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This document provides a description of the SOC Calorimeter's Removable Hadronic 
Endplug. This monolithic endplug provides an approximately 100 tonne removable section 
(2.0 ::; Tl ::; 3.0) from remaining hadronic regions of the endcap calorimeter so that radiation 
damaged scintillating tiles (and fibers) can be periodically replaced without major rework or 
disassembly of the entire endcap calorimeter. 
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1. INTRODUCTIQN 

Scintillator based calorimetry was chosen by SDC because of its signal speed and 
absence of a containment vessel for the active medium, implying a relatively "hermetic" 
calorimeter. Furthermore, the safety issues involved in a scintillator calorimeter are 
straightforward and do not require special safety systems targeted solely at the calorimeter. 
The critical issue for scintillator calorimetry is the finite lifetime and consequent reduction in 
light yield of the scintillators and fibers in the radiation field of the detector. In its acceptance 
of scintillating plastic calorimeter, one of the mitigating factors acknowledged by the SOC 
collaboration was that the volume of the calorimeter expected to experience radiation 
damage is small. It seems therefore prudent to design the system so that these small 
sections of the calorimeter where damage is anticipated can be exchanged with minimal 
impact on the rest of the experiment or the schedule. 

1.1 Radiation Dose and Damage Estimates 

Figure 1.1 shows a cross section of the SDC calorimeter, indicating the barrel and 
endcap sections. Figure 1.2 shows the expected radiation dose in the endcap region after 10 
years of running at a luminosity of 1034 sec-1 cm-2. The radiation dose in the endcap is greatest 
at electromagnetic shower maximum, between 5 and 6 radiation lengths deep into the 
electromagnetic calorimeter. For any given angle with respect to the interaction point, the 
maximum radiation dose in the hadronic calorimeter is about 4 times less, and is greatest at 
the front of the hadron calorimeter. Over the surface of the calorimeter, the maximum 
radiation dose varies as 1I(r2 sin3(S» or about a factor of 100, from 5 Mrad at pseudo rapidity 
( " = - In { tan(S/2.) }) of 3 to 50 krad at 1,,1 = 1.4, after 10 years of running at a luminosity of 
1033 sec-I cm-2. Hence, the sections of the calorimeter closest to the beam line receive the 
highest dose, and the total volume of the calorimeter receiving a high dose is relatively small. 

The sensitivity of plastic scintillator and fibers to radiation damage has been 
measured, and is shown in Figure 1.3. As can been seen, after about 1 Mrad of radiation, the 
scintillator tile/fiber combinations have lost about 50% of their total light yield. This result 
was obtained with scintillating tiles made from SCSN 81, BCF-91 a wave length shifting fiber 
and BCF-98 clear readout fibers. A 50% reduction in light yield corresponds to a 7.5% 
addition (in quadrature) to the constant term in the calorimeter resolution (Ref. 1.1). The 
maximum radiation dose from Figure 1.2 and the light output from Figure 1.3, indicate that 
the scintillator in the hadronic calorimeter for 1,,1 ~ 2 near hadronic shower maximum in the 
HACI section of the calorimeter will need replacement during the life time of the detector, 
particularly if the accelerator exceeds its design luminosity. 

In addition to this radiation dose calculated directly from the rate of minimum bias 
events, there are three other contributions to the radiation damage that are more difficult to 
estimate. Two of these involve all the tiles near the " = 3 boundary, regardless of their 
depth in the calorimeter as measured from the interaction region. 

• Neutron damagelForward calorimeter and quadrupole. The front face of the 
forward calorimeter, the low beta quads and the" = 3 boundary of the endplug, 
form the boundary of a neutron bottle which will trap neutrons boiled off the front face 
of the forward calorimeter and quadrupoles. One would estimate that these neutrons 
would deposit their energy in the first 1 - 2 interaction lengths of material at the 
boundary of this bottle. Hence, we expect a higher rate of damage to all the 
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scintillators along the 11 = 3 boundary of the endplug, regardless of their depth into the 
calorimeter as measured from the interaction point. 

• Beam line related effects: The radiation damage estimates ignore damage due to 
. beam-gas interactions, beam-pipe interactions and secondary interactions from 
particles from minimum bias events interacting with the beam pipe or other structures. 
These will all contribute to a higher, but currently unknown radiation dose, particularly 
for all the tiles along the 11 = 3 boundary, regardless of their depth in the calorimeter. 

• Magnetic focusing. The radiation dose plotted in Figure 1.2 does not include 
magnetic field effects. Given the coil radius of 1.7 meters and the field strength 
of 2.0 T, the capture Pt of tracking volume is 0.5 GeV. All charged particles with Pt 
below 0.5 GeV will deposit their energy in the endcaps. Assuming that the ave~age Pt 
at the SSC is 0.6 MeV, this means that about 13% of the particle flux that might have 
otherwise struck the barrel· will be focused on the end plug instead. The total energy 
deposited from minimum bias events between 110 ~ 11 ~ 0 is given by H <Pt> 
sinh (110), where H is the height of the rapidity plateau and <Pt> is the mean Pt. 
Using these numbers, and modeling the single particle Pt dependence as dN/dpt = 
A Pt exp(pt/po), where A is a constant and Po = <Pt> = 600 MeV, we estimate 
magnetic focusing contributeS only a 1% increase in the total hadronic radiation dose in 
the end plug as compared to the raw rate calculated without the magnetic field. 

1.2 Alternative Endcap Considerations 

In the SDC Technical Design Report, the hadronic endcap includes a removable 
endplug to permit the replacement of radiation damaged scintillator tiles in the angular range 
2.0 ~ 1111 ~ 3.0. The endplug, which weighs approximately 100 tonnes, is supported from the 
rear of the calorimeter's endcap and can be removed without dismantling the rest of the 
endcap calorimeter. Other techniques have been proposed which require dismantling most of 
the endcap to replace radiation damaged scintillator or fibers. We see several reasons why 
the removable endplug concept should be maintained: 

• Damage to the calorimeter: The volume of damaged scintillator is expected to be 
relatively small. About 10% of the total number of tiles (or 7% of the scintillator 
volume) will require replacement. It seems dangerous to tear down all of the endcap 
calorimeter so that only 10% of it can be refurbished. The potential for damage to the 
part of the cru,9rimeter system not needing replacement is high. 

• Collateral damage: Removal of all the scintillators from the endcap calorimeter 
implies removal of all of the infrastructure from the calorimeter surface: electronics, 
PMTs, cooling systems, experimental power, equipment power, high voltage, cables, 
trigger hardware, source systems, fire protection and other safety systems, as well as 
those pieces of other subsystems that rely on the endcap for mechanical support or 
experimental utilities distributed from the endcap. Given the large number and variety 
of systems connected to the endcap, it is likely that a complete disassembly of the 
endcap calorimeter could cause significant damage to other systems. 

• Schedule: The schedule for replacement of the damaged scintillator can be 
minimized by almost complete preparation of the new scintillator and pizza pan 
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assemblies prior to disassembly of the end plug. In a system of monolithic pizza pans 
extending from 1.4 ~ Illl ~ 3.0, the new scintillators could not be installed into the 
pizza pans until the old scintillators had been removed. In this case, the schedule 
would also have to include down time for removal and eventual reinstallation of all the 
other systems and detector utilities and cables. 

• Cost: With the removable endplug, refurbishment costs are fairly well restricted to 
replacement of the damaged scintillator, without involving the undamaged portion of 
the calorimeter or ancillary systems. A design requiring removal of all the scintillator 
needs to include not only the cost of the scintillator replacement, but also the cost of 
the disassembly and reinstallation of other affected systems. 

For these reasons we conclude that the original plan for an endplug hadron calorimeter 
should be pursued, and in the following we describe a well-developed mechanical design. The 
physics parameters of the endplug are described in the next section, followed by a discussion 
of the mechanical implementation. Fabrication of the absorber structure, the scintillator 
tile/fiber assemblies, fiber and source tube routing as well as PMT mounting are also 
described in this section. Section 5 discusses initial assembly operations. The support of the 
endplug and interfaces to adjoining systems are discussed in Section 6. Mechanical and 
electromagnetic loads and the structural analyses indicating how these loads are carried by 
the structure are discussed in Section 7. Section 8 discusses the installation and removal of 
the endplug at the SSCL. Finally, we present a cost estimate in Section 9 and a summary in 
Section 10. . 
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2. PHYSICS PARAMETER REQUIREMENTS 

2.1 Hadronic Endplug Parameters 

Because the reasons for the endplug calorimeter are environmental, rather than based 
on unique physics requirements, the parameters of the endplug are identical to those of the 
endcap calorimeter in general. They are listed in Table 2.1, as taken from the SOC Detector 
Parameters Book. 

Table 2.1: Hadronic endplug parameters 

Parameter HAC 1 HAC2 

Longitudinal readouts 1 1 

Lateral Segmentation (011 X 0$) 0.2 x 0.2 0.2 x 0.2 

Absorber Layers 19 11 

Absorber Thickness (mm) 42.0 90.0 

Scintillator Thickness (mm) 4.0 4.0 

Cell Thickness. (mm) 48.0 96.0 

Depth 5.04 A. 5.99 A. 

Chanr.els (both endcaps) 320 320 

We note that the transition between tower sizes in the endcap occurs at 1111 = 2, so 
that the segmentation of the electromagnetic endcap calorimeter is four times (except 2.6 ~ 
1111 ~ 3.0) the segmentation of the hadron calorimeter behind it. Above this boundary the 
segmentation in the hadron calorimeter is 011 x&!>= 0.1 X 0.1. Below this boundary, which 
also corresponds to the outermost boundary of the endplug, the transverse segmentation is 
011 X 0$ = 0.2 X 0.2. 
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To minimize dead regions while still maintaining a solid mechanical structure, half 
thickness absorber plates in the end plug are alternated with scintillator tile assemblies, 
analogous to the structure of the barrel. Figure 2.1a shows a cross section through one layer 
of the hadronic endcap (for the baseline wedge module endcap option) and end plug, with 
alternating wedges of scintillator and absorber plates. In the subsequent scintillator layer the 
scintillator and wedge plates exchange positions such that layer-to-Iayer tile 4» edges in the 
endplug are projective. Figure 2.1b shows an analogous cross section for another endcap 
configuration which utilizes radially withdrawn pizza pans. The further details of this endplug 
assembly are explained in Section 4. 

2.2 The Inl = 2 Crack 

The crack between the end plug and the endcap should bellS small as possible, but 
large enough to accommodate: 

• Readout fibers and their covers and connectors, 

• Mechanical tolerances, 

• Mechanical distortions of the endcap calorimeters due to gravity, 

• Mechanical motion due to magnetic forces on the endplug. 

We imagine that to accommodate these needs, the gap between the endcap and 
end plug needs to be about 10 mm wide. As is the case for the barrel, it is possible to put a 
"dogleg" in the gap between endcap and endplug hadron calorimeters so that the crack 
between them is non projective. 

2.3 General Absorber Configuration Considerations 

Besides the appropriate segmentation, and granularity and mechanical strength 
needed to satisfy the requirements of hadron calorimeter, the endplug design must be 
consistent with the overall flux return path through the steel of the calorimeter as a whole. 
Additionally, the arrangement of absorber in the endplug must not compromise the elhad cuts 
necessary to identify electrons in the ECEM. We address these two issues below. 

2.4 Magnetic Field Considerations. 

Similar to the design in the barrel, the endplug design features steel absorber wedge 
plates alternating azimuthally with scintillators in pizza pans. To complete a layer (or "cell") 
of absorber and scintillator, these wedge plates and pizza pans exchange position in the 
following depth layer in the calorimeter. The purpose for these alternating layers is to 
maximize the acceptance of the calorimeter while maintaining strong mechanical links 
between the absorber plates to carry the mechanical and electromagnetic loads. We show in 
Section 7 how the endplug is designed to withstand the 100 tonne gravitational loads and the 
estimated 300 tonne magnetic load. In the layout of the endplug, we have paid special 
attention to the boundaries of the steel plates to keep them aligned with the neighboring steel 
plates in the endcap hadron calorimeter so as to make the flux return path as uniform as 
possible. We have shown two examples of the steel layout in Figures 2.la and 2.1b, where 
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the wedge plates in the end plug have been positioned so as to correspond to two different 
mechanical structures in the endcap hadron calorimeter. We note that the azimuthal 
asymmetry in the magnetic field introduced by this azimuthal distribution of steel should be 
small compared to the azimuthal variation in the flux return caused by the 32 steel pads 
spanning the 8 cm gap between the endcap and barrel calorimeters. 

The axial stiffness of the endplug absorber structure is also a very important factor in 
the design. This should be at least as stiff as the combined stiffness of the coil (relative to 
the cryostat) and its external cryostat (relative to the barrel calorimeter). The required 
minimum stiffness is 10 tonne/mm (Ref. 2.1). The calculated endplug stiffness is described in 
Section 7.4. 

2.5 Electron Identification and HadronlEM cuts. 

Additionally, we have been concerned with the potential azimuthal variation of 
absorber in the first layers of the endplug hadron calorimeter and its impact on the 
identification of electrons. Were the alternating structure of wedge plates and scintillators to 
be naively extended to the front of the endplug, there would be different amounts of steel 
absorber between the last scintillator of the ECEM and the first scintillator of the hadron 
calorimeter. We have therefore slightly modified the structure of the endplug so that the first 
scintillator in the hadron calorimeter is covered by the same absorber thickness. 

This is accomplished by the addition of sixteen 24 mm thick steel wedge shaped 
plates on the front surface of the endplug (see Figure 1.1). Including the first full absorber 
plate, there is always 42 mm of steel in front of every scintillating tile in the first "cell" of the 
hadron calorimeter. 

To maintain continuity between the end plug and the endcap, this 24 mm plate can also 
be incorporated in the endcap calorimeter. With this addition, electron showers that leak into 
the hadron compartment should be uniformly sampled, regardless of the location of the 
particle. 

We are confident that the endplug absorber can be designed to correspond to any 
reasonable steel configurations in the endcap hadron calorimeter (e.g. see Figure 2.2). 

3. ENDPLUG CONFIGURATION OVERVIEW 

Each endcap calorimeter (Figure 3.1) spans the region 1.4 ~ 1111 ~ 3, and consists of an 
electromagnetic section (ECIEM), an outer hadronic region (EClHad), and a smaller, 
approximately 100 tonne, conical shaped (2 ~ 1111 ~ 3), monolithic, removable hadronic 
endplug. Absorber plates in the entire endcap are oriented perpendicular to the beam axis. 
The depth segments of the endplug match the corresponding depth segments in the 
surrounding EClHad. The endplug's front face is adjacent to the back face of the ECIEM. The 
endplug's back face is approximately coplaner with the back face of the endcap. 

Portions of the EC/EM and endplug calorimeters are subjected to the highest radiation 
exposure (damage and radioactivation) within the Central calorimeter. These two calori­
meter sub-systems have been configured for relatively easy removal from the endcap so that 
tiles and fibers can be replaced. This operation takes place after the endcaps have been 
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axially withdrawn to suitable locations within reach of the hall's crane; requiring withdrawal of 
the detector's Forward Muon system. 

Radiation damaged tile replacement operations are expected to take place during long 
scheduled detector shutdowns after operational peri"ods of about 4 years (depending upon 
beam luminosity, 11 location, depth, and light output degradation). 

The monolithic endplug, Figure 3.2, is an assembly of annular shaped absorber plates, 
trapezoidal shaped "wedge" plates, and trapezoidal shaped "pizza pans", with 5 scintillating 
tiles within each pizza pan. Pizza pans and tiles are inserted into the absorber structure from 
its outer, ITtI = 2, boundary. Source tubes, which are adjacent to tile faces in each absorber 
slot, enter the endplug from its inner, ITtI = 3, boundary. 

There are two each absorber plates and two half-layers of wedge plates and two half­
layers of pizza pans in a typical endplug hadronic "cell". Table 3.1 provides thickness details 
of endplug cells. 

TABLE 3.1 

HAC 1 

Absorber plate thickness 
No. of absorber plates/cell 
Pan slot (and abs. wedge) thickness 
Abs. thickness/cell (2x18 + 6) 
Scintillator thickness 
Pizza pan thickness 
Cell thickness (2x(18 + 6» 
No. of HAC 1 cell layers 
Cell density 
No. of HAC 1 Interaction Lengths 

HAC2 

Absorber plate thickness 
No. of absorber plates/cell 
Pan slot (and abs. wedge) thickness 
Abs. thickness/cell (2x42 + 6) 
Scintillator thickness 
Pizza pan thickness 
Cell thickness (2x(42 + 6» 
No. of HAC2 cell layers 
Cell density 
No. of HAC2 Interaction Lengths 

Total endplug depth ( at 11 = 3) 
(assuming Ec/EM depth of 1.08 lambda) 

(mm) 

(mm) 
(mm) 
(mm) . 
(mm) 
(mm) 

(g/cm3) 
(lambda) 

(mm) 

(mm) 
(mm) 
(mm) 
(mm) 
(mm) 

(g/cm3) 
(lambda) 

10 

18 
2 
6 

42 
4.0 
1.016 

48 
19 

7.140 
4.95 

42 
2 
6 

90 
4.0 
1.016 

96 
11 
7.505 
6.00 

12.03 



Table 3.2 provides tower size and quantity information for each section in an endplug. 
Each end plug consists of 32 sectors in cpo Quantities listed apply to each endplug. 

TABLE 3.2 

HAC 1 Eta region ~1l 

2.0-2.2 0.20 
2.2-2.4 0.20 
2.4-2.6 0.20 
2.6-2.8 0.20 
2.8-3.0 0.20 

HAC2 Eta region ~1l 

2.0-2.2 0.20 
2.2-2.4 0.20 
2.4-2.6 0.20 
2.6-2.8 0.20 
2.8-3.0 0.20 

~cp 

1tI16 
1tI16 
1tI16 
1tI16 
1tI16 

No. of towers/sector 

1 
1 
1 
1 
! 

No. of tiles per cell sector 5 

~cp 

1tI16 
1tI16 
1tI16 
1tI16 
1tI16 

No. of towers/sector 

1 
1 
1 
1 
! 

No. of tiles per cell sector 5 

Total number of endplug tiles: 

HAC1: 

HAC2: 

(No. of HACI cell layers) x (No. of tiles per cell sector) 
x (No. of cp sectors) = 19 x 5 x 32 = 3040 tiles 

(No. of HAC2 cell layers) x (No. of tiles per cell sector) 
x (No. of cp sectors) = 11 x 5 x 32 = 1760 tiles 

Total number of endplug tiles = 3040 + 1760 = 4800 
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4. ENDPLUG CONSTRUCTION DETAILS 

4.1 Absorber Structure Parts Description 

The absorber structure of the 100 tonne, conical-shaped endplug consists of 
alternating layers of annular steel absorber plates and trapezoidal-shaped steel wedge 
plates, all fastened together by short, steel tie-rods. The tie-rods are welded to the outboard 
face of each pair of absorber plates. In addition, the outer edge of each wedge plate is slot­
welded to adjacent absorber plates. The combination of tie rods and peripheral slot-welds 
enable the plate/rod structure to resist gravity and magnetic forces at acceptable stress 
levels. The endplug is cantilever supported from the back face of the endcap calorimeter using 
an annular-shaped bolted flange. 

The endcap, which may either be constructed from large, annular plates (a monolith) or 
from keystone-shaped wedge modules, has a similar distribution of absorber plate layers. 
Previously described Figures 2.1a and 2.1b illustrate typical cross-sections perpendicular to 
the beam indicating tiles and absorber material in the hadronic endplug and hadronic end cap 
for the forgoing endcap construction options. Note that tiles and absorber "line up" across the 
endcap/endplug interface for either endcap configuration option, providing nearby tower and 
magnetic flux continuity. 

The endplug's absorber structure (see 20M6(06) is divided into 2 longitudinal 
sections, HAC 1 and HAC2 whose principle differences are the thickness of the absorber 
plates and the size and radial locations of the tie-rods. For practical reasons, the diameter of 
the tie-rods is constant in each hadronic section. The HACI and HAC2 sections are each 
further divided into 3 sub-regions of about 8 to 14 plates each. Within each of these sub­
regions, the tie rod diameter and hole patterns through the absorber plates and wedge plates 
are identical. 

Drawing 20M6046 shows fabrication details of a "generic" HAC 1 absorber plate, and 
20M6086 is a similar generic HAC2 absorber plate. 

Drawing 20M6034 shows a "generic" HACI wedge plate; corresponding plates in 
HAC2 are virtually the same. Finally, Figure 2 of 20M6016 shows the typical azimuthal 
orientation of the 16 each, 11.25 degree (27r132) wedge plates (all 6 mm thick) between 
absorber plates. This wedge plate pattern is alternately rotated +/- 22.5 degrees after each 
additional absorber plate layer, providing radial slots in the structure for subsequent insertion 
of pizza pans and scintillator tiles. 

At the back of the endcap is an annular Endcap Adapter Ring (equipped with 32 
protruding studs) to which the endplug's Support Flange (20M6143) attaches. 

Purchased stock for the forgoing absorber plate fabrications could consist of flame cut 
blanks for the 42 mm (1.65 inch) thick HAC2 section parts and either flame cut or waterjet cut 
blanks for the 18 mm (0.708 inch) thick HACI section parts. The 6 mm thick wedge plates 
could be blanchard ground from waterjet cut blanks, with virtually no additional profile 
machining required for finish parts (only hole drilling). 
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Finally, 20M6154 and 20M6164 show details of the small, shallow grooves for source 
tubes in the HACI and HAC2 absorber plates, respectively. The 16 each, small straight 
slots in these plates could be cut using one of several conventional machining methods, but 
unless the cutting speed is high, the cost would be prohibitive. After considering several 
possibilities including milling, grinding (with an abrasive cut-off wheel), and cutting with a 
carbide bladed skill saw, we initially selected plasma arc "gouging" (Ref. 4.1) for producing 
these small grooves. 

In this well developed commercial process, we could use a suitably guided and driven, 
plasma-arc gouging torch. Although the groove shape is more V -like, the finish is acceptable, 
and speeds of about 6 feet per minute can be achieved. Based upon recent groove samples 
cut at LBL (in 25 mm thick plate), distortion (warping) does not appear to be a problem. 
Clean-up operations are limited to surface flash removal (with a metal scraper) and wire 
brushing--both very fast operations. The short radiused end of these slots ¢ould be done 
either with a milling cutter (at the time the plate's holes are drilled) or with a router and a 
guiding template. 

However, Barnes (Ref. 4.2) has recently shown that the z-position of the source 
relative to tiles has a significant influence on calibration sensitivity. When the source is 
located in a small groove in the absorber plate such that part of the tile is "obscured", the 
response at the tile is sensitive to the source's z-position at about the 30 %/mm level. On the 
other hand, when the source is located "in air" (adjacent to the face of the tile), this 
sensitivity drops to about 3 %/mm. . 

Because of this new information, we have changed our original plan of routing the 
source guide tube within the absorber structure, and in Section 4.4 we describe a modified 
design which achieves the reduced position sensitivity while retaining low cost fabrication 
means. The cost of the "grooves" is reduced by machining a wider (and shallower) profile 
using a much larger diameter milling cutter (see Section 4.4). 

4.2 Absorber Assembly 

The stacking/welding sequence of the endplug's absorber structure assembly is shown 
in the azimuthal cross-section Plug Assembly drawing, 20M6006, and the Plug Assembly 
Sequence drawing, 20M6016. 

After individual absorber plates have had their tie-rods welded at the back side into 
close-fitting holes using suitable tie rod alignment shims as shown in Figure 1 of 20M6016, 
assembly starts with the HAC2 strongback plate inverted and positioned on four temporary 
post supports. A conical tooling fixture provides radial alignment as absorber plates are 
stacked. 

As each absorber plate (which may be out-of-flat by as much as 0.1 inch) and each 
group of 16 blanChard-ground wedge plates are added to the "stack", the plate is locally 
compressed (Ref. 4.3) and welded to the upstanding end of the previous plate's tie-rods. This 
sequential plate-to-tie rod welding operation, produces a progressively more rigid, endplug 
structure with minimal residual thermal stress and consequent out-of-plane distortions. After 
the tie rods have been welded, the outer periphery of each wedge plate is slot-welded to its 
two adjacent absorber plates as shown in Figure 2 of 20M6016. 
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4.3 TilelWave Length Shifter (WLS) Fiber Configuration 

Trapezoidal shaped scintillating tiles within the endplug are configured as shown in 
Figure 4.1, with a single, 1 mm diameter fiber readout to each tile. The "sigma" style, WLS 
fiber groove path is machined into the tiles with a high speed ball-mill type cutter. The groove 
path enters tangentially from one face of the tile, similar to tiles used in LBL's 4 x 4 tower 
Test Station Module of the monolithic EC/EM (Ref. 4.4). The inboard end of the WLS fiber is 
vacuum coated with Aluminum (sputtered) to improve light collection. 

The endplug tile/fiber design has a fused joint from 1 mm diameter WLS fiber (within 
the tile) to 1 mm clear plastic readout fiber, reinforced with a thin metal or plastic tube (1.5 
mm outer diameter) close to the tile. The clear fiber is routed radially outward over the face 
of tiles (or megatiles--see section 4.4), along the 11 = 2 boundary and through the support 
flange, to a single commercial optical disconnect on the back of the endcap. 

To increase light output and minimize coupling between adjacent tiles, the four . 
transverse edges of each tile are painted with a white acrylic paint In addition, each tile is 
circumferentially wrapped with Tyvek or aluminized Mylar sheet before installation into the 
pizza pans. We will place a 0.005 inch thick sheet of Kapton over the reflective wrapping on 
the 5 tiles as they are installed into the pizza pans, to act as an "anti-abrasion strip" (for the 
reflective wrapping) when pizza pans are subsequently slipped into absorber slots. 

As an alternative to this baseline design, we will consider multiple fibers (possibly of 
smaller diameter) per tile to improve radiation hardness, if uniformity is acceptable (Ref. 4.5). 

4.4 Pizza Pans (or Megatiles) and Source Tube Details 

We have been considering two types of construction for the 5 tiles which are installed 
in each absorber slot of the endplug: a) individually wrapped tiles contained in 0.5 mm thick 
pizza pans (to facilitate handling and installation), and b) megatiles with a continuous 
reflective over-wrap and no pizza pans. Recent endplug tile designs explored have also only 
considered tile-source tube arrangements in which the tube is in air and "sees" the entire tile 
(Ref. 4.2). With structurally sound, light reflecting adhesive joints between individual tiles 
and acceptable low levels of light coupling, megatiles provide the handling capability with an 
advantage of not requiring additional absorber space for the pizza pan--see Table 4.1. 

TABLE 4.1 Endplug Absorber Slot Dimension Contributors--after Freeman (Ref. 4.6) 

Tile Construction Option Megatile Pizza Pan 

Component thickness thickness 
(mm) (mm) 

Tile 4.0 (+/-0.2) 4.0 (+/-0.2) 
1 mm Clear Fiber Splice 1.5 1.5 
Optical Wrapping (3 layers) 0.5 0.5 
Pizza Pan 0.0 1.0 
Insertion Clearance 0.2 0.2 
Required Slot Dimension 6.2 (+/-0.2) 7.2 (+/-0.2) 
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Note that the baseline, 6 mm thick, absorber slot is inadequate for either of the above 
endplug tile options, but close for megatiles. Although we might be able to show in Section 
4.7 (Light Budget) that endplug tiles could be thinner or that smaller diameter fiber could be 
used, we ignore these potential refinements for now (the trade-offs can be studied later), 
because similar absorber slot dimensions will also be necessary for the outer endcap hadronic 
modules if radially withdrawable megatiles are considered, as we believe FNAL will propose. 

Either the megatiles or the 0.5 mm thick stainless steel pans are laterally positioned 
in the 6 mm thick (nominal) trapezoidal slots in the absorber structure by the wedge plates. 
Figure 4.2a, an edge view of a typical slot in the absorber structure, shows the combined 
assembly of a megatile and a "source tube strip". Figure 4.2b shows a similar edge view for 
the pizza pan option. The source tube strip, with its attached z-plane section of source guide 
tube (the 1.3 mm diameter baseline source guide tube is shown), is installed from the 11 = 3 
side and becomes semi-permanently attached to the absorber structure, whereas pizza pans 
or megatiles can be withdrawn from the outer, 11 = 2 boundary (Ref. 4.7). 

The source guide tube is brazed or spot welded to the lateral center each of the 5 
spring tabs which are die stamped into the approximately 75 mm wide x 0.5 mm thick source 
tube strip, Figure 4.3. The flexible spring tabs ensure that the guide tube is locally pressed 
against the transverse center of each tile. The source tube strip occupies the rectangular­
shaped open region in the front face of the pizza pan in that option. Centering of the source 
guide tube (and strip) with respect to tiles to the +/- 2 mm lateral position requirement is 
easily obtained when the shallow U-shaped stamped section of the source tube strip is placed 
in the approximately 9.5 mm wide x 0.9 mm deep groove, milled into the absorber plate. 
These grooves will be positioned in phi to an accuracy of about +/- 0.25 mm. The strip has 
identical die-stamped features at each end to reduce costs. One of the subsequently bent 
tabs at each end allow attachment to the adjacent absorber plate with small, ring shanked 
nails. The other bent tabs at each end of the strip provide a reasonably precise radial 
positioning means for the tiles (or megatiles). Except for variable lengths and die stamped 
spring tab locations, all of the source tube strips are identical. 

The pizza pan's simple configuration details are illustrated in Figure 4.4. These pizza 
pans offer the advantage that tile fibers (and splices) are protected against damage when 
pans are inserted into the absorber slots. The approximately 77 mm wide opening in the front 
face provides insertion clearance around the source tube strip. The small hole in the spot­
welded bent tab at the outer edge of the pizza pan allows a screw attachment to the adjacent 
absorber plate. The inner and outer profiles of the pizza pans are configured in the simplest 
possible form to eliminate tilt; cost of expensive, variable-dimension blanking and folding die 
tooling. 

4.5 Fiber Routing and PMT Mounting 

Pizza pans and tile/fiber units are installed into the endplug using a "last-inlfirst-out" 
assembly sequence. That is, those tile layers closest to the interaction point are removed 
first and installed (or reinstalled) last. This sequence permits the organized placement and 
tape down of fibers (and fiber layers) during panltile (or mega tile) installation. Each clear 
fiber is equipped with a single commercial optical disconnect which resides in a junction box 
near the outer perimeter of the endplug support flange. 
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With the junction box opened and the fibers disconnected. the end plug can be 
withdrawn without disturbing PMT assemblies which are mounted at the outer circumference 
of the endcap. PMTs are mounted here (as opposed to the rear of the end plug) because the 
close proximity of the Detector's first muon chamber, FWl, would limit PMT access. With 
the PMTs on the endcap, the clear fiber length is about 2 m longer than with PMTs on the 
endplug. 

We have investigated various means of routing the 4800 endplug fibers from the pizza 
pans to the PMTs, while providing light seals, minimizing light loss, and providing space for 
PMT mounting and access (Ref. 4.8). These functions must exist without compromising our 
ability to quickly remove and replace the 100 tonne endplugs and radiation damaged tiles 
therein. After the clear fibers exit the pizza pans (or megatiles). they are gathered into thin 
layers at the outer 11 boundary '(inside a light-tight, conical sheet metal cover skin) and follow 
the small 11 "gap" between the EClHad and the endplug to the PMTs. The proposed locations 
of PMTs and disconnects are shown in the endcap cross-section. Figure 4.5. 

Figure 4.6 shows details of the clear fiber routing over the face of tiles and at the outer 
11 boundary. As the 5 fibers exit a pizza pan (or megatile), the group is curved 90 degrees 
with about a 50 mm bend radius (at the outermost tile) to exit tangent to the outer surface of 
the absorber structure. and taped into position. Outside the pizza pan the 5 fibers are then 
curved through another relatively long radius. 90 degree arc (directed toward the rear of the 
endplug) and taped down to the 11 = 2 surface of the absorber structure. As subsequent 
groups of tiles and pizza pans (or megatiles) are installed (starting at the back of the 
endplug) their 5 fibers are joined with previous bundles until there are 25 fiber "mini-bundles" 
which are routed to junction boxes outside the endplug through light sealed. "split-tube 
conduits" imbedded in the endplug support flange. 

4.6 Flange Light Seal, Split Conduit, and Fiber-Disconnect Junction Box 

Figure 4.7 shows a typical radial cross-section through the back of the endcap. the 
endplug. and its support flange illustrating the path fibers take from under the thin. light-tight 
metal cone to the disconnect junction boxes. The endplug support flange (20M6143) is 
equipped with 64 milled radial slots which will contain 64 each split, circular conduits through 
which the fibers pass. These conduits are sealed light-tight into the flange slots using foam 
rubber gasketing stock which has a circular inner hole and a square outer cross-section (see 
Figure 4.7. section A-A). 

In addition to their light sealing functions, the 32 each, junction boxes with their split­
tube fiber conduits, Figure 4.8, provide two other useful functions: a) a light path physical 
separation means between tiles and PMTs for endplug removal. and b) a fiber withdrawal 
means between pizza pans (or megatiles) and optical disconnects for tile replacement. When 
the junction boxes are opened and the fibers disconnected. the endplug can be withdrawn from 
the endcap without disturbing the PMTs. The "inboard flange" of the junction box is also 
constructed from two mating halves which split when the box's joint is opened, allowing the 
clear fibers (between tiles and the disconnect) to be withdrawn. The exposed seams 
between the two halves of the split fiber conduits and the two halves of the junction box 
flange are externally wrapped with a suitable light-tight seal after the conduit gaskets have 
been compressed into the support flange slots. finalizing the light seal. 
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At the outboard end of each junction box (Figure 4.8)' is a single metal conduit which 
extends to the PMT mounting/access boxes on the outer radius of the endcap. This tube is 
light-sealed to the junction box retractable lid using a conventional rubber grommet. The 
outermost end of this tube has a flange, which is sealed light-tight with a suitable gasket to 
the mounting box. There is one mounting box for each of the 32 phi sectors. Each contains 
ten PMTs, five for HAC 1 and five for HAC2, giving a total of 320 PMTs per endplug. A total 
of 150 fibers enter each mounting box. 

4.7 Light Budget 

To estimate the photoelectron budget we begin with values for the standard tile/fiber 
combination for the barrel and translate them into the endcap environment. The light yield in 
the barrel is 4 photoelectrons per minimum ionizing particle assuming SCSN 38 scintillator 
and 2 meters of clear, 1 mm diameter readout fiber and no fiber disconnects. 

Table 4.2: Light yield estimates for End :>lug 
Parameter Reduction in Net light 

Light yield yieldlmip 

Light yield barrel hadron - 4.0 
Use SCSN 81 scintillator 0.76 3.0 
Attenuation due to extra clear 0.68 2.1 
fiber path length (assume 7 --

meter attenuation length), 4.6 m 
longest path 
Attenuation of 1 fiber disconnect 0.84 1.8 
at 0.84 each 

For the hanging file calorimeter, with 5 cm (2 inch) steel plate sampling, the resolution 

was 5.7% at an energy of 227 GeV or 85%/..JE (Ref. 4.9), assuming no constant term. For 
this result there were an average of 1.3 photoelectrons per minimum ionizing particle (Ref. 
4.10). The smallest 11 boundary of the endplug is 2, and hence we can expect an Et resolution 

two times better, or no worse than about 44%/fEt. This is well within the SOC standard of 

75%/-fEt. We conclude there is significant freedom on the placement of the optical 
components (e.g. disconnects or the photomultiplier tubes). 

4.8 Tile Calibration 

The source calibration in the endplug will use a traveling radioactive point source, 
similar to the arrangement adopted for the CDF Endcap upgrade (Ref. 4.11) and planned for 
the SDC Barrel calorimeter. Figure 4.9 schematically shows the routing of source tubes from 
the endplug's inner, 11 = 3, boundary over each of the 80 tiles in a given longitudinal layer. 
This routing configuration allows the convenience of tile and fiber removal from the outer 
boundary without disturbing the source tubes, and helps to minimize the radial "gap" at 11 = 2 
between the endcap hadronic structure and the removable hadronic endplug. The source wire 
is inserted into thin tubes of about 1.3 mm diameter and is directed over the front face of each 
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tile by a suitable driver mechanism (Ref. 4.11) mounted on the back of the endplug. The 
source is alternatively inserted into appropriate endplug layer tubes by the driver, to pass in 
close proximity (+/- 0.5 mm) to the face of each tile within +/- 2 mm from its transverse 
center. 

This source routing path for the endplug has the disadvantage of three or four 
relatively short radius (about 50-75 mm) 90 degree turns in series (and thus very high 
potential friction) between the driver mechanism and the tiles. Because the COF "source 
positioning wire" (a small, solid metal wire in a thin metal tube) is relatively stiff in bending, 
excessive friction could develop while negotiating small radius bends, limiting its applicability 
to short circuits (about 7 m) with no more than 2 or 3, longer radius (approximately 75-100 
mm), 90 degree bends (Ref. 4.11). 

However, the first author feels a limiting factor of the COF "source positioning wire" 
design for endplug applications may be repeated stress beyond the elastic limit. If the 0.028 
inch (0.71 mm) 0.0. outer tube were bent around 1.75 inch (45 mm) radius arcs as the 
endplug requires at 11 = 3, the tube would be subjected to stresses well above 100 ksi. 
Although the COF tube is free of local stress concentrations, few steel alloys can survive 
repeated flexures of this magnitude. Those alloys available in such small bore tubing form are 
even more limited. Consequently, we have been investigating two other alternatives: a) a 
more flexible, "composite source wire", and b) a hydraulically positioned source. 

Flexible, "Composite Source Wire" 

Figure 4.10 is a drawing of the flexible composite source wire. In this "wire" 
configuration, a central, flexible aircraft cable provides high axial "pull" stiffness, and a 
surrounding extension spring (also flexible in bending but stiff in compression) provides 
"push" stiffness when guided by the surrounding source tube. This composite wire has 
greater elastic bending flexibility than the COF version, allowing repeated insertion past 
small bend radii at modest stress levels without fatigue failure. Although it is larger in 
diameter than the COF design, frictional drag forces appear to be comparable. 

The radioactive source is encapsulated (welded into a small cylindrical hole) in a 
short, smooth bull-nosed fitting at one end of the composite wire which is hard soldered to the 
cable. The "driven end" of the wire has a cylindrical fitting which is also hard soldered to the 
cable. This latter fitting is installed after the spring, with the cable under a modest tensile 
preload. 

Source Wire Forces. Intuitively, one would expect the insertion/withdrawal forces 
between the composite wire and the (curved) source guide tube to be a function of the number 
of bends, or wrap angle, the friction coefficient, the bend radius, and the bending stiffnesses of 
the cable and spring. 

Some insight into relationships between parameters affecting frictional behavior in the 
source wire/tube insertion/withdrawal process can be obtained by analogy with a simple 
friction brake mechanism. If the wire (brake band) was constructed from an ideally flexible 
"string", the axial string (band) tension, F1, which must be provided by the driver (band to 
resist drum motion), is a function of the total wrap angle around the tube (drum), a, the. 
friction coefficient, f, and the drag force (band tension), F2, applied at the string's (brake 

18 



band's) "fixed" end. In the brake example (Ref. 4.12), the tension ratio is given by: FlIF2 = 
exp(a. 0. If we arbitrarily assume a. = 27t, and f = 0.6, this force ratio becomes 43.4! The 
effectiveness of the band tension, Fl, in the brake application, and conversely, the importance 
of minimizing the source wire drag, F2, in our case, should be quite clear. 

In our situation, the effective axial drag force, F2, can be estimated as the product of 
the transverse force (composite wire bending stiffness and bend radius) and the friction 
coefficient at each contact point between the tube and the wire--particularly in tube bend 
regions. To keep F2 small, it is important to select appropriate tube and spring material 
combinations (to minimize 0, and cable and spring materials and section properties (to 
minimize bending stiffness). Our calculations suggest it may also be desirable to have the 
spring custom wound with an initial preload as small as practical within "closed coil" spring 
fabrication constraints, because this initial (compressive) spring preload increases its 
bending stiffness. 

There are a number of other factors which have conspired to make the composite 
wire's development "interesting", including: material selections,tube-to-spring relative 
diameter selections, tube joints and flattening at bends, lubrication (or lack 00 in a high 
radiation environment, electroplating, and corrosion and wear considerations. 

We have built two prototype composite wires similar to that shown in Figure 4.10, 
initially using off-the-shelf commercial components with minor modifications, to measure the 
forgoing forces without becoming too influenced by our "speculations" above. The initial 
performance (Ref. 4.13) is very encouraging--these move elastically through twice the number 
of small bends needed in the endplug with small driver forces. The smallest unit built so far 
has a spring outer diameter of 0.070 inches (1.78 mm), which might be acceptable for hadronic 
applications. We have not reviewed the availability of suitable smaller cables and springs for 
electromagnetic source wire applications. Much work remains to achieve a predictable and 
highly reliable design. 

Hydraulic Source Positioning Option (a low friction source positioning concept) 

Another potentially attractive, low friction method would utilize a hydraulically 
positioned source (Ref. 4.14). In this adaptation the source would be installed in a small 
(about 1 mm in diameter), spherical metal capsule which would reside in a slightly larger tube 
filled with a viscous liquid. The tube would be part of a closed fluid circuit, and the source 
would be driven over the faces of tiles in the calorimeter by a suitable, small hydraulic 
metering pump. 

If the tube is about 1.2 mm 1.0., and the fluid viscosity is the order of 20-30 
centistokes, and the hydraulic circuit path length for a typical end plug cell layer (Figure 4.11) 
is about 45 m (150 feeO, the fluid velocity can be about 10 cm/s (0.3 ftls) with a total circuit 
pressure drop not exceeding about 400 psi. 

For this hydraulic option to be technically viable in the end plug, the source (and its 
capsule) would need to be non-magnetic, have a moderately long life, a high specific activity, 
and be safely encapsulated (welded, for example) within the metal sphere. 
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We have performed terminal velocity tests of this concept utilizing 3.17 mm (l/8 inch) 
diameter solid metal and plastic spheres of various densities in a 4 mm diameter vertical 
glass tube filled with Silicone fluid with a kinematic viscosity of about 50 centistokes (these 
sphere and tube sizes and fluid viscosity were selected for convenience only) to verify the 
predictabilitY of the sphere drag force using existing. semi-empirical creeping flow correlations 
(Ref. 4.15. 4.16) which are accurate to within about a factor of3 for our geometric conditions 
(DtubelDsphere of approximately 1.2). 

If the source capsule were neutrally buoyant. it would travel around the various 
inclined legs of the the above circuit at precisely the velocity of the driven fluid. However. it 
does not appear to be possible to construct a neutrally buoyant source/capsule near 1 mm in 
diameter with the desired properties. Nevertheless. calculations of the terminal velocity of 
source/capsule spheres with a sphere-to-fluid specific gravity ratio the order of 3-5 in a 
vertical tube (Poiseuille flow) suggest that the relative velocity (sphere-to-fluid) would be 
small. Thus. for all practical purposes. the sphere would move with the fluid at about 10 cmls 
in all branches of the circuit shown in Figure 4~ 11. 

LBL physicists working with a commercial source vendor (Ref. 4.17) have tentatively 
identified a candidate source/capsule with the requisite properties. This could be a 10-15 mCi 
gamma source (Zn65 ) contained within a 1 mm diameter. welded Titanium sphere. After the 
source pellet is installed in a 0.5 mm hole in the sphere's center followed by a short. 0.5 mm 
diameter Ti plug. the sphere would be EB welded shut, Figure 4.12. The pellet ~ould be 
subsequently enriched in a nuclear reactor. Because Zn65 has a relatively short half-life (244 
days--decaying to Copper). several "cold" source spheres would be initially fabricated and 
stored for subsequent bombardment and use. 

This hydraulic source positioning concept would require extensive development which 
is not included in the baseline endplug's estimated cost (Section 9. below). We will explore it 
further only if we cannot make the mechanically driven. flexible source wire work reliably. 

Similarly. we will stop all work on the flexible composite source wire. if the CDF 
design (the SDC baseline) is found to be satisfactory for all calorimeter subsystems. A 
change from 300 series stainless steel tubing in the CDF design to either MP35N (Ref. 4.18) 
or Elgiloy (Ref. 4.19) would improve the tube's fatigue performance. 

5. ASSEMBLY OPERATIONS AT LBL 

After the endplug absorber structure has been welded into a 100 tonne assembly by 
an outside fabricator. it will be lifted with a mobile truck crane (e.g. Bigge) and a pick-up and 
rotation fixture (Figure 5.1) and transported with a vertical axis orientation on a suitable 
truck carrier to LBL. where subsequent assembly work will be performed. 

At LBL. the structure will be off-loaded and placed inside the selected assembly 
building on a large. thick steel plate equipped with four each. stout vertical "posts" welded on 
a 2.5 m circle on the steel plate (tooling used by the structure's vendor during assembly). 
The Endplug Adaptor Ring and Support Flange will be placed over the 4 posts onto the steel 
plate prior to off-loading the absorber structure. Assembly work at LBL will be done with the 
vertical axis endplug orientation on a platform as shown in Figure 5.2. 
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Assembly work at LBL, which will take several months, consists of: 

5.1 Absorber Structure & Source Tube Completion: 

• lifting and temporary bolting of the Adaptor Ring and Support Flange to the rear of 
the absorber structure, 
• installation of an annular-shaped wooden working platfonn around the endplug 
and above the temporary location of PMT mounting/access boxes and source drivers 
(Figure 5.2), 
• small hole drilling and tapping for pizza pan attachment screws (as applicable), 
• small hole drilling for source tube strip attachment nails, 
• absorber structure final cleaning operations, 
• attachment of source tube strips (with their z-plane source tubes) into the pizza 
pan (or megatile) slots, . 
• completion of source routing tubes to the rear of the endplug at the inner 11 
boundary, 
• installation of the light-tight sheet metal skin at the inner 11 boundary, 
• installation of the end plug's source drivers at a suitable location under the working 
platfonn near the platfonn's outer boundary, 
• extension of source tubes at the rear of the endplug's inner 11 boundary to the 
source drivers. 

5.2 Optical System Completion: 

• installation of pre-wrapped tiles, fibers and pizza pans (as applicable) at the outer 11 
boundary, 
• routing of the clear fiber segments and their disconnects to the junction boxes and 
fiber tape-down, 
• checking of each layer in the final assembly for integrity and light yield, 
• installation of the 64 each foam-robber-sealed, split fiber conduits (which tenninate 
at the junction boxes) into the Plug Support Flange radial grooves, 
• installation of the 64 each fiber junction boxes and their approximately 2 m long 
straight radial extensions to the PMT mounting/access boxes (temporarily supported 
from the working platfonn), 
• routing of the clear fibers from their "cookies" through the conduits from the PMT 
access boxes to the fiber junction boxes, and attachment at disconnects, 
• installation of the light-tight sheet metal skin sectors at the outer 11 boundary; 
screw attachment of the skin's rear flange to the Plug Support Flange (which seals the 
foam-robber-covered conduits); screw attachment of the skin's front flange to the front 
HAC! plate, 
• light tight sealing of the axial seams of the outer sheet metal skin sectors, 
• installation of an annular wooden ring simulating the Endcap Adaptor Ring--which 
bolts to the Endplug Support Flange over the robber sealed fiber conduits--roughly 
simulating the horizontal axis installatiOn/make-up of the end plug into the end cap. 
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5.3 Optical System Testing: 

During the installation scintillators into the endplug it is essential that the proper 
installation of each tile/fiber combination be tested and the light yield be recorded. We 
foresee a "just in time" assembly scenario, where tiles and fibers are joined and inserted into 
the pizza pans (as applicable) just before the pizza pan assembly itself (or megatile) is 
installed into the absorber structure. This organization minimizes the assembly space and 
reduces the exposure of individual tiles or fibers to damage during the assembly stages. 

We envision a two shift assembly procedure, where during the first shift pizza pans 
(or megatiles) are inserted into the calorimeter and their correct operation is verified in the 
next shifl We would use a large "dark box" or flexible light tight shroud to cover the partially 
assembled end plug for these quality control tests. The source tube system would be used to 
monitor the light from the individual tile/fiber combinations. 

6. ENDPLUG SUPPORT AND NEIGHBORING SUBSYSTEM INTE~FACES 

6.1 Endplug support 

The relatively rigid absorber structure design allows the 100 tonne endplug to be 
supported in cantilever fashion from the back of the endcap utilizing a simple, bolted annular 
support flange. The endcap, whetherit consists of stacked, trapezoidal shaped niodules as in 
the barrel, or is a monolithic structure of large, welded annular plates (like the endplug), will 
be equipped with a bolted-on annular Endcap Adapter Ring (20M6173). This adaptor ring is 
equipped with 32 each, 50 mm diameter studs which penetrate large clearance holes in the 
annular Plug Support Flange (20M6143) to simplify the installation. 

The endplug is similarly equipped with an annular Plug Adapter Ring (20M6133), 
which bolts to the rear strongback plate. Figure 6.1 shows a typical cross-section through 
the endcap and endplug illustrating the structural support configuration in greater detail. To 
reduce relative stack accumulative tolerances, the Plug Adapter Ring is not machined to its 
final thickness dimension until the finished stack height of the endplug is known, and the 
endplug's cavity depth in the endcap is also known. Installation and removal of the endplug is 
discussed in Section 8. 

Although formal discussions of the various interface boundaries around the endplug 
have not y~! occurred at the SOC Calorimeter Sub-system Manager level, the next section 
attempts to establish some of the important interface considerations. These future 
discussions could lead to appropriate Interface Control Documents (lCD) with formal SOC 
change control procedures. 

6.2 Endplug-to-Endcap Interface (n = 2 ) 

The 1111 = 2 crack between the endplug and the endcap should be as small as possible, 
but large enough to accommodate: 

• Readout fibers and connectors and their light-tight cover skin, 
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• Mechanical fabrication tolerances in the endcap and end plug, 

• Mechanical distortions of the endcap calorimeters due to gravity, 

• Mechanical motion due to gravity and magnetic forces on the end plug. 

We estimate that to accommodate these needs, the gap between the endcap and 
endplug needs to be about 10 mm wide. As is the case for the barrel, it is possible to put a 
"dogleg" in the gap between endcap and endplug hadron calorimeters so that the crack 
between them is non projective. 

6.3 Endplug-to-ECIEM Interface 

Although PEA analyses on the end plug absorber structure is at a relatively mature 
state, we do not yet have [mal PEA calculations of the full endplug (and support flange 
assembly) inward z-deflection under the action of the steady state, axial magnetic field. 
However we feel the maximum z-deflection will be no more than about 3-4 mm (see Section 
7.4). 

Tentatively assuming this inward z-deflection plus about 3-4 mm of axial assembly 
clearance, we anticipate that the front HACI face of the removable end plug can be installed 
within about 6-8 mm from the rear plate of the ECIEM assembly. 

6.4 Endplug-to-Forward Muon System Interface 

During normal detector operations, the approximately 50 tonne Absorber Cone, which 
shields Forward Muon Chambers from albedo radiation at high eta, butts against the back of 
the endplug, but is physically attached to Forward Torroid One (Frl) of the Detector's 
Forward Muon System (Ref. 6.1). This absorber cone is configured to withdraw about 1 m 
into the bore of Frl, for the SDC's "Small Move" maintenance scenario. 

Simply withdrawing this cone without providing suitable temporary shielding could 
expose personnel to dangerous radiation from the concentric beam pipe, so additional 
shielding means must be provided. One possible solution would be to have a small (say 5-10 
tonne) concentric, inner cylindrical section of the absorber cone "permanently attached" to the 
back of the end plug, which would not move with the main outer absorber cone part. After 
these Detector interface issues have been resolved by the SDC Integration Group, the 
Calorimeter and Muon System groups will prepare appropriate interface control documents. 

7. LOADS AND STRUCTURAL ANALYSES 

7.1 Operational Loads and Modeling Considerations 

In normal operation, the end plug structure and support flange to the endcap must 
operate within the elastic range and resist the 100 tonne gravitational load and forces from 
the 2 Tesla magnetic field (see Figure 1.1), which applies an axisymmetric distributed lateral 
load to the front HACI plate equivalent to about -90 psi (Ref. 7.1). 
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The endplug structure's tie rod design (size/number/radial distribution) must be 
compatible with these operational loads plus various other loading conditions, which include: 

a) handling (pick-up with cone axis vertical and 90 degree turn), 
b) shipping (cone axis vertical), and 
c) installation and removal, with a suitable support fixture attached to the rearmost 
plate of HAC2 using a circular ring of bolts. 

Fixtures to handle these loading conditions are described in Section 8. 

Practical constraints limit the degree of "mesh" detail which can be built into the PEA 
model of the endplug. Because of the number of absorber plates and number of tie rods, for 
example, it is not possible to provide a very high resolution stress picture simultaneously for 
all welded joints between rods and absorber plates. Similarly. because the'wedge plates are 
not welded to the absorber plates (except at their outer edge), numerous non-linear gap type 
elements are necessary in the model for accurate structural interface characterizations. 

However, it is important to have an endplug model which accurately describes the 
stress state at welded joints--especially in those regions where the weld stresses are 
highest. It is also important to know the stress and/or lateral deflection distribution in 
absorber plates, because these cumulative axial deflections within the welded absorber 
structure plus deflections at the rear support flange joint due to the magnetic forces determine 
the minimum required axial installation clearance between the ECIEM and the endplug. 

Anticipating the challenge of building an accurate, cost effective, isoparametric PEA 
model for the the end plug, LBL prepared a request for quotation and statement of work 
covering the expected analyses activities (Ref. 7.2). Mter reviewing the capabilities of 
various PEA codes, and the availability of suitably trained personnel within LBL, we 
contracted with MCR Associates, Sunnyvale, CA, the local ANSYS representative, to 
perform the initial FEA work. 

7.2 PEA Model Description 

MCR Associates have constructed a set of isoparametric PEA models for LBL which 
have been used to estimate the stress and deflection characteristics of the endplug for the 
previously described load cases. These models utilize the ANSYS Finite Element Code 
(Ref. 7.3). 

The current endplug FEA structural model files (Ref. 7.4) prepared by MCR consist of: 

• A highly detailed (approximately 9000 degrees of freedom), 3-D Tie Rod Model 
which uses eight-node brick elements and includes plasticity effects, 

• A HAC2 System Model, which explicitly represents the endplug's bolted support 
flange and the last 4 endplug plate layers, utilizes non-linear gap elements between absorber 
and wedge plates, and simulates the slot welds to wedge plate outer edges. ANSYS "shell 
elements" are used for the plates, and "pipe elements" are used for the tie rods in the system 
model. Brick solid elements are used elsewhere. 

24 



• A HAC1 System Model, which explicitly represents the last 4 HAC1 plate layers, 
utilizes non-linear gap elements between absorber and wedge plates, and simulates the slot 
welds to wedge plate outer edges. ANSYS" shell elements" are used for the plates, and 
"pipe elements" are used for the tie rods in the system model. Brick solid elements are used 
elsewhere. 

The local, generic tie rod model stiffness characteristics are used to adjust the 
properties of the pipe element tie rods attached between shell element plates in the system 
models, and to accurately predict the tie rod stresses produced by system model loads and 
displacements. 

7.3 Modeling Results 

Mark C. Rodamaker of MCR Associates, Inc. described recent FEA progress on the 
structural simulation of the endplug in Reference 7.4. This work was performed by MCR 
during June-July 1992 under contract to LBL (Ref. 7.5). 

With three simple changes to our initial characterization of the end plug structure, the 
current design meets all physics and stress requirements with relative ease using 
conventional materials and a conservative set of assumptions. The changes were: 

1) assume 35 mm diameter HAC1 tie-rods, and 50 mm HAC2 tie-rods, 

2) increase the thickness of the strongback plate from 42 mm to 84 mm, 

3) slot-weld simulation of the outer edge of all wedge plates to the outer edge of the 
adjacent absorber plates. 

Change 3) above dramatically reduced previous peak tie rod loads and stresses and further 
stiffened the absorber structure axially and in transverse shear. 

The conservative simplifying assumptions were: 

1) The tensile preload in tie-rods, which might occur from differential thermal 
expansion during post weld cool-down, is zero; 

2) the friction between adjacent plates throughout the absorber stack is zero. 

MCR shows, through plastic simulation techniques, that although there is a very small 
inelastic zone (yielding) in the tie rod weld region at modest external loads due to an 
unavoidable stress concentration at the bottom of the "V-weld" (Figure 7.1), this zone 
remains localized and stable for external loads beyond about 1.4 times design conditions (see 
Fig. 28 and Fig. 41 of Ref. 7.4) with change 1) above, only. 

With changes 1) and 2) above, the situation gets slightly worse at the rear of HAC2, 
because tie rod stresses increase (longer rods). The system is stable to only about 1.2 times 
design conditions (see Fig. 60 of Ref. 7.4). The forgoing alone, however, does not suggest 
that change 2) is undesirable. 
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With all 3 of th~ above changes. previous peak tie rod forces were reduced by about a 
factor of 10 to 16. as the slot welds contribute significantly to both axial and lateral 
strengthening. These perimeter welds carry a large fraction of the structure's axial load. but 
they are stressed to roughly half that of the tie-rods. 

We can conservatively conclude that the very small inelastic zone in the tie rod welds 
in the current design will be localized and stable to external loads to well beyond two times 
design conditions. even though MCR has yet to "run" this case. 

7.4 Endplug Stiffness 

Because the existing endplug model only contains explicit characterizations of 
absorber plates in discrete regions (see Section 7.2). representations of its axial and lateral 
stiffness requires a combination of ANSYS calculations and extrapolations using hand 
calculations. These are conservative extrapolations. 

The lateral stiffness of the endplug is very high. The (downward) deflection of the 
front of the 100 tonne endplug relative to its rear support is about one millimeter or less. 

We have also calculated the axial stiffness of the endplug under the combined loadings 
of: 1) support flange stud preload. and 2) simulated magnetic forces. First we point out that 
the endplug's axial stiffness depends on the direction of the applied axial load. The end plug is 
much stiffer for outwardly applied axial loads. than for inwardly applied loads as considered 
here. Table 7.1 provides a list of the various compliance contributors in the HAC 1 and HAC2 
sections from FEA calculations. along with hand calculated estimates of region stiffness and 
the overall axial stiffness of the endplug relative to its support at the back of the endcap. 

TABLE 7.1 Current Axial Stiffness of the Endplug. The listed stiffnesses assume a 
distributed axial pressure of -90 psi applied to the front HACI plate of the MCR models. 

Component or region 

Support and adaptor flanges2 

Rear strongback (84 mm thick)2 
Single HAC2 plate (42 mm thick) and tie rods2•3 
HAC2 Section (tie rods and 21 plates)4 
HAC2 Total (with flang~ and strongback)4 
Single HACI plate (18 mm thick) and tie rOds2•3 

HACI Section (tie rods and 38 plates)4 
HACI Total (reO 
Estimated Endplug Axial Stiffness4 

Deflectionz 8z 
(mm) 

0.0510 
0.2942 
0.0028 
0.0581 
0.4034 
0.0391 
1.4874 
1.4874 
1.8907 

Stiffnessz kz 1 
(tonne/mm) 

5908.22 
1023.64 

108787.11 
5180.34 
746.71 

7694.87 
202.50 
202.50 
159.30 

I based on Fz = 301.188 tonnes (90 psi on area of HAC 1 front plate in MCR mode!). 
2 ANSYS calculations using MCR model by C. Corradi (LBL). 12119-21192. 
3 calculation procedure revised after Mark Rodamaker review of 12129/92. See Note below. 
4 hand calculation. 
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Note: The forgoing calculations for a single HACI or HAC2 plate are approximations 
which will be replaced by more exact calculations later (see Section 7.5). 
They are based upon use of the maximum absolute value of the difference between 
global SMN deflections of any two adjacent absorber plates as read from individual 
plate UY contour plots in the MCR model output routines. When the maximum 
absolute value of the difference between global mean deflection values [ SMEAN = 
(SMX + SMN)/2 ] of any two adjacent plates is used, the estimated endplug axial 
stiffness is 149.07 tonne/mm (about 6.8 % lower, primarily due to an increase in the 
single HAC2 plate deflection). These single plate calculation procedures were used 
because only a few plates are explicitly modeled in each HAC section. We believe the 
final result is conservative because the extrapolations in each section used larger than 
average diameter plates. Due to mistakes (by the first author) in Table 7.1 results in 
a previous'draft, it appeared that the endplug's stiffness was marginal. We apologize 
for the confusion. The Y -direction in the MCR models corresponds to the Z-direction 
in SDC coordinates. 

If the endcap's compliance is small (as we expect), the 149 tonne/mm endplug 
stiffness obviously meets SDC solenoid requirements (Ref. 2.1), even though MCR has made 
no attempt to minimize plate deflection by optimizing the radial location of tie rods. Axial 
compliance of the endplug is dominated by absorber plate bending in the HACI section, which 
has the largest number of thin plates connected in "series", as expected. 

Based upon this analysis, the endplug provides more than adequate axial stiffness for 
safe charging and operation of the solenoid. Although we can perceive at least three low cost 
means to further stiffen the endplug which have no physics impact, there appears to be no 
need to change the design. 

LBL engineers (Ref. 7.6) have recently performed initial PEA optimizations of the 
radial tie rod locations at the front HACI plate (characterized in its simplest possible form) 
for simulated magnetic loading (-90 psi) only, using two rotation boundary condition extremes 
at the slot-welded outer edge. We used the RASNA FEA code (Ref. 7.7) for this preliminary 
work. Our version of the potentially powerful, developing (but currently, linear elastic) 
RASNA code has too limited a set of design optimization objective function alternatives to 
make decisive rod location selections. Nevertheless, we are able to conclude that the two 
boundary condition extremes have only a minor influence on plate stress optimized radial tie 
rod locations. The results of this LBL work will be shared with MCR for inclusion in their 
final report. 

7.5 Future Structural Design and FEA Effort 

Future endplug efforts will include improved stiffness calculations. The most direct 
way to do this (avoids extrapolations from single plate behavior) is with explicit character­
izations of all plates in a new FEA system model of the endplug--a large model. These new 
calculations will include new magnetic force results as they become available from FNAL. 
We will also address design parameter refinements that would reduce endplug fabrication 
costs and/or insure reliability: 
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a) Find better tie rod radial locations which would reduce the peak load and/or load 
variations within given regions (front of HAC I, HACIIHAC2 interface, and back of HAC2) 
allowing potentially smaller rod diameters to reduce fabrication costs. 

b) Provide more detailed local slot-weld characterizations to verify that governing 
stress conditions do not simply shift from the tie rod welds to these absorber plate slot­
welds. 

c) The existing MCR model of the endplug support "lumps" the endplug support 
flange and adaptor ring as a stepped monolithic flange. This flange also does not include the 
large clearance holes (for the endcap adaptor ring bolts) or the deep radial slots for the clear 
fiber conduit seals (see Figure 6.1 and 20M6143). New FEA characterizations will be 
created. 

d) FEA modeling of major installation/removal fixtures. The endplug installation and 
removal fixture has been conceptualized (see Section 8). Although the general behavior of 
this structure can be determined by "traditional means" (Ref. 7.8), finite element analyses 
methods will be applied to the initially adopted configuration to obtain precise detailed stress, 
stiffness and deflection characteristics for formal documentation. Much of this FEA work can 
be accomplished with existing linear elastic codes. 

8. INSTALLATION AND REMOVAL 

A conceptual description of endplug's final assembly, testing, and installation (and 
removal) operations to be conducted at SSCL site are outlined in detail in Reference 8.1. 
These operations require the use of 3 major fixtures: 

1) a two piece, endplug pick-up and turnover fixture (TOF), 
2) an endplug load transfer cradle (Cradle), 
3) an endplug installation and removal fixture (PIF). 

8.1 SSCL Surface Assembly Building Operations 

The following paragraphs describe transportation, off-loading, and installation of the 
endplug(s) into the endcap(s), including the major load transfer operations. 

We anticipate that the 100 tonne endplug will be truck transported from LBL to the 
SSCL above ground assembly building and off-loaded using a locally rented, two hook mobile 
truck crane (e.g. Bigge). The endplug is lifted and rotated 90 degrees using the TOF, and 
placed onto the Cradle, which is equipped with both Hilman rollers and hydraulic jacks. Later 
the endplug is attached to the PIF near the endcap for final assembly/test operations. After 
this attachment, the Cradle is jacked down (transferring the endplug's gravity load to the 
PIF), and the Cradle is removed. These load transfer steps can be easily visualized using 
the fixtures shown pictorially in Figure 8.1. 

An approximate layout of the respective positions of endcap and endplug during final 
assembly is shown in Figure 8.2. Figure 8.3 shows a near final step in the installation of the 
endplug into the endcap in the surface assembly building. Although the ECIEM is shown in 
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place here, under currently perceived installation plans it would be installed later, allowing a 
direct view of the front of the endplug and its clearance from the endcap as it is installed. 

After aligning and inserting the end plug into the endcap using suitable guide rails 
under the PIP's rollers, the support stud connections at the endplug's rear support flange are 
made-up ~d suitably torqued. The endcap and endplug and the PIF are then jacked up 
slightly using the endcap's hydraulic jacks (transferring the gravity load of the endplug and 
the PIP to the endcap), and the studs at the endplugIPlF joint are loosened. The endcap is 
then jacked down until the PIP's rollers are back on the floor rails (removing the PIF's gravity 
load from the endplug), and the PIP is removed. After subsequent endcap and endplug [mal 
assembly and testing activities, the endcap is ready to move to the below ground Hall. 

8.2 Hall Operations 

After the Forward Muon System (FMS) has been suitably withdrawn, removal of the 
endplug from the endcap (for radiation damaged tile and fiber replacement) is accomplished in 
the below ground Hall using the PIF and the procedures in the forgoing paragraph in reverse. 
Because the height of the endcap above the Hall floor is now greater than it was in the above 
ground assembly building (by roughly the height of the picnic tables), we modify the PIF with 
a box-shaped, vertical extension which we call a "Picnic Box" (see Figure 8.4) and suitable 
shims between the PIFs rollers and their mounting plates. 

We will not attempt to describe these Hall operations in greater detail, because of 
ongoing design activities at FNAL and elsewhere associated with the calorimeter support 
structure (and provisions for moving it on the above ground roadway). 

It should be noted that the Forward Muon System and the endcap calorimeter must 
also be withdrawn periodically to replace radiation damaged Tracker components and to 
refurbish tiles and fibers in the ECIEM calorimeter (see Figure 1.1). 

8.3 Future Fixture Design Work 

It is known that the cost of these installation and removal fixtures represent a 
significant fraction of the "cost delta" which could make the removable endplug option 
uncompetitive. We are looking at possible changes to the PIF which will allow elimination of 
the Cradle without compromising SSCL riggers' ability to perform the 100 tonne off-loading 
operations under safe, controlled conditions (see Figure 8.1). 

Elimination of the Tum Over Fixture-to-Cradle transfer has the following additional 
benefit. We could ship the endplug to SSCL with tiles and fibers installed, without having to 
deal with potential problems of damage to fibers or the thin, light tight cover at the 11 = 2 
boundary. We will make the Cradle elimination a high priority item. 
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9. COST AND SCHEDULE 

This section provides the results of cost estimating activities and a schedule for 
endplug construction. Besides SDC estimates which include the cost of material, labor, 
EDIA and contingency, we also present recent vendor quotations for the cost of material and 
fabrication labor to construct the endplug absorber structure and its operational support 
flanges. 

The SDC's cost estimating and scheduling procedures, which follow a formal Work 
Breakdown Structure basis, are described elsewhere (Ref. 9.1). The endplug hadronic 
calorimeter has been given the WBS designation: 2.2.10. 

9.1 SDC Cost Estimate 

Table 9.1 provides details of the SOC Calorimeter Group's estimate of the endplug's 
cost (Ref. 9.2) down to WBS level 4. Much greater detail (to level 7) can be found in the 
referenced document In this table we also list the cost of Plug Components, WBS 2.2.10.1, 
and the Endplug/Endcap Joint, WBS 2.2.10.3, to level 5, so that comparisons with vendor 
quotations on the absorber structure and support flanges can be made. 

TABLE 9.1 SDC Cost Estimate for the Endplug, WBS 2.2.10 

WBS Description Materials & EDIA Contingency Total 
Manuf. Labor 

ilU1 {!U} {!U} ~ 

2.2.10 Endplug Calorimeter 4561 2963 2533 10056 
2.2.10.1 Plug Components 2869 1067 1465 5400 
2.2.10.1.1 Plug Abs .. Structure 1579 380 757 2717 
2.2.10.1.2 Scintillator Assemblies 961 428 505 1894 
2.2.10.1.3 PMT Assemblies 152 102 54 309 
2.2.10.1.4 Endplug Skin 39 33 36 108 
2.2.10.1.5 Tile Calibration Sys. 110 62 69 240 
2.2.10.1.6 Cable Brackets 13 31 22 66 
2.2.10.1.7 Elec. Crate Brac'kts 13 31 22 66 

2.2.10.2 Endplug Assembly 584 311 280 1175 
2.2.10.3 Endplug/Endcap Joint 144 106 80 331 

2.2.10.3.1 Endcap Flange 57 35 30 122 
2.2.10.3.2 Endcap Flange Studs 15 18 10 43 
2.2.10.3.3 Endplug Flange 57 35 30 122 
2.2.10.3.4 Endplug Flange Hdwr 15 18 10 43 

2.2.10.4 Equip., Tool., Fixtures 373 226 257 856 
2.2.10.5 Endplug Assy Facility 167 113 90 369 
2.2.10.6 Surface Assy at TOH 59 45 39 143 
2.2.10.7 Program Management 141 936 172 1249 
2.2.10.8 Endplug Prototype Mod 223 160 149 532 
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It can be noted from Table 9.1 that lhe absorber structure is one of the major endplug 
cost drivers. The SDC's estimated cost of material and manufacturing labor for the endplug 
absorber structure ($ 1579 K) was obtained by scaling (using cost per unit volume) from 
earlier quotations obtained by FNAL for 64 each, wedge-shaped hadronic barrel modules. 
These modules consist of stacked layers of milled and drilled, rectangular steel plates of 
similar thicknesses. The plates are plug-welded together, and two module sides are finish 
machined to final dimensions. The barrel quotation "scaling factor" used did not include the 
cost to machine source tube grooves in the barrel modules, so the scaled endplug values 
(Table 9.1) also do not 

9.2 Vendor Quotations 

Because other construction features of the monolithic endplug are also dissimilar from 
barrel modules, we recently asked" Several large, U.S. industrial fabricators (including those 
who quoted to FNAL) to respond to a Request for Quotation (Ref. 9.3) by providing the cost 
of labor and materials to fabricate the two approximately 100 tonne endplug absorber 
structures (including source groove machining) and their support and adaptor flanges--items 
previously described in Section 4. Table 9.2 lists the rough, order-of-magnitude quotations 
(the RFQ was not expected to result in a purchase) from the five vendors who responded. 

TABLE 9.2 Vendor Cost Estimates for the Endplug Absorber Structure (WBS 2.2.10.1.1), 
Endcap Flange (WBS 2.2.10.3.1) and Endplug Flange (WBS 2.2.10.3.3). 
These costs are for fabrication labor and material only--no EDIA or" 
Contingency is included. 

VENDOR LOCATION OUOTATION 
{!U} 

A Minnesota 1903.0 

B So. California 1937.4 

C So. California 
Option I--no abs. grinding 2806.6 
Option 2--with abs. grinding 2977.5 

D Wisconsin 5081.0 

E No. California 1905.0 

Because of the two tight clusters of vendor quotes (A, B and E) and (A, B, C and E), 
one could conclude that, in competitive circumstances, the probable actual cost of the end plug 
absorber structure and its support flanges would be between about $ 1915 K and $ 2138 K 
(average of A, B, C-option 1, and E with D ignored), or about 13 - 26 % above the current 
SDC estimates for these items. 
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9.3 Schedule 

Figure 9.1 shows some of the major milestones in the design, fabrication and 
installation phases of the endcap WBS 2.2, which includes the endplug. We feel the existing 
endplug design is on schedule. . 

to. SUMMARY 

We have presented here the justification and design for the endplug hadron 
calorimeter. The radiation doses in this limited region are two orders of magnitude higher 
than in most of the remainder of the endcap. We fmd the inclusion of a removable endplug 
consistent with the original intent of the collaboration in selecting a tile/fiber calorimeter, as it 
was realized that the volume of scintillator subject to damage is small and in a well defmed 
region. The boundaries of the endplug seem well tuned to : 

• include the damaged parts of the detector and 

• minimize disruption to the rest of the experiment. 

Sources of radiation not included in the current dose estimates are 1) a small 
increased particle flux due to magnetic focusing of the solenoid, 2) beam-pipe interactions or 
secondary interactions from particles from minimum bias events interacting with the beam 
pipe or other structures, and 3) damage due to neutrons boiled off the forward calorimeter. 
These all increase the radiation damage to the endplug, particularly along the 11 = 3 boundary. 
It seems prudent to design the detector so that this relatively small part of the calorimeter 
can be replaced with minimum disruption to the experiment, thus avoiding: 

• Possible mechanical damage to the other 93% of the scintillator, fibers or PMTs not 
needing replacement. 

• Collateral damage to other detectors and utilities as the endcap is dismantled. 

• Significant extra schedule delays due to removing 10 times the volume of the 
actual damaged scintillator, as well as disassembly and reinstallation of other 
detector systems in the disassembly path. 

• Cost increments for the extra labor involved in removing the undamaged 
scintillator, calorimeter components and components of other systems. 

Given the possible damage to the calorimeter or other parts of the detector we see good 
reason why the endplug was included in the overall design for the SDC. 

The mechanical design of the endplug is well understood. There are first cut drawings 
of critical pieces supported by engineering calculations and finite element simulations of the 
absorber structure, including both gravitational and electromagnetic loads. The system for 
holding the tiles, fibers and source tubes inside the absorber structure is well defined, and an 
innovative technique for making the source carrier wire has been demonstrated. Overall, the 
selection of load paths, section sizes, weld locations and fabrication techniques appear 
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consistent with the needs of the experiment. and satisfy mechanical constraints and 
requirements. environmental issues and SDC cost expectations. 

In a previous draft we raised an issue in Section 7.4 regarding axial stiffness of the 
endplug in the magnetic field. This issue has been resolved. The end plug appears to be at 
least a factor of 10 stiffer than that required by the solenoid. 

We have described conceptual procedures for the installation of the plug into the rest 
of the endcap. including the functionality of the installation fixturing. There remains significant 
design work on these fIXtures and on the nature of the endplug interface to its neighbors. 
including the endcap hadron calorimeter and the innermost muon chambers (FWl). 

Less certain is the detailed optical design. including fmal choices of scintillator. tile 
and fiber and the exact fiber routing path in the tile or its eventual course to the PMT. These 
decisions await results from the current round of radiation damage tests. We have suggested 
locations for fiber disconnects and photomultiplier tubes. These tentative plans require 
further refinement in coordination with the rest of the end cap calorimeter. 

To conclude. we propose this endplug hadron calorimeter design as a well reasoned. 
low risk approach to the inevitable problem of radiation damage to the scintillator tiles and 
fibers at large 11 values in the SDC calorimeter. 
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I. 65 '.10 In STOCK 
"2 0 mml l .-. 

VERSION NO. A B AISCII_ 

YER-I .5.222 .5.553 
YEA·2 " .• 00 .5.110 
YER-3 " .• 77 • '.307 
YEA .. .'.354 4 .... 5 
YER·5 • '.732 47.012 
YER .. .7.10' .7 .• 11 
YER-7 .7 .... .1.1'. 
YER·, .I.UI .'.571 
YER .. ...... •••••• 
YER-IO ...... .'.32' 
YER-II .'.373 .'.713 
YER·I2 .'.750 50.0'0 
YER·I, 50.U' 50 •• " 
YER-I. 5o.e12 51.211 
YER-IS 51.2.0 51.510 
YER· .. 51.137 51.117 
YER·" SUI. 52.14. 
YER· .. sun 52.722 
YER·1t 5.770 51.100 

2 

SECTION X-X 
.... "1 

1111. 

977.n~r.n~~7T.~.-L ~! 

C 

.OU A 8 

.OH A 
2.000 

SECTION y-y 
itIli .. , 

0 E .F u. G 
• 

IIIOLE RADII fOR nE RODS) 

IU .• II 125.123 II .... 43.17' 17.113 
125.'51 12 ••••• 21 .... .'.578 57.113 
12 ..... 127.10. 21 .... .3.571 57.113 
121.01' lal.l" 2 ..... .3.57. 57.113 
12'.0'0 12 .... 2 II .... .3.57' 57.111 
130.122 131.13. I ..... • 3.57. 57.111 
111.207 133.11' 31.'77 ..... 0 11 •• 42 
In.''' 1"."1 31.177 .'.010 .0 .•• 2 
1".211 135.113 31.177 ••. 050 .0 .• 42 
1".303 I,..'" 31.177 .'.010 .0 .•• 2 
IIU7I 137.1" 31.177 .'.010 .0 ••• 2 
137 •• " "'.no 31.177 .'.0.0 .0 .•• 2 

"' •• 50 13'.l7a 31.177 .'.0.0 10 .•• 2 
1.'.5.5 1.1.451 n.slS .'.54. .1.702 
1.1.517 142 .... lUIS •••••• .1.702 
1.,.121 1".541 33.315 .'.5 •• .3.702 
143.171 1".513 lUll .'.544 13.702 
1 ••• 713 1.5 •• 21 11.3.5 .'.54. ".701 
1.5.755 14' 33 ... 54. 13.702 

WT~L8S) 

8 

5035 .• 37 
511'.507 
520 •. 2H 
5211.738 
5375.1.5 
5 •• I.H • 

583'.10' 
5727 .... 
5117.127 
5907 .• " 
5tt' .• 92 
'010.21' 
1112.'.1 
'311.5H 

::::::n-
'155.". 
'751.712 
.. 3' .• 00 
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-

B 

-

A 

8 I I 6 I 5 I I 

/0 1 ,17'· 010 3 HOLES 

r B- / "";236 • .005 
.-------------------~----_r--~ 

....--~I --r-.~~ 
I I I 

-r-----+-+ 
t I 
V I 

J--t~ 
~ I 

I 

t ~~c 

8 I I 6 I 

• 

--
VERSION NO. 

- -

;:-..,<...250 
250 • ..... 

D/~' 0;..;:..3_0 -.1.1_-.. 
.010/12 X 

A "'" "'tltt .1 417 \II .t. 55 
lie' ClOG (It( g~ OAlE CHANGES 

• 

VI ... 
VI 
VI 
VI ... 
VI" 
VI. 
VI.., 
VI ... 

VI'" 
VI ... 

VIII· 

, .. YI"., 
VI ... " ..... 
VI .... 
VI. ...... ..... 
,~.~ 

VI .... ..... 
VI .... 
VI ... 
VlIII4t 

5 t , I 

• 

A 

".H' 
h.IU 

".t., 
.1.77. 
U.UI ...... 
IS .... 
1S.11' 

.... 77 

M.D7 ....... 
.... 11. 
lS.ut 
IU1l 
II .... 
IS .... .... ,' 
..... t 

".111 ...... 
17.It, 

" .• n 
17.7 •• 

17."' 
".1" 
".101 

".7" 
11.'" .... ., ...... 
• ... 01 

10."' 
".11t 
IO.U. 

".IS' • un 
tUft 
tU" 

3 

B 

.... 
,t. ... 
tl.H ..... 
II,.,' ' .... 
'I." .. ... ..... , ..... 
,U • 
".71_ ..... 
".11 
It." ..... 
11.1t 

It.'" ..... 
It.II 
11.1" ..... 
tUI 
1U' 
, ... t , ... .. , 
11.'7 
It. 
11.'7' 

''''' 'U7 

'U' 
It.17 

" ... 
11.1 tt,., . 
' .... 

I 
REO II PNIT 

C D 

1.71 ,I. 
1.7 !J.t U.. ,U 
1."7 '1.1' 
1.7. '1.7" 
J.I 11."1 
U , .... , 
.. .. I ".11 

..... .. .. M 
1.17 14.1 

'.HI ".m 
1.11 , •.• 
I. , ..... 

.. I II.H' 
1.17 IUI7 

I.' II.' .. .., , .. " 
c. 11.11 
..... H.' 
.. M." 
.... , au .. 
'.1 , .. , 
e... H.7t 

U' H.' 
I 17." 

.. " ".1' 

.. , ,UI. 

'.Itt n." • ,,.It. 
.... 17.1 

• I .... .... ".'1 · .... ·.m ...... 
..IeI .un 
"'1 ILl 
U 
..... .I' 

w -
UI, 
U .. 
"'7, '.I., '.H, .. .... , ... 
..... .. .... 
'."7 .... 
U7. .... ..• -
U .. 

'.11 .... 
'.a • 
'."1 .. 
I." 
I." 

.... .... 
'.tI 
'.n 
1.11 • 
I.' tI, 
1.11 
UII 
LL7l 

" L. 
I.. 

2 I 
DESCR I PTI ON 

PlATI:, LOW (ARIKlN 

x -... , ... .... ... .. ... 
u. .. .. , 
uu 

"'" LH • ... " ... 
Lit 
Lit 
1.1.' 
I. .... ..... .. .. .. 
1.711 ...., .. 
.. ..... •. , .. ..... .... , .... 
... 
"II! ..... .. .,. .. 

y Z 
.N 

17.137 H." 
,U41 II." 
tun ..... 
17.'" tl.n 
n.1I .1.177 
n.II II.IU 
.7 •• 7t ...... 
... .,. lI.st. 

,.... II.M 

1UN II." 
".11' IUtt 
".1" , •.• " 
.UII H.IU 

tUft ,1.7" 
'LI M." 
'UN :M." 
tI.I" M .•• 
tI." 31.11 
tLU ".H' ,,,.11 :M.nl 
17.1.. M.I77 
17.171 n ... , 
n.nl ..... . 
n.'" H.7I' 
lUI.'" 
11.7. ..'t 
tt.t,. ._ ""!.' 
It.u. u.'" t... '1.1" 
tU!~_~ 
'I.,n " .... 
, .. ,., 'Ult 

' •. " 'U •• 
,..... 1",1. 

...... lUll 

11.11 Iun 

't.171 JU" 
' .... 1 SUIS 

WT. 

n._ 
. '.1 
".71 
11.'7 .•. ., 
tI., ... " It .• , 
11.17 

II." 
II.' 
".t 
n.,t 
n .• ' 
t7.'_ 
t7.It 

" .. II." 
11.51 
II .• .•.. "., .... 
t'.11 

It.'. 
• ••• t ..... 
It." 
to. 
It.t~ 

to., 
11.57 
10.71 

H." 
't.tl 
II.n 
11.47 
11.11 
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NOTE 1. SLOT IELO ALL WEDGE PLATES (I TEHS 2 & 7 I TO 
THEIR ADJACENT ABSORBER PLATES AS SHOWN 
LEAVING A 112 IN. SPACE AT EACH END OF THE 
WEDGE PLATE. 16 PLACES EACH lEDGE PLATE 
LAYER. 60 LAYERS. 960 IELOS TOTAL. 

FIG. 2 

Fla. 3 

II. 

WEDGE PLATE ORIENTA nON AND 
STACK ASSEMBLY ~~G 

STACK SEQUENCE 

TYP 1 CAL NOHENCLATURE: 
CIRCLED N\.tIBERS@ARE ITEH NUHBERS. 
THEY REFER TO A DRAWING NUMBER. 
BOXED DASHED NUMBERS I:lI ARE YERS I ON 
NUMBERS. THEY REFER TO A VARIATION 
IVERS ION' OF A DRAWING. 

A. Weldlq" Pht '" II_ 1M ,. AH""er " .... _ ....... . 

t ................. ,., ............. ........, ...... ...... 
MIMf(.tlft...., ...... IUf'IIcI. '*-" ...... ...... ..... (. """".·7 IlL ..... tr ... 1ln.1DngJ ......... .. 

............ ,..,l)eftlht .... ...,.""".....".. .... IoMrI ......... 
• peft ........................... " ....... "... .... 

.. ........, .......... , • .," ........ IhI~ .... fIf......., ............................ .., ............. .. .. ......., ...... _ace tot """" ..... petition, "" 

..... ........ MfVII ............. OIftCIuc:IDnI ... "..,.,. -"'-I. Weld ...... of .............. '1-,1. to """* ..c,). ... 
3.4 ..... " ........ , ... ' .......... IIuIhI .... ,., 
pt ... ,. 

I. MacHftt _til I Jt32 rIIIII ........... pille (hough WIlda) .. 
.......... 'I If 'I ............ If "'"' .... ...,.. ... " • ...... -~ 

4. MIc:tIMt-,,,.:at3I 0Ifttf ................ """"eft ..... tI 
., , ............ MIt ......... 1'. pica,., •• ,. 

.. ....... ......... "- & OUI*'I fIuItIt wIII'I .... tIIe "'*'I w ............ . 
LA • ......., ....... .,..ldI • .-." PI.., •• I & a -_ ....... .,-_ ..... __ .. 
... ttO ... .,.. ......... 1'IIII ..... ~ ___ .pIcII1IP 
...... IOM(TID).,. lie...,...., ......... It lllJUI'POf'Itd IbM '11ft 
........... • .......... .,....· ............... '01 
Ift. ..... . 

to ................................ ".plUllll 
............... ' • ...,N....".....,. .. fIOCft ,_ .. __ .. _ .... " .. _ 
..,.., II ....... In,.., I. 

t. ~ ... 7 ........ "',.,.I ... ID .... M"" .. " ..... • .. ......,,,...~(2_,...wtIdfe .... l4.u ...... -I. .............. ......,pI .. IIId .... IhtIttdlew.r"... ................................ ,.., .. 
•• ~ ................ *Mef ....... ...,.. IIUMIUft 

(1UHf ......... , II ~ dowMrard ,..,.atdJ. CIt.,.., .. ,... ... 
Inner (..." .... __ .... et .............. tuft • .,.. dI".,. II ...... ..".. ....................... ,....,.,...1)"""., ... ,.. .............. ,. 

.. .....,.... Iht 1oacInt"" 10 ........ , pI.1e III""*,, 
.................. mt" .. fOdI,.lIUIhlhl •• """"lObi 
tIwP ............................... fInI", ... fOdttDN ..... , ...... ~ 

.. W .... lhllnlfInI", .. fOCII~II .......... ,...If.,4) .... ....,.., .. , ... ). . 
7. ,..... ........... bIIWMft wedge ,...... «em(" t. MIl 

........................................ At.t,tl pI.ee.,... ..................... 'I2Ift.-: ............. " . 
.. OfInII ................ ,. ........ IrOM...,. •. S' ........ ............... ""' ... , .. ., . .. ---,_ ...... _ ....... -- ...... ,11' .... _· 
.t. ............... (II1II" ..... ""'0.0." ''' .... PI' _ .... _ ........ -. ....., 
It ................. .,.' ........... ItIClIIDtIMII 

................... 0fWftt ........... fIOuH ..... 



4 

3 
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o c B A 

APPROXIMATE WEIGHT OF THIS REO I TEH PART NUMBER 

SEE DETAIL 'A' ITEM IS 3,940 LBS. 1,786 KG.~+-~----~----------______________ ~ 

32 SLOT PAIRS 
EOUAL SPACE 
START AS SHOWN 
64 SLOTS TOTAL 

THRU 32 HOLES EQL SP 
ON CENTER LINE 
64 HOLES TOTAL 

I~I¢ 0.0 141AI81 

0161.55 

~~~50 
250 ..... 

::---4----:f ~ 
_9- n34 (,1110) DR x .38 DP. 

~~~:fj~3~ n6-32 UNC TAP x .31 DP . ...0...-__ _ 

I l.- 8 320 HOLES EOl. SP. 

° 3.36 
.88 

~ .44 

0133.87 
1-8-1 

ir\ 
7 

- H.5625°1 

- '-
I- -

I' 
\. 

1'1'\ 
\.v 

DETAIL 'A' 
SCALE 1:4 

3.3 

F'· 
1 

ff~ 
1\ 

I 

20M61'3A 

f 
7.5 

J 

~~.88 (/) 4.25 THRU H ON A 1150.2501 OIA. B. c. 
5.625° I 32 HOLES EOL SP .. (STRADDLE CENTER LINE) SECT I ON 8-8 

ON A 1155.000 lOlA. 8. C. I~I¢ 0 . 014 IAI81 SCALE 1:4 

4 

3 

2 

(STRADDLE CENTER LINE)~~~~~ ________________ ~u~u~~~o~M~~~I~~'£R~(~IF~lro~~~~~ __ ~ LAWRENCE BERKELEY LABORATORY 
.--1---If--f--i-..f-----------j1O .1 t 0.1 FRAt. t ACCT. UNIVERSITY OF CALIFORNIA-BERKELEY 1 

1~1¢0 014 I A liD 1 __ ~~~_+-_________ ~!~.X-Xl-0~.0~3-+~~ES~1.~03~·~~~·-~~~r----~-~~~~~~~~~~-~ 
~ XXXi 0.015 FIII1$11 25 DELIVER 2.0 SOC PLUG 
TIflEAOS ARE CLASS 2 SIIlfACE PLUG SUPPORT FLANGE 

I--~~~_+-_________ -I(- EICIS rI' MoL SIIlV _ ... ~Tpm~~::::::"--.J:.'A""TEIIT~CI.£AII~~~~~~~~......,.......".,=:-:-I 

: ~!l~~~E=~ _lGIlItIDE~Nffi' ~T A~G~=l~6ill:!mmt1~~DE~T~Ai~L~-RlIIIrmCIN~SCAL!~1~/~2~O~rr~ I-A-I-MO-1H f--If--l-'''-'''+A''=''OO=-=EC::-O -:S~LO::-::T"='S -:A~NO=--:-' -=. 5~O I~A~H~OL-:E~S MEAl 11m .'" !lAX III MOIl" - If' H I NAH I HARA 
-. ( GE A£R£~f(Rr~ -. ?lIA,",£1t,.!L,lIII5(e,.SlAlfl (11(, '21"'-01 ___ ~~IiI:~V~~~I(~I~~7~M~n~hl~E~ ____ ~H~AN~_~S _______ ~~ , _ ~ 

D C B A 



7 6 5 

/

GROOVE CENTER LINE IS COINCIDENT 
WITH THE CENTER LINE OF THE 
e3' mrn TIE RODS. 

16 GROOVES EOUAL SPACE AS NOTED. 

SECTION A-A 
N01 10 SCALf 

DETAIL B 
1101 rO~E 

MM TIE ROD 

3 2 
1lE0' p rllNEJl DES R'P 'ON 

.08 in TYPICAL 
J~ ENT I RE GROOVE LENGTH 

1 I- 1 . 80 ,n REF 
I 'S.8 mm 

-~~ 
SECTION X-X 

SCALE '" 

SECTION y.y 
SCALE ,,' 

NOTES: 1. ALL DIHENSIONS ARE IN INCHES 
UNLESS OTHERWISE SPECIFIED. 

2. TOLERENCES APPLY TO INCH 
01 HENS IONS ONLY. 

3. GROOVE HAY RUN THE ENTIRE 

MM TIE ROD 

RADIAL LENGTH OF PLATE (AS SHOWN) 
OR RUN RADIALLY FROM THE OUTSIDE 
DIAMETER TO TANGENT WITH THE RADIUS 
GROOVE. 

o 

C 

B 



8 7 

D 

B 

8 

6 5 

/

GRDDVE CENTER LINE IS COINCIDENT 
WITH THE CENTER LINE OF THE 
50 HH TIE RODS. 

16 GROOVES EOUAL SPACE AS NDTED. 

IIOT TO SCALE 

AlY IfooG 0« 0&1£ 

6 5 

3 2 
o ITE" PMT IIUWlI DESCR IPT ION 

.08 in TYPICAL 
JTsiii ENT I RE GROOVE LENGTH 

1 t-2.047 in I S2 . DO mm REF 

R~WdJ 

SECTION X-X 
SCAlE t,t 

MM TIE ROO 

CHANGES 

~M TIE ROO 

SECTION y.y 
SCAlE to t 

NOTES: 1. AlL DIMENSIONS ARE IN INCHES 
UNlESS OTHERWISE SPECIFIED. 

~ O_I5[ 5P£C1fIEO 
; ... - ..... -
a.n. 0.6 -'1/ 
S! .... O.OIO ..... 
MlEMllMI CUll I ==;.:ta.:-..... ........... 
~:u .. ~:r:.~ 

3 

2. TDLERENCES APPLY TO INCH 
DIMENSIONS ONLY. 

3. GRDDVEMAY RUN THE ENTIRE 
RADIAL LENGTH OF PLATE lAS SHOWNI 
DR RUN RADIALLY FROM THE OUTSIDE 
DIAMETER TO TANGENT WITH THE RADIUS 
GROOVE. 

_ OIlERS 

2 

LAWRENCE BERKELEY LABORATORY 
""IWERSITY Of' tIlIFIIIINIA·BEIIICElET 

D 

C 

B 



50 

CLEAR FIBER 

1-------SPLICE 

l-_~cc---- WLS FIBER 

FIG. 4.1 
TYPIOAL ENDPLUG SCINTILLATING TILE OONFIGURATION 



CLEAR READOUT 
FIBERS AND 
SPLICES 

o 

SOURCE TUBE STRIP 
WITH SOURCE TUBE 

..... -_ ... _---_ ...... , , , , 
I , 
I , 
I I 
, I : : , , 
, I , , 
: : 
:::::::.::-:::::.-::. --_ ...... _-----_ .. _------_ .. _--............... 

Irr===~~~~~=~==~=~~!!!!!!!!!~-------------

\\ 
I \ 

4 mm THICK TILE WITH 
REFLECTIVE WRAP 

FIG. 4.2a 

SOURCE TUBE SPOT WELDED 
TO SPRING TAB 

I~,=-'-

I I 
I i : : 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 

Lc: 

OUTER EDGE VIEW OF ABSORBER SLOT (MEGA TILE CONFIGURATION) 
NOT TO SCALE. DIMENSIONS ARF ~GGERATED FOR CLARITY. 

6.2 mm 

t 

u. -



CLEAR READOUT 
FIBERS AND 
SPLICES 

o 

SOURCE TUBE STRIP 
WITH SOURCE TUBE 

,_._-_ ... _------. 
1 1 
1 1 
1 1 
1 1 
1 1 

PIZZA PAN 
RETAINER 

1 1 I 
! ! , 

7.2 mm 

4 mm THICK TILE WITH 
REFLECTIVE WRAP 

FIG. 4.2b 

PIZZA PAN 

.::::::;:::;:;:.:::;:;:::::;':;::;;::;::;:::::;':::;;.:': .. :,":":." ,":":;".;;;.;;".:.:;:.:::;:':;:::;::::'::;::'::;;:;::':::::::::::;::::::" ..................... . 

SOURCE TUBE SPOT WELDED 
TO SPRING TAB 

OUTER EDGE VIEW OF ABSORBER SLOT (PIZZA PAN CONFIGURATION) 
NOT TO SCALE. DIMENSIONS ARE EXAGGERATED FOR CLARITY. 

f 

A 



ABSORBER 
ATTACHMENT 
TAB (BOTH ENDS) 

SOURCE GUIDE TUBE, 
SPOT WELDED OR BRAZED 
TO SPRING TABS 

O.5mm THICK 
ST AINLESS STEEL 
SHEET 

INNER TILE 
RETAINER 

FIG. 4.3 

53 

OUTER TILt. 
RETAINER 

SOURCE TUBE STRIP/SOURCE TUBE SUB-ASSEMBLY 
NOT TO SCALE 



SPOT WELDED 
PAN RETAINER 

SHEET -
0.6 mm THICK 
STAINLESS STEEL 

FIG. 4.4 

I 
" i; 
Ii : H 

i j ~ 

I .. "" n n 

Ii 
II 
Ii 
1\ 

II 
H 

ENDPLUG PIZZA PAN SHEET METAL WORK. 
NOT TO SCALE. DIMENSIONS EXAGGERATED FOR CLARITY. 



EO/Had 

FIG. 4.5 

ACCESS BOX 

DlSOONN:OT 
JUNCTION BOX 

ENDPLue 

OROSS-8EOTION AND END VIEW OF 1lE ENDOAP 



--, -'-I> ( j I \ • J 
.. ", .... ~ ....... , 

" 

'" ", 
1'-"" 

HAC 2 
( 11 active layers ) 

HAC 1 
( 19 active layers ) 

ETA - 2 - r::'-~-~~ " 
I 
I 
I , 

TYPICAL PIZZA PAN 
( SHOWN ROTATED ) 

"'---- ----, 
.. _-- ---- , 

I 
I 
I , 
I , 

"--- ---,' 
, . , , , , 

... _- --' 

. , , 
I 
I , 

-'-...... . '---- HAC 1 BUNDLE 

" , 
" 

( 95 FIBERS) 

',,- HAC 2 BUNDLE 
( 55 FIBERS) 

25 FIBER 
-MINI-BUNDLE-

( SEE TEXT) 

FIG. 4.6 
ETA - 3-- ENDPLUG FIBER ROUTING DET AILS 



LlaHT-MHT 
METAL CONE 

ENDCAP 

PMT MOUNTINGI ACCESS BOX 

DISCONNECT JUNCTION BOX 

FLANGE 

PLUG 
SUPPORT 
FLANGE 

SECTION A-A 

FIG. 4.7 
TYPICAL RADIAL CROSS-SECTION THROUGH THE ENDPLUG SUPPORT FLANGE 



._-_ ... ----_ .. _---_ .. _ .. _--_ .. _ .... -----_ ... _--
---_ .. _ ..... - ... ---.. _ .. _-_ .. _----------_ .. ---

RUBBER GROMMET LIGHT SEAL 

--.... -_ .. _ .... --.. _ .... - .... _ ..... _ .. ..-

SPLIT TUBE 
FIBER CONDUITS 

-.-.... _ ... ---_ .... -_ .. -------_ .... ----_ .. _------_ .. __ .. _--_. __ .. __ .. _--_ .. _-_ .. _-_ .... _ .... __ .. _--_ ..... -

FIG. 4.8 FIBER-DISCONNECT 
JUNCTION BOX 



FIG. 4.9 

APPROX 45mm 
RADIUS ARCS 
(HAC 1) 

TYPIOAL ROUT~G OF SOUROE TUE .~ ENDPLUG ABSORBER LAYERS 

SOURCE TUBES 



BRAZED JOINT 

DRIVER END 

EXTENSION SPRING 

AIRCRAFT CABLE 

BRAZED JOINT 

FIG. 4.10 

SOURCE 
MATERIAL 

COMPOSITE SOURCE WIRE 

EB WELD JOINT 



HYDRAULIO 
METERING 
PUMP HYDRAULIO SOUROE OIROUIT 

FIG. 4.11 
CONOEPTUAL HYDRAULIC SOURCE CIRCUIT PATH 



r--- SOURCE 
MATERIAL 

FIG. 4.12 
SOURCE SPHERE FOR THE HYDRAULIC 

SOURCE POSITIONING OPTION 

EB WELD 

1 mm TITANIUM 
SPHERE 



DELIVERY 
TRUCK BED 

.... 
.... 

'. 

TO MOBILE J 
TRUCK CRANE 
( 2 HOOK) 

END PLUG 

TOF 

........... .............. . ...... . 
......... ... . ...... . 

. ... .... 
", ...• 

FI~ 5.1 
ENDPLU(FF LOADING 

. ..• 

. ... , 



5.7 M 

,. .. - ---... 
,~~ .... " ............... 

" " I \ . , . , . , 
I I 

I 
, I , . , . , . 

\ : 
\"'" .. ,I' 

......... _- .... -_ .. ,,,, 

WORKING PLATFORM 

FIG. 5.2 
ENDPLUG ASSEMBL Y WORK ST A TION AT LBL 



0 I C ~ B I A 
REO ITEM PART NUMBER DESCRIPTION 

-\ [5. 6250
1 

PLATE. HILD STEEL. SAE 1020 

DRill AND TAP THRU FOR A 2-12 UNC-2' THREAD E~ 
32 HOLES EOUALLY SPACED (STRADDLE CENTER LINE) ~ 2.250 THRU 32 HOLES EOL SP 

4 I~I ¢ o. 0 14 I A I B I (ON CENTER LINE) 4 
jL I~I ¢ o. 0 1 4 I A I B I , 

~ x 

I 
- t I -

7; <1>155.000 

\ 3 :.t 3 
~ 

.J-
I 

0161.55 0150.30 --if--

I 1 I-B-I -- I 20M6173 

\ 

~ I 
2S~ 

RSO 

I 
~ 2 2 

~~ ~ 
APPROXIMATE WEIGHT ~+-.... R-e-.At . 

- OF THIS ITEM IS I I-

~~ 1 .800 LBS. -A-
816 KG. 2.5 t.12 

UNLESS OTI£RWISE SPECIFIED SHOP ORDERS LAWRENCE BERKELEY LABORATORY 
ta .x t AW:. t ACCT. ~M. UNIVERSITY OF CALIFORNIA-BERKELEY 1 1 NO. I .xx t .03 NG.ES t rJ5 I~U I~M sse ... 
~ .XXX 1.015 FINllH 250J" W"IV£JI 2.0 SOC PLUG 
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305.5 INCHES 
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INST ALLATION OF THE ENDPLUG INTO THE 
ENDOAP IN THE SURFACE ASSEMBLY BUILDING. 
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