500 CFM, 2.0-mg¢
Detector Exhaust Slot K) Smoke Control Supply Duct 83,500 CFM
Detector Exhaust Fan, 21,000 CFM 1.8-mo in Equipment Shaft
Air Conditioning Unit 83,500 CFM, 25% or L) gﬁ;eﬂctor Exhaust Duct, 1.2-m in Personnel
Smoke Control Supply Fan 83,500 CFM M) Outside Air Intake 21,000 CFM
Smoke Control Exhaust Fan 83,500 CFM N) Motorized Damper (Typical)
Smoke Control Return Fan, 62,500 CFM O) Smoke Exhaust Duct, 2.6-me
Supply DUCtS, 10,500 CFM, 0.75-mx 1.0-m P) Supply Duct 83,500 CFM, 1.65-m x 1.65-m

Construction Shaft

Figure B-2. HVAC System B Schematic 'Llf A/C Units Above Ground.
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2) Along duct must be installed between the personnel shaft and the equipment shaft.
3) Use of the normal ventilation equipment for smoke purge complicates the controls.

4) Half of theAsmoke purge supply air is introduced into the hall in a uniform distribution
instead of near the floor and near one end of the hall. Some of this air may short-circuit
directly to the exhaust. .

5) The large air-handling unit must be field-assembled instead of factory-assembled, as the
smaller units of System A would be.

2.3 System Recommendations

System A, employing multiple underground air-handling units, is recommended. Two
advantages of System A are particularly important and outweigh the disadvantages. They are:

1) The ability to provide a pressure gradient and to isolate the calorimeter assembly room
during construction.

2) The relatively minor consequences of the failure of one air-handling unit.

The additional complication of System B is the most compelling reason for not choosing it.
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