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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 
wann 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 (ACf). 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 

HV AC considerations, respectively. 
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2.0 INTRODUCTION TO DETECTORS AND HALLS 

2.1 Introduction to Detectors 

Large-scale detectors at the sse 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 S SC. 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 

3 
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Figure 2.1 Side View of a Generic sse Detector 
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80 K) and so-called "wann 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 fJISt 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 sse, 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 (rnm) Nuclear Interadion 

Beryllium Supports 
Carbon Fiber Supports 
Aluminum Supports 

Uranum Absorber 
lead Absorber 
Tungsten Absorber 
Iron Absorber/Supports 

liquid Argon Detector 
Scintillator Detector 
TMP (Warm lIcJIid) ... 565 
Detector 

353 
"'400 
89 

3.2 
5.6 
3.5 
17 

140 
424 
"'753 

length (mm) 
408 
392 
394 

105 
171 
96 

167 

835 
565 

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 scintillatorllead calorimeter when measured in radiation lengths. Hence, most 
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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

hibitivelyexpensive, 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.l. 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 easy 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-Iengths 

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 electron 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. 

6 



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 (r,9, c\) ) and cylindrical (r,c\),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 (11), an angular coordinate defined 

by 

11 = - In (tan (912». 

Note that 11 = 0 corresponds to 9 = 9()o· and larger (smaller) values of 11 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 11. For example, we 
expect as many particles in the interval 0 < 11 < 1 (9()o > 9 > 40.40 ) as we would in the interval 

3 < 11 <4 (5.70 > 9 > 2.10 ). 

With this infonnation in hand, we now tum to the general design of detector halls for the sse. 

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 
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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 perfonned 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 5O-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/m2 (25 ksf). The gravity 

loading on the detector support floor (basement) is about 135 kg/m2 (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-
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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 investigations, 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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ESTIMATED ELASTIC ROCK MOVEMENTS (MilliMeters) 

ROCK PROPERTY MOVEMENT 
LOCATION NET HEAVE 

CASE 1 2 3 4 (4-3> 

VERTICAL 67 64 
1 

71 154 83 
HORIZONTAL 2 6 13 0 N/A 
VERTICAL 143 141 151 350 199 

2 
HORIZONTAL 2 8 18 0 N/A 

Figure 2.2 Cut and Cover Construction-Elastic Rock Movements 
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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 

deve10p tools and collect infonnation 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 elevation view of the detector is shown in Figure 3.3. The solenoidal coil design is 

based on an "air-core" or short solenoid design. 1 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 intennediate tracking chambers. 

The calorimeter is loosely based on the Wann 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 SO tonnes. The calorimeter modules are assembled into five cylindrical bays: three central bays 

and two encicap 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 > 11'\1 > 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 (11'\1 < 1.5) and about 3.5 m thick in the endplug region between 2.5 > 11'\1 > 1.5. In the 

barrel region the steel is divided into two independent, 6O-cm-thick iron toroids. Each of these 

toroids has 8 coils located near the comers, 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 I-m gap between the two exterior chambers enables charge detennination up to 

momenta of 1 TeV/c. 
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Figure 3. 1. Overall Baseline Detector Layout (3D View) 
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Each end plug has four O.85-m-tbick 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 comers 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. 

Detector Size Units Comments 
Tracking Volume 3.7 x8.0 m ad x length 

Total Channels 200 K incl. inter & central 
Silicon Tracking 1.0 x 3.0 m diameter x length 

Coli 3.7x4.3x8.0 m id x ad x length 
Barrel Calorimeter 4.4 x 9.5· x 8.0 m id x od x length 

Weight 3910 tonne includes return steel 
Total Channels 120 K includes endeaps 

Endcap Calorimeter 0.8 x 9.5· x 3.5 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 11.1 x 11.1 x4.1 m wx h x length 
Weight 7848 tonne both ends 

Muon Chambers 17.0 x 17.0 x 28.4 m w x h x length 
Total Channels 118 K includes endeaps 

*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: 

• Mechanical supports 

• Trigger and data acquisition cables 

• Power, including low and high voltage connections 

• Cooling fluids or gases 
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• Sub-system speciality fluids or gases 

• Alignment monitoring and adjustment 

• Environmental monitoring (temperatum. 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 levelland 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 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. 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 Han Design 

3.2.1 Oveniew 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 han IS 

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 operatiJig 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 tum 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 overbmden 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 amngement will pennit 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 fmite 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 

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 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 fuither 

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. 

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

tracIdng 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 co~ected 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 fue. The equipment shaft also incorporates a 3-m by 4-m hoisting well for lowering 

calorimeter modules, electronics. and other equipmenL 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 em by 15 em (24 in. by 6 in.) and 90 em by 15 

em (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 ann'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 - 900 

Thickness of steel parallel to beam In endcaps 

Magnetic field 

Maxinum allowed gap In steel 

MlnimJm fradion of steel along any radial path 

24 

1.2m 

3.4m 
1.8 T 

3mm 

98% 
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The banel 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 nun 

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 
InnerWaus 11800 x 200 236 11.11 
InnerWaus 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 

Note: All plates are 600 rrm 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 sidewails between the roof and floor plates. 
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To provide maximum muon chamber coverage the barrel steel is supported on four "kirife-' 

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 installed 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 fmal 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 pennit the installation of the four prefabricated coil packs on the roof of the barrel, the iimer 

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. Mter 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 bane!. 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 completes the barrel assembly. 

The estimated manpower requirement for muon steel banel assembly for this detector using a 

single crew is as follows: 

• Unloading, topside subassembly, and lowering plates to hall floor-6 men. 

• 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-banel 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 banel muon steel sections move approximately 2 m. To provide room for major repair work 

or modification of the detector, the moveable banel 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. 

31 



CONSTRUCTION STEP 
INSTAlL FLOOR 

CONSTRVCTION STEP 3 
INSTAlL ~AlLS & COIL PACkS 

:1 

CONSTRUCTION STEP 2 
INSTAlL COIL PACKS & OUTSIDE SPACERS AND SUPPORTS 

IEI1PORARY 
SUPPORT 

CONSTRUCTION STEP 4 
INSTALL ROOf ON TEMPORARY SUPPORTS 
INSTALL COIL PACkS & L~ER ROOF 

JACKS 

Figure 3.11. Baseline Detector-Muon Steel Barrel Construction (Steps 5-6) 



oPERRTING FLoOR~ 

"-

ROLLERS 

~ 
, "'0 ~ , .. " 1! ' . . . . .. . ' ' .. ' ..... 

• 1! ' ..• ' 
" . 
. -. - . -. ... .. .. . . 

HND HYDR. /'" 
. JnCv.s ~ 

'~:' ~ "-.~. '. ; ".:' ;'~:' ~ '~: ... '. ~ ... '. ~ ... '. ~ ..... ~ ..... ',. ..' ; .: .... ; .. ; .•.. . . 

WALL SUPPORT DETAIL 

~END OF MOUN STEEL BARREL 
~ ~ToP or wnLL IN DETECTOR 

/ / BASEMENT. 

~
. ,.' r TOP OF OPE RAT I NG FLOOR" 

, / BOTTOM OF \ 
TRENCH IN 
OPERATING FLOOR \, 

. . .... " .. ,' .,' .. . 
~, .. ,~ .... ~, .... ~ .... ,~ ..... ~. 

r.----:-----~~_._r, . . ~ ... ' ... ,. .. ... ~ ... ; .. -
. . .... ~ . , ., ~ . " ~ : .... ~ ~ .. ~ .. -. .. ~ ~ ~ ... ~ ~ .'~ ~ - ..... ..... . ... , .'.~ ... ~ ... '~ ..... ~ ... ',:, ... ~ ..... , .... ~ ... 

'~'.:': :~ .. ~ '~ . .'~ .. : ~. :~ .. : .~. :~ .. : '.; :~ .. : .... :~ .. ~ '~. :~'.~ ~. :~' ... ' 

.. , ~ .... '.' .. " ............ " .. " . . .. . . .:, .... : ....... : ....... : ....... : .. ~.: ....•. : .....•. : .... , 
, .. , .,.... .., ... , ...... , , 

ELEVATION OF WALL ROLLERS 

\ 

OUTER 
MOUN 
CHAMBERS 

.. '. ~ . 

/WHLL SIEt.L 

TOP OF OPERATING 
FLOOR 

. ... ~ .... ~ .... ~ .'.~ .'.~ . . .. . ' .. - ...... . ........ " ...... .. 

SECTION THROUGH TRENCH 

Figure 3.12. Baseline Detector-Moveable Barrel Steel Toroid 



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 

unifonn flux distribution around the comers 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 flI'St, 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. 

Fmal tightening of the high-strength bolts is canied 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 pennanent rollers, moved away from the assembly area fer 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 rt:quirement 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 HV AC 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 ailowance 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 canied 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 l00-mm (4 in.)-thick aluminum 

washers dming and after assembly of the modules is acceptable. 

The endcap calorimeter bays are made up of 20 inner hadronic modules and 24 outer hadronic 

modules, plus a monolithic EM module, as shown in Figure 3.18. The modules are bolted to a 

welded aluminum frame consisting of an inner and outer shell and thIee 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 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 retmn 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 suppon 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 retmn 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 ponable steel tracks welded to the floor plate. 

However, as described in Section 3.2.3, certain areas of the hall will be provided with penn anent 

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 installati0n-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 requiR:d 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 

suppon 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: 

I. 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-Iong 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 
suppon stand is bolted to the free end of the mandrel extension, and the middle temporary 
support ~tand is removed. 

3. The coil is now moved into the barrel calorimeter. After installation of the pennanent 
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 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 cooli~g 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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Figure 3.23 (a). Baseline Detector-Solenoid Coil Installation (Step 1) 



• COIL INSTALLATION IN PAOGRESS 

Figure 3.23 (b). Baseline Detector-Solenoid Coil Installation (Step 2) 
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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, anives 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 anives 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 banel 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 ElectronicslTriggering 

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 sse Laboratory. 

We assume that the accelerator components are brought into the hall through the construction shaft 

52 



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 ~ws 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 ~ inside of 

the steel (except for those on the bottom. which are installed with the barrel calorimeter). The end 
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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 electtonics 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 fmt 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 infonnation 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 th~s time construction begins on the fmt 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 fmt 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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• HALL AT BENEFICIAL OCCUPANCY 

Figure 326. Baseline Detector Construction Sequence (Month 0) 



Figure 3.27. Baseline Detector Construction Sequence (Month 3) 

• FIRST ENO TOROID ASSEMBLY CClt'f'LETED 

• FLOOR PREPARATORY WORk COHPLETED 

• MUON STEEL LOWER FLOOR CONSTRUCTION BEGlJII 

• CLEAN ROOM AND HALL SEPAARTOR \/ALL UNDER 
CONSTRUCTION 



barrel and proceeds out t~ward 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 rust 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 suppons 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 suppons. 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 pennit through-access to the large crane into the calorimeter assembly area; this requires 

the tnplsfer of equipment from the large aane to a trolley able to cany 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 suppons. 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 complete. 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) 

• SECOND ENO TOROID UNDER CONSTRUCTION 

• HUON STEEL UPPER l LOIIER FLOORS COHPLETED 
COIL PACKS INSTAlLED AND TESTED 

• CLEAN ROOI1 AND HALL SEPARATOR IlALL COtf'LETED 

• FIRST CENTRAl CAlORIHETER BAy SUPPORT SHELL 
CONSTRUCTION IN PROGRESS 



Figure 3.29. Baseline Detector Construction Sequence (Month 9) 

• FIRST AND SECCIID END TOROIDS COHPLETE 

• HUON STEEL OCHER WALLS AND TEHPORARY SUPPORTS 
ERECTED 

• FIRST CENTRAL CAlORIMETER BAY ASSEH9L Y COHPLETE 
AND UNDERGOING ELECTlCRL CHECKOUT IN CLEf"I ROOM 

• SECCIIO CENTRAL CRLORIMETER BAY RSSEI1IILY IN PROGRESS 
CSHOWN WIlH FIXTURE NEEDED TO INSTALL HOWLES, 



• FIRST FIND SECOND END TOROIOS HOVED TO TEHPORAA, 
STORRGE RT OPPOSI TE ENO or HFl.L 

• HUON STEEL OUTER Wfl-L COIL PACKS AND CHAt1i1ER 
GUIDES HISTfl-LATlON IN PROGRESS 

Figure 3.30. Baseline Detector Construction Sequence (Month 10) 



• CONSTRUCTION BEGUN ON THIRO END TOROID 

• IIUOM STEEL INNER WRLS COHPLETE AND COIL 
INSTALLAT ION IN PROGAESS 

• SECOND CENTAAL CALOAIHETER BAY ASSEttlLY COHPLETE 
AND UNDERGOING ELECTRICR CHECKOUT 

• LAST CENTRR CALORIHETER BAY ASSEHBLY IN PROGRESS 

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 suppon. This support is poised on a trolley 

system, 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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• THIRD Er-.o TOROID COHPLETE 

• I1UON STEEL LOWER ROOF ASSEHBLEO fiN RAISED 
POSI liON. AND COIL PACKS Ar-.o CHAH8ER GUIDES 
BEl"'; INSTALLED 

• LAST CENTRAL CALORIHETEA 8Ar COHPLETE AND 
UNDERGOING ELECTRICAL CHECKOUT 

• fiRST ENDCAP CALORIHETEA RETURN STEEL UNDER 
CONSTRUCT ION 

• CENTRAL CALORIHETER BAYS ASSEHBI.Y fiXTURE IN 
TEHPOAAAY STORAGE 

Figure 3.32. Baseline Detector Conslruction Sequence (Month 15) 



• LAST ENO TOROID UNDER CONSTRUCTION 

• HUON STEEL UPPER I LOwER ROOVES LOWERED INTO POSIT ION 

• INSTALLATION OF ENOCAl' CALORIMETER HOOULES 

Figure 3.33. Baseline Detector Construction SC(]ucncc (Month 18) 



Figure 3.34 Baseline Detector Cmstructim Sequence (Mmth 21) 

• LAST EtII TOROIO ASS£HIIl T COHPLETE 

• fl.L I1UON STEEl TEHPORAAY SUPPORTS AEHOvEO RNO 
PER_NT SU'PORT6 INSTfl.LEO 

• INNER lUll CHItlllER INSTfl.lATlON BEGUN 

• SECOt(] EHOCAI' Cfl.ORIHETER ASS£HIIl T IN PROGRESS 



• HIlCAP CAlORIMETER HOvED TO TEMPORARy STORRGE AT 
OPI'OS liE HIl rT HALL 

• INNER AND HJOULE HUON (HAMIlEff5 IN; IffLLHI!uN IN f'HUGHE!;, 

• HAll SEPARATOR WRLL RND PART OF CLEAN RDOH DISHANTLED 

• ENDCAP RSSEMBLY F I XTLflE IN TEMPORARy STORAGE 

Figwe 3.35. Baseline Detector Construction Sequence (Month 23) 



tlOlE, LARGE CARNE OHITlEO fon (UlAITY 

Figure 3.36. Baseline Detector Construction Sequence (Month 30) 

• CENTRAL CALORII1ETER BAYS I1OvEO INTO OPERATING 
POSITION 

• IN~rflLLAllttI OF toiL B~GI~ BY PkOvlOINb TkULLU 
SUPPPORT ANO ATTACHING I1ANOAEL E.TENSION 

• CLEAN AOflt1 01 SASSEI1BLEO 

• NOTE.I1ONTI1S Z4-Z8 ARE A CONT INGENCY PER 100 



I-Ior(, LnRGE CRAIl( OMI TTW ron CLnlll r', 

• COIL INSTALLATION IN PROGRESS 

Figure 3.37. Baseline Detector Construction Sequence (Month 30.5) 



NOTE,LARGE CRAIE O"ITTEO FOR ClARITy 

• COIL INSTALLATION COI1PLETE 

• EIIlCAP CAlOAIHETERS INSTALLEO IN OPERATING POSITION 

• COIL FIELD HAPPING IN PROGRESS 

Figure 3.38. Baseline Detector Construction Sequence (Month 33) 



Figure 3.39. Baseline Detector Construction Sequence (Mon.h 36) 

• Et.{)CAP CAlORIHETERS MOvED TO RLLOW COIL ACCESS 

• CENTRAL TRACkING UNIT CAREFULLY TRANSPORTED 
INTO HALL 



central tracking unit is lowered into the detector hall via the consttuction 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 fm~ installation of the endcap calorimeter bays and the muon end toroids occurs at month 

38 (Figure 3.41). 

During month 40 (Figure 3.42), consttuction progresses with installation of the accelerator 

magnets, the outer muon chambers, and the forward calorimeters. Consttuction 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 uniL 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 pmcedure 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 perfonn 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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NOTE. lARGE CRANE OH I nEO FOR ClAR IT Y 

• CENTRAL TRACKING UNIT INSTAllEO USING HETHOOS 
E"'lOVED DIJlING COil INSTALLATION 

Figure 3.40. Baseline Detector Construction Sequence (Month 36.5) 



NOT£,LARGE CRANE DHITTED FOR CLARITY 

• INSTALL ENOCAP CALOAIHETERS AND ENO TOADIDS 

Figure 3.41. Baseline Detector Construction Sequence (Month 38) 



• I1AGNET INSTALLRTlON IN PROGRESS 

• FORWARD CALORIHETRY ASSEMBLY IN PROGRESS 

• INSTALL OUTER HUON CtflHBERS 

Figure 3.42. Baseline Detector Construction Sequence (Month 40) 



• HALL AT COtf'LETION 

Figure 3.43. Baseline Detector Construction Sequence (Month 42) 



Figure 3.44. Baseline Detector-Minor Repairs 

/ 
PUlL FOA~AAD CRLORIMETEAS OfF 
BEAHLINE 

PULL END TOROlDS FORIIARD TO 

/ 

ALLO~ ACCESS TO INTERIDR OF BARREL 

/ 

BASELINE DETECTOR 
DETECTOR MINOR REPAIRS 
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• HOvE FOR\lARO CAlORU£TERS TO TEHPORARY 
STORAGE lONE END OF HAll ONl VI 

Figure 3.45. Baseline Detector-Endeap Calorimeter Module Replacement (Step 1) 



• HOvE END IOROln UNITS 10 IH1POOnR, 
STORAGE lONE END Of HALL ONt" 

Figure 3.46. Baseline Dctector-Endcap Calorimeter Module Replacement (Step 2) 



• REHOV[ ENOCRP CALORIHETER 

• POSITION ASSEHBLY FlxTl,fIE AND PROCEED 
WITH NECESSARY REPAIRS 

Figure 3.47. Bac;cline Detector-Endcap Calorimeter Module Replacement (Step 3) 



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 fll'St 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 fll'St. 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 3.48. Baseline Detector-Silicon Tmckillg RCIXlir (SICp 1) 

• HOvE FOR~ARO CALORIHETERS OFFLINE 

• HOvE END TOROJOS 10 TEI1'ORARY SIORAGE 

• HOvE ENOCAP CALORIHETERS CLEAR or BARREL 
1tU0I~ STEEL 
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Figure 3.49. Baseline Detector-Silicon Tracking Repair (Step 2) 

• INSTALL OISASSEMBLY FIKTURE AND AfHOvE 
INIEAMEDIATE TAACKING UNIIS IBOHl rMr:;, 



• REMOVE SILICON TRACKING LtlIT 

Figure 3.50. Baseline Detector-Silicon Tracking Repair (Step 3) 



Figure 3.51. Baseline Detector-Silicon Tracking Repair (Step 4) 

LOIlER SILICON TRRCKER ONTO TROLLEY AN(] 
REHOVE FROM BARREL MUON STEEL 



4.0 AIR CORE TOROID DETECTOR 

4.1 Air Core Toroid Detector Description 

In this chapter we discuss the Air Core Toroid (ACf) 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 funher 

divided into central and intermediate regions. These three elements anive 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. 1 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 > ITt 1 > 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 (1111 < 1.5). The octagonal barrel iron toroid has 2 coils located near each comer, 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 Te VIc. In order to maintain the 

electronics at the back of the central calorimeter, the inn.ennost 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 4.1.0veraJl ACT Detector Layout (3-D View) 
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Figure 4.2. Cross-Section of Air Core Toroid Detector 
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Figure 4.3. Elevation View of Air Core Toroid Detector 

SCINTILLATOR 

SSC OUAD 
TURN AROlH) 
BOX 

I 
• 



The momentum resolution of the central tracking device deteriorates at small angles with ' 

respect to the beam line; it is in these forwardlbackward directions that the most accurate 

momentum 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 e 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 (ACI') 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 SO-em-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 
eliminated. 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 anns 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. 
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Table 4.1. ACI' Detector Mechanical Parameters 

Detector Size Units Comments 
Tracking Volume 3.7 x9.0 ~ oct x length 

Total Channels 200 K incl. inter & central 
SilicOn Tracking 1.0 x 6.0 ~ diameter x length 
SilicOn Tracking Weight 0.6 tonne 

Coil 3.7 x 4.4 x 9.0 rrf3 id x oct x length 
Barrel Calorimeter 4.5 x 9.3* x 8.0 rrf3 id x oct x length 

Weight 4400 tonne includes return steel 
Total Channels 120 K includes endcaps 

Endcap Calorimeter 1.0 x9.3* x 3.5 rrf3 id x oct x length 
Weight 3000 tonne both ends 

Muon Barrel Toroids 17.1 x 17.1 x 24.6 rrf3 wx h x length 
Weight 15,580 tonne 

Muon ACT Toroids 4.0 x 12.2x3 rrf3 id x od x length 
Weight 160 tonne both ends 

Muon Barrel Chambers 22.0 x 22.0 x 36.5 rrf3 w x h x length 
Total Channels 60 K 

Muon ACT Chambers 12.6 x 12.6 x 5.5 rrf3 wx 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. oxygen 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 levelland 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 ACI's. 

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 fU'St floor) are reserved for 

mechanical systems, gas and fluid handling, and cryogenics systems for the superconducting 

solenoid and ACI's. 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 ACI' 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 shott 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-tenn 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 backflll 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, fl<?OI' 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 
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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 waIls 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 waIls 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 fmite 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 haIl location. However, if the haIl 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-tenn 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 I.S times the width of the haIl. 

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 initiaIly 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 fl9Ol' 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 comer 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 Shaft 8m round stairwell/elevator 
Cable Shaft 3m round stairweD 
Utility 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 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 comer 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 comer 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 rue 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 rue. 
The equipment shaft also incorporates a 3-m by 4-m hoisting well for lowering calorimeter 

modules, elecnonics, 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 cannol rooms of the operations center on the surface. As shown in Figure 4.9, 

the shaft is equipped with vertical cable trays-60 em. by 15 em (24 in. by 6 in.) and 90 em by 15 

em (36 in. by 6 in.}-and a 1.5-m-diameter spiral staircase to provide access to the cables. The 

cable trays are ammged 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 ACf Detector Muon Toroids. 

Thickness of steel at 900 

Magnetic field 

Maximum allowed gap in steel 

Minirrum fraction of steel along any radial path 

Field at inner radius of ACT 

Field integral in ACT projected along e .. 00 

1.5m 
1.8 T 

3mm 
98% 

1.8 T 

4.5 T-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 comer 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 comers 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. Nonnally, 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 

swfaces from the true will determine the actual shape of the barrel after assembly. Any errors in 

machining will be hard to conect in the field, so all components of this type of design should be 

preas sembled 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 pennit adjustments of the barrel shape during assembly. To reduce bolt 

length the plates will be pulled together in groups of eight The outennost 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 
!mml ~tonnesl 

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 
Lo~ 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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be lifted by the hall crane at one time does not affect the assembly procedures and may be varied by 

the assembly contractor. 

Mter 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). 

Mter installing all plates in a 3-m-Iong 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 etTOI'S. 

The magnetic fIeld is powered by 16 coils symmetrically located at each comer 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 shafL 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 smface 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 ~f 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.l-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 450 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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Figure 4.16. ACT Detector-Muon Steel Barrel Assembly (Step 2) 
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Figure 4.17. ACf Detector-Muon Steel Barrel Assembly (Step 3) 
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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 smface 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 smface. 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 Acr 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 whep 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. 

Move-in and Assembly 
Dismantling 
Equipment Rental 

EQuipment Operation 

$125.000 
$75.000 
$25.000 per month 

$4.000 per day 

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 
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Mter 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 nonh 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 HV AC 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 perfmmed 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/flltration unit used to flll 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 

124 



AIR CORE-TOROID/ABSORBER ASSEMBLY 
STEP I 

AIR conE TOROlD/ABSORBER ASSEMBLY 
STEP 3 

\_-

Figure 4.25. ACf/AbSOrber/Muon Steel Assembly (Steps 1-4) 

AIR CORE TOROID/ABSORBER ASSEMBLY 
STEP 2 

AIR CORE TOROID/ABsORBER ASSEMBLY 
::;T£P q 



-~ AIR CORE TOROID/MUON STEEL RSSEMBlY 
STEP 5 

- --------., 

AIR CORE TOROID/MUON STEEL ASSEMBLY 
STEP 7 

\ 

\~~-

~~~3.t '--- --\ 

AIR CORE TOROIO/HUON STEEL ASSEMBLY 
STEP 6 

AIR CORE TOROIO/MUON STEEL ASSEMBLY 
STEP B 



-!::i 

VriJ~ 
, D~ 
I\'-..-l' 

~PERSONNEl SHAFT 
8H OIAMETEA 

I 
I 
I 
I 
I 
I 
I 
I --', --' 

~ I a! 
~I :x 
.... , w 
I-I...--~ 
~I "­X, 
W, 
WI 
2:1 
"-I 

I 
I 
I 
I 

END TOROID ASSEMBLY 
AREA 

CONSTR, 
SHAFT 
7 Xl4M 

c:: F= 

STAGING 
AREA 

r--

CABLE SHAF~_h 
3H DIAMETER ~ 

22000 MUON STEEL BARREL 

7000 

1 

r--

I~ffi 
EQUIPMENT SHAFT _~ \ /1 
8M DIAMETER 1 

ty 

::J 
a: 

--' w 
z 
z 
~ 
I- " I-I-- W 

xl ~ 
wi 

~...--UTILITY SHAFT 
Wi 
a:1 
~I 

"-, ~ 3M DIAMETER 

,-- TEMPORARY PARTITION 

-
= 

I 
1 

, I 

JlI 
.--n 

CALORIMETER ASSEMBLY AREA 

I 
... 1:--- 20000 ----I~II------- 31000 .1. 31000 :1 
1:~----------------------------------------82000--------------------------------------~-' 

Figure 4.27. ACT Detector-Detector Asse.mbly Layout 

33000 

5 10M ---_ ... 



-N 
00 

/"'T .... STEEl /"JTER " MOOULE 
AORONIC 

AUJHINUM 
CALORIMETER 
SUPPORT 
WASHER 

/

ALUMINUM 
CALORIMETER SUPPORT 
WASHER 

/ 

/ 

--

/ 
/ ,-

~ IL 

SECTION 

_I NNER 
HAORONIC 
HOOULE 

BOX BEAM 

Z STEEL 
SADDLE 

HILLMAN ROLLER 

Figure 4.28. ACT DeteclOr-Central CalorimcLer 

RETURN 
STEEL 

STEEL 
SAOOLE 

HILLMAN ROLLER 



12 FRONT OUTER 
HADAONIC MOOULES 

" FRONT INNER 
HADRONIC 

MODULES 

MONOLITHIC 
EC-EM 

SECTION 

12 REAR OUTER 
HAORONIC MOOULES 

CALOAIMETEA MOOULES 
SUPPORT I RLUMINUM) 

4 FRONT INNEA 
HAORONIC MOOULES 

ENO AETUAN 
STEEL 

:;;''---:7''7-'L--J-I-_ 12 FRONT OUTER 

8 HIOOLE INNER 
HAORONIC HOOUlES 

HILLMAN ROLLERS 

CALORIMETER SADDLE 
MONOLITHIC EC-EM 

Figure 4.29. ACT OcteclOr-Endcap Calorimeter 

HAOAONIC MOOULES 

CALORIMETER 
SADDLE (STEEl) 

HILLMAN ROLLEAS 



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 suppon saddles are interconnected by box members equipped with four sets of Hillman 

rollers and hydraulic jacks. Nonnally, 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 36()0, 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 450 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 perfonned several finite~lement computer analyses to insure that defonnation 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 l00-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 

fonn 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 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. 
Assembly of the endcap calorimeter bays will proceed as follows: 

1. Install the module support frame inside the retmn 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 retmn 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, pennanent 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. 

• 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 anives 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 1ifted 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 traclcs. 

2. After the shipping mandrel is extended by bolting an approximately 12-m-Iong 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 : 
suppoI1links 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 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 swface. 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, anives 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 canied 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 suppon 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 canied 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. 

4.3.8 Forward Calorimeters 

We assume that the forward calorimeters anive at the detector hall in halves, each half fully 

assembled. They are brought into the detector hall through the construction shaft, canied to their 

installation sites, and lifted onto their suppon 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 sse 
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 IllOvement. It also allows for the detector 

hall to be reduced in size, although probably not enough to compensate for the duplication of 

equipment 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 6S-tonne 

hook and a IS-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 4O-tonne bridge crane. Once the modules are ready for assembly, they are 
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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. Oearance 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. ACf Detector-Surface Construction Facilities (Phase I) 



Figure 4.41. ACT Detector-Surface Construction Facilities (Phase 2) 
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Figure 4.42. ACT Detector-Surface Construction Facilities (Phase 3) 



Figure 4.43. ACT Detector--Surface Constru(.~tion Facilities (phase 4) 



4.4 Schedule and Sequential Construction Drawings 

4.4.1 ACT Detector Schedule 

The estimated schedule for construction of the Acr 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 ACTs 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 ttacking 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 ttacking device (including the silicon tracker) can proceed. The central 

ttacking 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 
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(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 

(Figmes 4.45 to 4.59). The construction steps are depicted at three-month intervals beginning with 

the hall at benefICial occupancy (month 0, Figme 4.45). 

The detector assembly begins with installation of the barrel muon steel suppons 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 Figme 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 underway, and construction is about to begin 

on the central calorimeter bay. Materials for the muon steel balrel 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 is complete 

and is undergoing electrical checkouts in the clean room. Construction is begun on the fust endcap 

calorimeter. Construction is also begun on the muon steel end toroids. 
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• HALL AT BENEF ICIAL OCCUPANCY 

Figure 4.45. ACT Detector Construction Scqucnce (Month 0) 



• MUON STEEL SUPPORTS COMPLETED 

Figure 4.46. ACI· Detector Construction Sequence (Month 3) 



• CLEAN ROOM CONSTRUCTED 
• CENTER CALORIMETER STARTFD 
• MUON STEEL BARREL STARTED 

Figure 4.47. ACT Detector Construction Sequence (Month 6) 



• MUON STEEL BARREL CONSTRUCTION CONTINUES 
• BEGIN TEST ING ON CENTER CALORIMETER 
• END CAlORIMETER CONSTRUCTION STRRfED 

Figure 4.48. ACf Detector Constructioll Sequence (Month 9) 



o MUON STEEL BARREL CONSTRUCTION CONTINUES 
o START CONSTRUCTION OF 2ND [NO CALORIME IER 
o START TESTING OF 1ST END CALORIMETER 

Figure 4.49. ACT Detector Construction Sequence (Month 12) 
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00 

• HUON STEEL BARREL COMPLETED 
• BEGIN TESTING ~NO ENO CALORIMETER 
o START ERECTION OF ENOCAP CALORIMETER 
• START CONSTRUCTION OF HUON STEEL TOROID 
• START INSTALLATION OF BARREL STEEL COILS 

Figure 4.50. ACT Detector Con~truclion 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/ACf/muon toroid assembly is complete, 

and installation of its muon chambers is underway. The muon chamber installation is complete on 

the fIrst absorber/ACf/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 fmal installation of the 

endcap calorimeters has taken place, along with the installation of the absorber/Acr/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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• FINISHED INSTALLATION OF BAAREL COILS 
• FINISHED CONSTRUCTION OF MUON STEEL TDROIOS 
• INSTALLED COILS ON ONE MUON STEEL TOROID 
• FINISHED CONSTRUCTION OF ONE ENDCRP CALORIMETER 

Figure 4.51. ACT DeteclOr Construction Sequence (Month 18) 



-0\ -

• START TESTING ENDCAP CALORIMETER 
• START CONSTRUCTION OF LAST ENDCAP CAlORIMETER 
• ADDED COILS TO SECOND MUON STEEL TOROID 
• CONSTRUCTED FIRST ABSORBER CONE 
• STARTED CONSTRUCTION OF 2ND ABSORBER CONE 

FiglD'e 4.52. ACf Detector Construction Sequence (Month 21) 



• STARTED INSTALLATION OF INNER HUON CHAMBERS 
• FINISHED ABSORBER CONSTRUCT ION 
• STARTED TESTING LAST ENOCAP CALORIMETER 
• CONSTRUCTED PLATFORMS ON FAR IIRLL 
• HOVED CRLORIt£TER TO OPPOSITE END OF HALL 

Figure 4.53. ACT Detector Construction Sequence (Month 24) 



• BEGIN INSTALLATION Of OUTER MUON CUAMBERS 

Figure 4.54. ACT Detector Conslruction Sequence (Month 27) 



-OUTER HUON CHAMBER INSTALLATION COMPLETE 
- CENTRAL CALORlMETEAS INSTALLED 
- BEGIN COil INSTPUATlON 

Figure 4.SS. ACf DeteclOr Construction Sequence (Month 30) 



.FIRST RBSORBER/RCT/TOROIO RSSEMBLY COMPLETE 

.COll FIELD MRPPING IN PROGRESS 

Figure 4.56. ACT Detector Construction Sequence (Month 33) 



• SECOND ABSORBER/ACT/TOROID ASSEMBLY 
COMPLETE 

• MUON CHAMBER INSTR.LATION ON FIRST 
TOROID ASSEMBLY COMPLETE 

• BEGIN MUON CHRt1BER I NSTtlLLAT ION ON 
SECOND TOROID ASSEt1BLY 

.BEGIN CENTRAL TRACKING INSTALLATION 

Figure 4.57. ACT Detector Construction Sequence (Month 36) 



.FINAL INSTALLATION OF ENDCAP CALORIMLTERS 
• INSTALL ACT 
.BEGIN ASSEMBLY OF FORWARD CALORIMETERS 
• BEGIN MAGNET INSTALLATION 

Figure 4.58. ACf Detector Construction Sequence (Month 39) 



• 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. ACf Detector Open for Minor Repairs 



-.....a -
o HOVE FOR~ARD CALORIMETERS OFFLINE 
o HOVE ACCELERRTOR COMPONENTS OFFLINE 
o HOvE END TOROID TO STORAGE 

Figure 4.61. ACT DeteclOr-Endcap Calorimeter Module Replacement (Step 1) 



• REMOVE ENDCRP CALORIMETER FROM BARREL 
• POSITION ASSEMBLY FIXTURE AND PROCEED 

WITH MODULE REPLACEMENT 

Figure 4.62. ACI' DeteclOr-Endcap Calorimeter Module Replacement (Step 2) 



o HOvE FORWARD CALORIMETERS OFFLINE 
• PULL END TDRDIDS BACK AS FAR AS 

ACCELERATOR COMPONENTS WILL ALLOW 
• PULL ENDCAP CALOR I ME TERS BACK TO E.ND 

TOROIDS (THIS PROVIDES 7 HFTERS OF 
CLEARANCE BETWEEN ENDCAPS AND COIL) 

Figure 4.63. ACf Detector-Silicon Tracking Replacement (Step 1) 



• INSTALL MONOAAIL AND REMOVE INTERMEDIATE 
TRACK ING UNITS 

Figure 4.64. ACT Detector-Silicon Tracking Replacement (Step 2) 



o REMOVE Sill CON TRACK I NG UN I T 
o REPLACEMENT PROCEEDS IN REVERSE MANNER 

Figure 4.65. ACf Detector-Silicon Tracking Replacement (Step 3) 



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 
confmed 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 iIlled 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 tum, 

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. LOverall 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. 1 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 sse Laboratory, and Lawrence Berkeley Laboratory. We have specifically 

considered the routing of pipes and locations of cryogenic services for the calorimeter. The entire 

calonmeter 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 > ITt I > 3) calorimeters for missing energy measurements. These are 

located directly in front of the interaction region quadrupoles. 

Th~ calorimeter is surrounded by magnetized iron muon toroids. In the barrel region ( I 11 I < 
1.5) the toroid is 1.5 m thick. The octagonal barrel iron toroid has 2 coils located near each comer, 

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 Te VIc. The chambers 

on the inside of the steel are 1 m thick and are insened 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 50 em 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: 

1. The size of the muon system has been adjusted to allow for the different size of the LA C. 

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. 
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Table 5.1. LAC Detector Mechanical Parameters. 

Detector Size Units Comments 
Tracking Volume 3.4 x 8.0 m diameter x length 

total channels 1195 K Fiber, incl. inter & central 
Silicon Tracking 1.0 x 5.6 m diameter x length 
Silicon Tracking Weight 0.6 tonne 

Coil 3.4 x 4.1 x 8.0 m id x od x length 
Barrel Calorimeter 4.2 x 11.6· x 8.0 m id x od x length 
weight 4900 tonne includes return steel 
Total channels 93 K Includes endcaps 

Endcap Calorimeter 1.0 x 11.6· x 4.0 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 12.2 x 12.2 x 4 m wx h x length 
weight 8320 tonne both ends 

Muon Barrel Chambers 22.4 x 22.4 x 33.0 m w x h x length 
Total Channels 66 K 

Muon Endcap Chambers 16.0 x 16.0 x 10.3 m wx h x length 
Total Channels 42 K including 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: 

• 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, 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 temporary' 

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. 

S.2 Liquid Argon Calorimeter Detector Han Design 

S.2.1 Overview and General Han 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.O-m-wide alcove located in the west wall of 

the hall. 

Table 5.2. Liquid Argon Cryogenic Equipment 

Item Number Capacity Size 
Dewars 
Liquid argon 3 60.000 I 4.0~x9m 
Liquid nitrogen 1 20.000 I 3.0 m'x6m 

Boilers 
Liquid argon 1 3 stage x 50 kW 1.5~x10m 

-150kW 
Liquid nitrogen 1 3 stage x 50 kW 1.5~x 10 m 

-150kW 
Valve boxes and Distribution N/A N/A 1x2x1m3 
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 I-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,()()() I 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 100in.-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 

maximized. 

To address large spills of liquid argon, a thennally insulated subfloor sump with a liquid argon 

capacity of 300,000 I 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 quicldy 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 I-m-diameter vent line designed to evacuate argon 

gas at a maximum rate of 20,()()() 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. 

S.2.3 Detector Basement and Support 

The adopted maximum floor movement is 2.5 nun for short duration (one week) loading and 
25 nun 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 nun; 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 fmite 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 an~ 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 suppon 

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 required elevation. 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-nun-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 nun 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 comers 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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Name or Use 
Construction Shaft #1 
Construction Shaft #2 
Equipment Shaft 
Personnel Shaft 
Cable Shaft 
Utility Shaft 

Table 5.3. Hall Shafts. 

Size 
10mx13m 
6mx13m 

8m 
8m 
3m 
3m 

Cross-section 
rectangular 
rectangular 

round 
round 
round 
round 

Access 
crane only 
crane only 

stairwell/crane 
stairwell/elevator 

stairwell 
stairwell/dumbwaiter 

Construction Shaft #1 is located near the northeast comer 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 fmished, 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 comers 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 comer of the 

detector hall so that at the smface 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 flI'e. 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-Ib-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 xiS cm (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 compattments 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 9oo 
Magnetic field 
Maxirrom allowed gap In steel 
Minirrom fraction of steel along any radial path 
Thickness of steel in endeaps parallel to beam 

1.5m 
1.8 T 
3mrn 
98% 
4.0m 

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 

comer bolts. The bolts away from the comers 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 comers of the barrel. Thicker plates cost 

more, and the machining and general handling costs are also higher. 

Plates ammged 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. Nonnally the strength of the nut (or tapped material) is equal to or higher than 
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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 outennost 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 Reguired 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 190 mm 520 19.03 tonnes 
Short End Plates 5766 x 150 mm 8 7.53 tonnes 
Lon~ End Plates 10008 x 150 mm 8 15.03 tonnes 

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, 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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Figure 5.13. LAC Detector-Muon Steel Barrel Supports. 



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 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 5.18). 

After all plates in a 3-m-Iong portion of the barrel have been installed, the plates are pulled 

together by hydraulic jacks. The longitudinal bolts are installed next, and after the fmal 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 COITeCt for fabrication errors. 
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Figure 5.14. LAC Detector-Muon Steel Assembly Frame. 
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Figure 5.15. LAC Detector-Muon Toroid Construction. 



Figure 5.16. LAC Detector-Muon Steel Barrel Assembly (Step 1). 
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Figure 5.17. LAC Detector-Muon Steel Barrel Assembly (Step 2). 



Figure 5.18. LAC Detector-Muon Sreel Barrel Assembly (Step 3), 
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The magnetic field is powered by 16 coils symmetrically located at each comer 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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Figure 5.19. LAC Detector-Muon Toroid Assembly. 
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Figure 5.20. LAC Detector-Muon Toroid Assembly (Open for Minor Repair). 
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Figure 5.22. LAC Detector-Muon Steel Toroid Erection. 
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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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Figure 5.25. LAC DeleCtor-Tool for Hadronic Module PlacemenL 
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Figure 5.26. LAC Detector-Barrel Calorimeter Being Inserted into Vacuum Vessel. 



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-Iong 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 
isremoved~ 

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 perfOIDled in 

any area adjacent to the banel muon steel or in the banel 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 sse 
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. 

• 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 platfonns 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 cool down 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 tracking 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 ajig 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, staning 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). 

• HAll AT 8tNEFICIAl OCCUPANCY 

LAC DETECTOR 
CONSTRUCTION SEQUENCE 

MONTH 0 
RTK 12-15-90 

HODEL 522mOOOB.dgn 522mntOO.hln 



Figure 5.32. LAC Detector Construction Sequence (Month 3). 

• HUON STEEL SUPPORTS ERECTED 
• BRRREL ERECTION FRAHE RSSEHBLEO 

LAC DETECTOR 
CONSTRUCTION SEQUENCE 

MONTH 3 
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Figure 5.33. LAC Detector Construction Sequence (Month 6). 

• BUILT HALL DIVIDING IIALL 
• BUILT CONSTRUCT ION SHOPS 
• STARTED ERECTION OF BARREL STEEL 
• LOWERED LAR VESSEL AND SE TUP 

FOR MODULE RSSEMBLY 

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 insenion machines, but a more detailed 

study of this operation may reveal that one machine is sufficient to complete the job on time. 

Installation of modules into the first endcap calorimeter on the surface statts 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 statts 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 statts 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, inunediately 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 statts 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 insened into its vacuum vessel; the vessel ~s in tum insened into the 

flux return steel casing. 
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Figure 5.34. LAC Detector Construction Sequence (Month 9). 

• tUON STEEL BARREL ERECTION CONTINUES 
• BARREl CAlORIMETER HOOUlE INSERT ION 

CONTINUES 

LAC DETECTOR 
CONSTRUCTION SEQUENCE 

MONTH 9 
RTI< 12-15-90 

HODEL S22~0008.d9n DWG S22mnt09.hln 



Figure 5.35. LAC Detector Construction Sequence (Month 12). 

• tIJON BRRREL CONSTRUCTION CONTINUES 
• INSERTION OF CALORIMETER MODULES 

CONT INUES 

LAC DETECTOR 
CONSTRUCTION SEQUENCE 

MONTH 12 
RTK 12-15-90 

HODEL 522~0008.d9n OWG 522mnt12.hln 



Figure 5.36. LAC Detector Consttuction Sequence (Month 15). 

• HUON STEEL BRRREL COI1PLETED 
• INSERTION OF CALORIHETER 

HlXU.ES CONTINUES 
• HUON TOROID ERECTION STARTED 
• STARTED INSTRLLRTlON OF HUON 

BARREL COILS 

LAC DETECTOR 
CONSTRUCTION SEQUENCE 

MONTH 15 
RTK 12-08-90 

HOOEL 522~OOOB.d9n OWG 522mthJ5.hJn 



Figure 5.37. LAC Detector Construction Sequence (Month 18). 

• HUON BRRREL COILS INSTRLLLEO 
• INSERTION OF CRLORIHETER 

HOOULES CONTINUES 
• FIRST HUON TOROID STEEL COHPLETED 
• HUON TOROID COIL INSTALLATION 

STARTED 
• STARTED FABRICRTION OF FIRST 

RBSORBER 

LAC DETECTOR 
CONSTRUCTION SEQUENCE 

MONTH 18 
RTk 12-15-90 

HODEL 522~OOOB.d9n OWG 522mntlB~hln 



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 insetted into its vacuum vessel, 

construction statts 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 fmished during month 27. The 

second conical absorber is finished during month 27. This ends all steel fabrication in" the hall, thus 

allowing the hall panition 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 panition 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 panition 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 stans 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 5.38. LAC Detector Construction Sequence (Month 21). 

• CONSTRUCTEO GAlLERY 
• FINISHEO HUON STEEL TORolO 
o HOYED HUON STEEL TOROIO 

To FRR END OF BARREL 
• TESTED AND CLOSEO LRR VESSEL 
o STARTEO BARREL CALORIHETER 

SUPERINSULATION INSTALLATION 
• STARTED RETURN STEEL FABAICATION 

LAC DETECTOR 
CONSTRUCTION SEQUENCE 

MONTH 21 



Figure 5.39. LAC Detector Construction Sequence (Month 24). 

• F INI9HED SlJ'ERINSI1.ATlON OF 
LAR Y[SSEL 

• LAR VESSEL BE ING INSERTED 
INTO VACUUH VESSEL 

• STARTED CONSTRUCTION OF SECOND 
I1UON TOROID 

• FINISHED CONSTRUCTION OF RETURN 
STEEL 

• STARTED PLATFORH CRYOGENIC PIPING 

LAC DEfEC TOR 
CONSTRUCTION SEQUENCE 

MONTH 24 



Figure 5.40. LAC Detector Construction Sequence (Month 27). 

• REHOVED HALL PART IT I ON 
• FINISHED INSTALLATION OF COILS 

ON HUON TORO I OS 
• F INI SHED CONSTRUCT ION OF ABSORBERS 
• HavED FIRST TOROID TO STORAGE 
• ROLLED BARREL CALORIHETER 

INTO FLUX RETURN 
• INSTALLED BOILEA ANO CRYOGENIC 

VALVE BOX IN ALCovE 
• CONTINUED CRYOGENIC PIPING ON 

PLATFORM 

LAC DETECTOR 
CONSTRUCTION SEQUENCE 

MONTH 27 
RTK 12-15-90 

HODEL S22MOOOe.dgn OVG S22mnt27.~ln 



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 

fJISt 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 field 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 movem~nt 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). 

• STARTED INSTALLATI ON OF OUTE~ 
HUON CHAHBERS 

• INSTALLED COILS AND ABSORBER ON 
SECOND TOROID 

• LOIIERED ENDCAPS AND STARTED 
VACUUM ExTRACTION 

• INSTALLED PIPING FROM Gl'ILLERY 
TO BARREL CALORIMETER 

• INSTALLED CRYOGENIC DEUARS 
• INS TALLED PDIIER TRACkS 
• STARTED COIL INSTALLATION 

LAC DETECTOR 
CONSTRUCTION SEQUENCE 

MONTH 30 

dgn 



Figure 5.42. LAC Detector Construction Sequence (Month 33). 

• CONT IN~O INSTALLATION OF EXTERIOR 

• !:'!Il~I~IriJBES~L INSTAllATlONY 
• STARTEO ENOCAP PIPING 
• STARTEO CALORIHETER WIRING ANO 

CA8LE ISTALlAT ION 

LAC DETECTOR 
CONSTRUCTION SEQUENCE 

MONTH 33 



Figure 5.43. LAC Detector Construction Sequence (Month 36). 

• STARTED INSTALLATION OF INTERIOR 
HUON CHAI18ERS 

• STARTED CONSTRUCTION OF FORWARO 
CALOR I HETERS 

• STARTED COIL CHECKOUT 
• CONTINUED WIRING AND CABLING 
• HOVED IN ENeAP CAlORIMETERS 

LAC DETECTOR 
CONSTRUCTION SEQUENCE 

MONTH 36 



Figure 5.44. LAC Detector Construction Sequence (Month 39). 

• INSTALLING HUON CHAHBERS ON T!lAOJOS 
• MOVED IN ENDCAPS 
• CONTINUEO ASSEHBl Y OF 

FORWARD CRLORlHE1ERS 
• FINISHED PIPING FROH CAPS TO PLA1FORHS 
• COIL FIELD HAPPING COHPLE1EO 
• CONTINUE CABLING AND WIRING 

LAC DETECTOR 
CONSTRUCTION SEQUENCE 

MONTH 39 



Figure 5.45. LAC Detector Construction Sequence (Month 42). 

• ASSEt1BLED 1110 HR\.vES OF WEST 
HUON TOROID ANO HOVED INTO POSITION 

• CONTINUED IIIRING AND CABLE INSTALLATI 
• INSTALLED CENTRAl TRACKING 
• INSTALLED HUON CHAt1BERS ON FORWARD 

CALORlHE1ERS 
• INSTALLED QUADRUPOLES ON WEST SIDE 

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 detennining the hall size if we assume that the endcaps are 

to be built on the surface. 

5.5.1 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 suppons. 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). 

• HOvEO ENOCAPS TO FINAL POSITION 
• FlNISHEO ENOCAP PIPING 
• MOVEO WEST HUON TOROIO TO 

FINAL POSITION 
• HOVEO WEST FORIIARO CALORIHETER TO 

FINAL POSIT ION 
• INSTRLLED QUAORlI'OLES ON EAST SlOE 
• JOINEO TW HRLVES OF ERST 

HUON TOROIO 
• COOT INUED I/IRING AND CRBL ING 

LAC DETECTOR 
CONSTRUCTION SEQUENCE 

MONTH 45 
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Figure 5.47. LAC Detector Construction Sequence (Month 48). 

• LAC DETECTOR CDHPLETED 

LAC DETECTOR 
CONSTRUCTION SEQUENCE 

MONTH 48 



Figure 5.48. LAC Detector Open for Minor Repairs. 

LAC DETECTOR 
OPEN FOR MINOR REPAIRS 

RTK IZ-ZII-9D 
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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 powenrack 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 

RTk 12-22-90 

522m6.h12 
Figure 5.49. LAC Detector Open for Endcap Calorimeter Repair. 



LAC DETECTOR 
OPEN FOR BARREL CALORIMETER REPAIR 

RTk 12·21·go 

Figure 5.50. LAC Detector Open for Barrel Calorimeter Repair. 
522m6.h15 
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APPENDIX A 

DETECTOR UTILITIES 

To detennine 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.l summarizes 

power information. We also estimate the contingency power capacity (SPARE in Table A.l) for 

which bussing should be included. Some fraction (DIVERSITY in Table A.l) of the contingency 

power was also included in the installed transformer capacity. For the baseline detector the total 

power required is 14,471 KV A. 

A model for heat removal was constructed based on load and location. Each thennalload 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 

A.3. 

255 



Table A-t. Power Consumption. 
Humll JbIII 400 Hz Power 60 Hz Detector 6OHzOlher DC Power Line Power 
Chili ChIn .... 11£ ... L .. I .... T .... .... 11£ ... L .. 1s.- T .... L .. s.- T .... L .. 1s- T .... .... Is- 1IIv. 11£ ... l.oed ,.F ~ 

Location ICcIIM KWeft Kwan KWeft KW.n KWa. ICWd K_ KWa. KWen KWan KW.n KWa. KW •• KVA 

mIdilC411: 

IllcenV .... to to 2 20 
NYDI ........ 0.68 0.68 

.... TnI*J .. 2«1 O.«rl 4.' 4.' 2 ... 
NYDIa ....... 0.36 0.36 

FlIlerT ...... 
NYDIa ..... 1Ion 

"'IIdeCell .... t4.' , ... a.6 1.112 t.02 
1 __ -

erro·· ........... .. ~ 
SolenoId !:nIH'" 

1I11III: 

CIIortIHIIf 61 t.5 • 2 t. 2 -NY DIIIIpMIon 0 .• 0 .• 

...... a-w as O.«rl 0.7 2 t.4 2 2.1 
NY IIIaIpeIIon 0.053 0.053 

...... trtn- 0 t.5 0 2 0 2 0 
NY Dlallpellon 0 0 

"' ... T ....... " 2 t4.' 2 a., 

.1II_MuonS,... . "'.7 12t4 .4211.4 

_T ........ 

IImII t739 U5 2t74 

.... ElIde:., 535 U5 6688 

,.ElIde:., 212 U5 352.5 
IT __ T_ 

2556 1195 1_' 
...... a-w. 73 O.«rl t.46 2 2.02 2 5.14 

NYDIa. O.ff 0.11 

'. Not Incluclect '" total •• PF. Po_ FIICtOr. 0Iv = DI_ • ." Fee ... Elf. t/lPo_ Supply Elflcllllcy). F_. Frec1Ion of Cooling. 



Table A-t. Power Consumption (Continued). 
Nu ..... IbDI 400Hz Power 60 Hz Detector 60 Hz Other DC Power Line Power. 
CII .. a.n "- tlElI. L_ sa.. T ..... "- tl£lI. L_ 5_ T_ loed 5_ T ..... L_ s ...... T_ UM I- DlY. tl£lI. L_ tlPf -l.oc:8tIon Kd-. KW. IC_ KWen KWen ICWen KWen 

K __ n 
KWen KWen KWen KWen KWen KWen KV" 

MuonT ...... 16 1.5 24 2 48 2 96 
MYDlI., 24 24 

Forwwd c.IarIIMIIr 7 0.4 2.8 2 5.6 2 11.2 
MY DI'''''1Ion 0 0 

Unl1 TrItI.- 38 . 2 72 2 144 
OAQ 14.67 1.5 22.01 2 44.01 

..... v ...... 
T,.W", 2 1.02 2 4.08 
CIIIarIm_ 2 0.99 2 3.96 
IIuonCMnl ..... 2 0.162 2 0.324 
IIuon TrIpIr 2 24 2 48 

-1tofInt 50 50 2 100 ............ 100 100 

LIgIIte 115 1.5 172.5 

0u1IeI'- 25 1.5 37.5 ........ 120 2 240 

'C!wM 250 1.5 375 

AII ....... I", 37 1.5 55.5 ...., ........ 25 2 50 

We1y 50 2 100 

iiiii Oiiiilcle _ !t_ 7803 I t!ill. I !lilt 74 10e 1156.4 352 151 0 0 

, ...... Po.r.u. 100 2 200 

....... Po.rlul 20 2 40 

Tol8I l1li1'" Shift 120 240 

~ 
OAQ 300 2 600 2 1200 

TrtggerLewl2 56 2 112 2 224 

TrtggerLewI' 90 1.5 135 2 270 

• = Nollncludeclln 101811. PF = Po_ Fec:IOr. DiY = DI_.11y Fee:Ior. Ell = 11(Po_ Supply Elllclencyl. Free: = F_lIon 01 Coonng. .1m Benllnger/Joseph R ....... 111519', 



Table A-I. Power Consumption (Continued). .... ..... 400Hz,.,. • 80 Hz Detector 8OHzOlher DC Power Line Power 
a... CIIIII u. 1/E •• u.. I ..... TIIIII U. 11E11. L ... ..... TIIIII u.. I ..... T .... u.. I ..... TIIIII U. I ..... DIw. 11£ •• u.. 1'" 

......., 
Loadon KIM! ICWII Ie.- ICVhII ICVhII ICW ... KW.. K_ KW •• - ICW ... ICWeII KWIII KWIII KVA 
CIInInII ..... 100 2 200 2 400 

........... 100 100 2 200 

CIIII!MIW .,.... 100 100 2 200 

er,.pIIIc .,.... ...... ..,. eoo 200 1 1.3 1.300 1.2 l.sao 
....... c:.IIPS 500 125 1 1.3 .,3 1.2 175 
Clnnwc.MIo. 10 2 120 
Ca.'''' .... ", 20 2 40 ......, 50 50 

..... "hreIIIPS 2656 739 1 1.3 1,019 1.2 5.298 

_HI .... 1092 1012 0.3 1.3 428 1.2 2.214 ............ 20 20 1 1.3 52 1.2 62 

a.. 
MAC.,.... 

CHW I'IeIftCh !114.' 1.5 1m 
",CllcF. 40 1.5 10 ....... ....,. 125 1.5 117.5 

..... T--.. 
• HI......, 686.3 640.1 0.3 1.3 263 1.2 1.370 
.HlOIIIIr 1667 841 0.3 1.3 576 1.2 2,OM 
YMlLF. 25 1.5 31 ....., 50 50 2 100 

.................... 10 2 20 

T_ ..... 3511 12 1.424 440 515 110 1 15 -0 0 7421 3657 4441 14471 

o. "" 11.G12 2113 515 686 11.326 11.7 2.5011 2.67 3435 7421 3657 4441 14471 

•• Not IIIcIudId In ........... ...., FICtof. Dtv • ...,.., FlICtor. Ell. ' ''-...,., EIIIcIeIIcy). Free. F",don of CGoIInt. .am Ben......"Jo..,.. .... _ tltSilt 



Table A-2. Primary Cooling Requirements 
ICW LCW CHW B_CooIIM AIC 

!ftc lMd Tin Tout Flow FNC lMd Tin Tout Row FNC loed Tin Tout Row Free loM! Tin Tout Flow FNC lMd Tin Tout Flow 
lo.tIon KWIII ·F ·F CIIIIII KWIII ·F ·F lIIJII! KWaI' ·F ·F CIIIIII KWaI' ·c ·c cx:m.n KWIII 'F 'F CFM 

I .. _r.... 
IIIoInV .... 1 20 10 10 !iOOO 

ltV ........... 

... Tr.cIdnt 1 4.1 45 60 2.121 
HVDIe ........ 

FIller."...... 
HV DIIIIpeIIIII 

l"'IIcIeColT_ 0 0 0 0 4.8 2.121 20 5000 n 0 1_-
~ ..-. ...... 

II IAIIIICoIdwn 

SolenoId er-... 0 0 0 0 0 0 0 0 0 0 
1 __ -

CIIorIIIteIIf 1 1. 45 60 87.78 
ltV DIIIIpeIIIII 

__ 0-_ 
1 1.4 75 10 D03 

HV DleIlpellDn 

--,.,.... 1 0 75 10 0 
HV DleIlpellDn 

In .... TrecIdnt PI 1 14.8 45 60 6.561 

0 ... "' .... _5 .... 1f 0 0 0 212.8 IM.34 0 0 1.4 D03 I_T_ 
..... 0 .• 1704 85 75 1,133 0.02 34.78 75 10 22,426 

.... ElMlCIIp 0 .• 524.3 85 75 340 0.02 10.7 75 10 6,1199 

,.,ElMlCIIp 0 .• 276.4 65 75 184 0.02 5.64 75 10 3,637 

~."'_T_ 0 0 1- 1.666 0 0 Ii II §t !l2 !IG2 
1 ___ • 

M.-CltlmIMn 1 2.02 55 75 471 

." Not Included In ....... PF" ~ FIICIOr. DIY" DI_II" Flletor. Elf" 1"~ 5upp1f EIllcI .. CT). FNC" FNClIon of CooHng. .1m B .. llnger/Joseph R .. _ 1/15111 



Table A-2. Primary Cooling Requirements (Continued). 
ICW Lew CHW __ Coolin .. Ale . 

Free loed Till Tout Flow F_ loed Tin Tout Flow F_ loed Tin Tout Flow Fr. loed Tin Tout Flow Ff8C loed Tin Tout Flow 
a.-tIon KWIIt 'F 'F can KWeII Of 'F - ~ 'F Of - KW •• 'c °c cchniii KWeII OF OF CFM 

-..T ...... 1 48 55 75 7,738 

,..... CIIoIInIetIr 1 5.1 50 15 2.483 
tlVlIII ....... 

UwllTr1gpr 1 72 50 15 31.12 

..... VoItIge 
TNcId .. 
c.IerInIeW 
-.. CIIeMtIIrI 
-..T ..... 

........... 1 50 55 75 1.060 

u.M ......... 0.2 20 55 75 3,22" 

u.- 1 115 55 75 11,531 

0IItIIt .... 1 25 55 75 ",030 

° ........ 
a.. ....... 0.3 11.1 55 75 1.711 ..., ....... 0.3 7.5 55 75 1,2011 ....., 0.3 15 55 75 2,411 

IT .... ___ 
0 0 0 0 n6 _34." 0 ."... "7476.6 

T ............. 1 100 100 130 22 

............. 1uI 1 20 100 130 .. 
.... -.... 0 0 120 27 0 0 0 0 0 0 

IIIIIIIs 
DAG 1 600 45 80 268 

Trlgprl .... ! 1 112 45 80 ..... 5 

TrIgtIrl .... ! 1 135 .. 5 80 51.15 

0 ..... lncluded In to ..... PF ..... F8CIOr. DIY. 01--, F8CIOr. Ell. 1.,,,,,, S .. ,., EfIIc:t.ncy). Free. FIKIton of CoolInG. .1m a-IngerIJoNP" .... - 1115111 



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

ICW LCW CttW ._ c IIOIIntI AIC 
". L .... Till T_t FIIIW ,- L ... Till '_I FIIIW ,- L ... Till T_ FIIIW ,- Leed Till T_ Flow ,- Loed Till Toul Flow ....... KW .. Of Of - ICW .. ·F Of - ICWIIII ·F ·F .... KW •• ·c ·c cchn~ ICW'" ·F "F CFM· 

c.mfIII ..... I 2GO 45 10 ..17 

......... I 1m 45 eo ".33 ..... .,.... I 1m 55 75 16,120 

0,.....,.... 
....... c..,. I I_ I. I. 141 
......... 0lIl" I ItI.5 I. 125 111.1 
CDIIhIICIIIII ... I • too us tI ............. 0.5 10 55 75 1,612 ......, 0.5 15 55 75 4,030 ... , ...... " I tOtI I. 125 170.' 

_HrIlO ... I 415.7 I. f25 113.1 

a.. 
WAC-,- 0.3 53 55 75 .,463 

CItW ....... 
IIlCINFM 

... -..... 

.... 'ft ........ 
• Hr.,...., 
.HrOtlw 

....., I 50 55 75 .,060 

................... 
fiiII t.-! - 11.:157 eoo liD - -'- 0 1311 382115 
'1 __ 

rT!iiiO !IBI 14._ 112m 1.- CIt 20 5000 §lIS 111627 

............. 111 ...... PF ..... 'ecIOf. Dtw.Dt.,...,""'. EIt.f"-IuppIyE~ "..,........,c.eInf. .. "' .......... ,.10 ........ _ 1115111 



Table A-3. Secondary Cooling Requirements. 

Primary Cooling Pump or Blower Compressor Auxllery Secondary Cooling 
Load Flow Rate PumDslFans PondITower 

Secondary Coollna BTUJhr gpm,clm A~(psi,1n H2o' KWatt KWatt KWatt Blulhr 
ICW 

100 to 125-F· 4,840,320 362 43 11 4,679,085 

LCW 

85t075-F 8,546,651 1,667 250 304 

100 to 130-F 8,109,282 527 53 20 8,178,866 

CHW (PrImary) 

45to 6O-F 4,920,786 640 35 16 275 5,913,980 

Ale 

55to75-F 1,092,113 51,602 4 37 

75 to ao-F Ined StI 91,988 17,386 4 12 

SUrface alg 810,350 38,289 4 27 

CHW (Secondary) 

For AIC 
4T.15-F 1,994,450 259 35 7 125 2,442,370 

For LCW 085-F . 8,546,651 1,111 35 28 534 10,466,083 
4T.15-F 

Pow8r tor CHW Production and Clrculatlon= 985 KW 
Han HVAC Air Handling. 37 KW 
SUrface' Bldg & Hall Ventilation Fans. 40 KW 

Line Power= 14,471 KVA Total Ambient Heat Relec' 31,680,383 



APPENDIX B 

HV AC CONSIDERATIONS 

1.0 SYSTEM REQUIREMENTS 

Temperature in the hall is controlled to within O.I°e of a set point of 24°e. The maximum 

variation due to stratification or localized high-intensity heat sources is 3°e. 

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 1 ace to 30oe, 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°e 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°e. 

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 frre 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 
-. .: •• J • 

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 frre 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 din out of the area. 
Table B.I summarizes the specifications for the HVAC system. 

Table B.t. Design Criteria for Temperature, Humidity. and Ventilation. 

Outside Wet-bulb 

Inside Dry-bulb 

Temperature Control 

Variation Due to Stratification 

Inside Dew Point 

Inside Relative Humidity 
Wall Temp. (1) 

Heat Gains to Air 
Experimental Equipment 
Outside the Detector 
Lighting 
Smoke Purge Rate 
Minimum Air Circulation 
Minimum Ventilation 

2.0 SYSTEM OPTIONS 

Summer Winter 

24°C 
24°C 
±O.l°C 

3.0°C 

13°C 
50% 
16°C 

24°C 
±O.IoC 

3.0°C 

10°C 

40% 
16°C 

400kW 
1I5kW 

4 changes/hour (80 m3/sec) 
2 air changes/hr (40 m3/sec) 
0.5 air change/hr (10 m3/sec) 

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.l. 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 

ponion 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. HV AC Power Requirements (System A). 

8 Recirculating Units @ 5 kV 

1 Ventilation Supply Unit@ 19 kV 

1 Normal Exhaust Fan @ 6 kW 

2 Smoke Purge Supply Fans @ 15 kW 

1 Smoke Purge Exhaust Fan @ 30kW 

Maximum Simultaneous Load 

System A has the following advantages: 

60kW 

19 

6 

30 

30 

85kW 

1) It makes 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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K J K L 

A) Detector ~ Construction Shaft 
B) Detector Exhaust Slot J) Make-Up Air Dud Shaft, 1.2-ms 
C) Detector Exhaust Fan, 21,000 CFM K) Smoke Control Supply Duct, 1.8 III, in 

Personnel Shaft and Equipment Shaft D) Make-Up Air Unit 21,000 CFM 73,000 CFM each 
E) Smoke Control Supply Fan 83,500 CFM L) Detector Exhaust Duct,1.2-ms in Personnel (Typical of 2) Shaft 
F) Smoke Control Exhaust Fan, 167,000 CFM M) Outside Air Intake, 21,000 CFM 
G) Air Handling Units (Typical of 8) 10,500 CFM N) Supply Ducts 10,500 CFM 0.75-m x 1.0-m 
H) Make-Up Air Inlet Duct 0) Smoke Exhaust Duct, 2.6-ms 

Figure B-1. HVAC System A Schematic ~ 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 fonn 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 nonnal 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 4Om3/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. HV AC Power Requirements (System B). 

Main Air-Handling Unit 

Nonnal Exhaust Fan 

Return/Exhaust Fan 

Smoke Purge Supply Fan 

Smoke Exhaust Fan 

2 Stair Pressurization Fans @ 0.75 

Maximum Simultaneous Load 

System B has the following advantages: 

75kW 

6 

15 

15 

15 

1.5 
96kW 

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 Bare: 

1) A failure of the single main air-handling unit would cause a complete system shut-down. 
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J K L 

P 

A 

A) Detector J) Supply Shaft 83,500 CFM, 2.o-rm 

B) Detector Exhaust Slot K) Smoke Control Supply Duct 83,500 CFM 

C) Detector Exhaust Fan, 21,000 CFM 
1.8-rm in Equipment Shaft 

L) Detector Exhaust Duct, 1.2-m in Personnel D) Air Conditioning Unit 83,500 CFM, 25% or Shaft 
E) Smoke Control Supply Fan 83,500 CFM M) Outside Air Intake 21,000 CFM 
F) Smoke Control Exhaust Fan 83,500 CFM N) Motorized Dal'J1)er (Typical) 
G) Smoke Control Return Fan, 62,500 CFM 0) Smoke Exhaust Duct, 2.6-rm 
H) SUpply Ducts, 10,500 CFM, 0.75-m x 1.0-m P) SUpply Duct 83,500 CFM, 1.65-m x 1.65-m 
0 Construction Shaft 

Figure B-2. HV AC System B Schematic ii A/C Units Above Ground. 
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2) A long duct must be installed between the personnel shaft and the equipment shaft 

3) Use of the nonnal ventilation equipment for smoke purge complicates the controls. 

4) Half of the smoke purge supply air is introduced into the hall in a unifonn 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 imponant and outweigh the disadvantages. They are: 

1) The ability to provide a pressure gradient and to isolate the calorimeter assembly room 
durin~ 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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