6.5	Scintillator tray design  HB/HE/HO-B/HO-E


6.5.1 Hadron Barrel Scintillator tray design 


6.5.1.1 Tray layout 


The HB/HO-B barrel hadron calorimeter has a large number of towers: 2448. The 18 layers in the inner HB calorimeter consist of 42624 tiles. Each tile is 5 degrees in j and 0.087 in h. The wedges are 20 degrees in j (4 tiles each). There are 18 j 20˚ segments and 36 wedges (2 wedges for each j section, one for positive and one  negative h). To simplify production and assembly into the copper absorber, the scintillator plastic for  scintillator trays are packaged into a mechanical  units called a scintillator trays.  These scintillator trays contain the scintillator, readout fibers and optical connector at the end of the unit which the light can be accessed. 


The HB scintillator trays are divided into two types of trays. One type is a side scintillator trays (Left and Right Side Tray) and the other type is a middle scintillator tray (Middle Tray) (see absorber � REF _Ref387559285 \* MERGEFORMAT �Fig. 6. 3�). This tray division  simplifies the construction of the 20 degree copper wedge.  Side Trays  are 5 degrees in j coverage and will be  inserted into the wedge slots.  The Middle Trays are 10 degrees in j coverage and are inserted into the wedge middle slots. The side trays are 1 tile across in j and the middle trays are two tiles across in j.  The two kinds of trays are at slightly different radius. Each layer for a wedge consists of two side trays (Left and Right) and one middle tray.  The last layer in the inner HB calorimeter (layer 17) is made of 1 middle tray and no side trays. However, the j segmentation for the towers is still 5o for layer 17.


A top view of the scintillator trays for layer 8 is shown in � REF _Ref387559426 \* MERGEFORMAT �Fig. 6. 4� and the cross section of the scintillator tray is shown in � REF _Ref387561387 \* MERGEFORMAT �Fig. 6. 12�. The unit begins with a 0.95 mm thick, black polystyrene, Bottom Cover Plate. Then comes a sheet of black, opaque, .05 mm Tedlar which will wrap around the scintillator to provide an opaque layer of light tightening. Then the 4mm SCSN81 scintillator plastic is  covered on both sides with 0.15 mm thick, white, reflective Tyvek paper.  The surface of the scintillator tiles are grooved to hold the WLS fibers. The black Tedlar sheet is wrapped completely around the scintillator and the top Tyvek. One side of the Tedlar sheet is taped onto the upper Tyvek sheet, and the other is taped to the Tedlar thus completing the wrap. Above the scintillator plastic is a 1.9  mm thick, black polystyrene, top cover plate (Fiber Routing Plate). Both the top and bottom plastic plates have the same transverse size as the scintillator. The fibers rise out of the scintillator through a 3.2mm x 25.4mm slot in the Fiber Routing Plate into 1.6mm deep grooves on the top side of the same Fiber Routing Plate.  The fibers are mass  terminated at the edge of the tray into an optical connector.  A mass terminated optical cable transports the light from the tray to the phototube readout. At the phototube readout, an equivalent of a cable “patch panel” assembles fibers from different longitudinal tiles of a tower onto the HPD  designated for that tower. Source calibration tubes, 1.27mm~O.D., are placed on the top of the Fiber Routing Plate. There is a calibration tube every 5o, so that a calibration tube cross every tile. The megatile unit is held and compressed together by a set of 4.77 diameter screws and rivets (screw-nut). The top is a flathead 4-40 brass screw. The bottom currently is a commercial rivet (screw-nut). The rivets may need to be redesigned so that they need not be taped in, and snap in more easily by putting in a slight bevel. Each tile has 2 screws+rivets compressing the plastic sheets and pushing the TYVEK against the scintillator.  � REF _Ref387559017 \* MERGEFORMAT �Fig. 6. 2� and � REF _Ref387559426 \* MERGEFORMAT �Fig. 6. 4� show a typical location for  these rivets. These screws and rivets keep the inter-component gaps to 0.015” or less. They keep the reflective Tyvek paper right against the scintillator to minimize both the tile transverse response non-uniformity and tile-to-tile light crosstalk.





�


Fig. 6. � SEQ Fig._6. \* ARABIC �12�:  The cross section of the scintillator tray.


� REF _Ref387558265 \* MERGEFORMAT �Table 6. 2� shows the thickness materials in the scintillator tray in the order which they appear in the cross section. The 0.15 mm black polyester tape hold the fibers in place. It also wraps around the sides of the  pan and adheres to the bottom of the pan. Hence in the table it is shown twice. The top and bottom plastic cover plates will have maximum thickness of 2 mm and 1 mm respectively. The scintillator manufacturer can supply scintillator with thickness variation of 10%. The manufacturer can supply black plastic cover planes with a thickness variation of as low as 5%. Therefore, we specify that the top plate should be 1.9±0.1 mm and that the bottom  plate should be 0.95±0.05mm. The scintillator provides the largest thickness variation of the package. The nominal thickness of the total tray for HB is 7.6 mm. � REF _Ref387558265 \* MERGEFORMAT �Table 6. 2� below shows a maximum thickness of 8.31 mm  to fit in a 9 mm gap. Note that 0.25 mm aluminum venetian blind type springs that hold the tray against the outer copper plate need to be added.





Table 6. � SEQ Table_6. \* ARABIC �2�


Thickness materials in the scintillator tray.





�
Thickness (mm)�
Max Variation (mm)�
�
Polyester tape�
0.15�
0.03�
�
Top plastic�
1.9�
0.10�
�
Tedlar�
0.10�
0.00�
�
Tyvek�
0.15�
0.05�
�
Scintillator�
4.00�
0.40�
�
Tyvek�
0.15�
0.05�
�
Tedlar�
0.05�
0.00�
�
Bottom plastic�
0.95�
0.05�
�
Polyester tape�
0.15�
0.03�
�
TOTAL�
7.6�
0.71�
�
Venetian blind alum�
0.25�
1.25�
�
Available gap�
9.00�
�
�
To reduce the number of separated scintillator tiles and to give the scintillator trays more mechanical rigidity, individual  scintillator tiles for a scintillator tray are glued together. The scintillator for a scintillator tray is composed of two or  three subassembiles, called megatiles. Each megatile  consists of many h tile divisions bonded together by thin channels of opaque white-reflective epoxy that also provides optical isolation.  � REF _Ref387562010 \* MERGEFORMAT �Fig. 6. 13� shows the separation gap.  The epoxy fills a .89mm gap between the scintillator tiles. At the bottom of this gap is a bridge of .25 mm scintillator which  forms a encoded area which the epoxy can flow into. This  scintillator bridge is marked with a black marker on its outside (bottom of megatile) to reduce the light cross talk between the tiles. Tests  show that optical cross talk across this barrier is about 1%.





�


Fig. 6. � SEQ Fig._6. \* ARABIC �13�:  Separation groove between two neighboring tiles.


� REF _Ref387559017 \* MERGEFORMAT �Fig. 6. 2� shows top view an individual tile.  It is taken from the output of a  manufacturing database that will be described in the manufacturing section. The light of the tiles are readout using optical fibers. The  optical fibers are held inside  the tile using a ball groove.  The groove runs around the perimeter of the tile 3 mm from the  edge of the tile. At the corners of the tile, the groove makes a  90o bend with 1 1/2 inch bend radius. For the CDF Upgrade Hadron Calorimeter, the bend radius was 1 1/4 inch. From measuring the tiles of the CDF calorimeter, we expect no damage to the  fiber at the 90o bend.   � REF _Ref387562147 \* MERGEFORMAT �Fig. 6. 14� shows a cross section of the groove . The groove is made of  two parts, a circular groove inside the tile  and a neck. The circular groove had a diameter of 1.34 mm and  neck of width .76 mm. The .94 mm fiber is threaded into the  circular groove and becomes trapped in the groove. The groove configuration prevents the fiber from coming out of the  scintillator  and getting damaged.  





�


Fig. 6. � SEQ Fig._6. \* ARABIC �14�:  Cross section of the ball groove to hold WLS fiber.


� REF _Ref387558217 \* MERGEFORMAT �Table 6. 3� below gives the radial position, length and width of scintillator trays. The tolerances on the sizes of both, copper slots  and scintillator trays were included, when defining the size of each  scintillator  tray. The wedges are 20o in j. The j boundary of the wedge is 1 mm away from the nominal 0 and 20 degree edge. The j boundary of the wedge is covered by a 0.5 mm thick metal sheet. The j edges of the trays are 1 mm away from inner edges of the copper slots. Hence, the outer edge of side scintillator trays are 2.5 mm away from the nominal 0 or 20 degree boundary. The inner edge of the side trays and the edges of the middle trays are 1 mm away from the nominal 5 and 15 degree boundary. The center of the middle tray is in  the nomial j location. The q = 90 degree line is 1 mm away from the edge  of the wedge. The scintillator tray sits 1 mm inside the wedge at 90 degree line and 3 mm inside the wedge at the 53 degree line. Hence, each scintillator tray has at least 1 mm of nominal gap  on all its edges. 


Table 6. � SEQ Table_6. \* ARABIC �3�


The number of tiles in a given layer for both the Side and Middle Trays. The radial location of trays,  and length and width of each tray are also shown. All dimensions are calculated under the assumption of the inner HCAL radius of 1806.5 mm.


layer�
Location  in j�
# of h towers�
Radius (mm)�
Length in h direction (mm)�
Width in j direction (mm)�
�
0�
 Side / Middle   �
17 / 17 �
1802 / 1839 �
3698 / 3726 �
109 / 319�
�
   1 �
 Side / Middle   �
17 / 17 �
1873 / 1902 �
3752 / 3774 �
162 / 330�
�
   2 �
 Side / Middle   �
17 / 17 �
1931 / 1960 �
3795 / 3817 �
167 / 340�
�
   3 �
 Side / Middle   �
17 / 17 �
1989 / 2018 �
3839 / 3861 �
172 / 350�
�
   4 �
 Side / Middle   �
16 / 16 �
2047 / 2076 �
3883 / 3905 �
177 / 360�
�
   5 �
 Side / Middle   �
16 / 16 �
2105 / 2134 �
3926 / 3948 �
182 / 370�
�
   6 �
 Side / Middle   �
16 / 16 �
2163 / 2192 �
3970 / 3992 �
187 / 380�
�
   7 �
 Side / Middle   �
16 / 16 �
2221 / 2250 �
4014 / 4036 �
192 / 390�
�
   8 �
 Side / Middle   �
16 / 16 �
2279 / 2308 �
4058 / 4079 �
198 / 401�
�
   9 �
 Side / Middle   �
16 / 16 �
2337 / 2366 �
4101 / 4123 �
203 / 411�
�
  10 �
 Side / Middle   �
15 / 15 �
2395 / 2424 �
4145 / 4167 �
208 / 421�
�
  11 �
 Side / Middle   �
15 / 15 �
2453 / 2482 �
4189 / 4211 �
213 / 431�
�
  12 �
 Side / Middle   �
15 / 15 �
2511 / 2540 �
4232 / 4254 �
218 / 441�
�
  13 �
 Side / Middle   �
15 / 15 �
2569 / 2598 �
4276 / 4298 �
223 / 451�
�
  14 �
 Side / Middle   �
15 / 15 �
2627 / 2656 �
4320 / 4342 �
229 / 462�
�
  15 �
 Side / Middle   �
15 / 15 �
2685 / 2714 �
4364 / 4345 �
234 / 472�
�
  16 �
 Side / Middle   �
15 / 14 �
2748 / 2782 �
4411 / 4345 �
239 / 484�
�
  17 �
 Side / Middle   �
14 / 14 �
2859 / 2859 �
4345 / 4345 �
150 / 500�
�



The light ( collected by the Kuraray Y11(250ppm) WLS fiber) is transported to the HPD using a series of clear fibers. Within the scintillator tray, the fibers are Kuraray's .94 mm multiclad, non-S type fibers. The tip of the WLS fiber inside of tiles has been  polished, aluminized, and protected with a thin polymer coating. The other end is spliced to a clear non-S-type multiclad Kuraray  fiber. This splice is a heat fusion splice and is covered by a 1” long, clear plastic ferrule (FEP shrink tubing, 0.05” OD).  The light transmission across this splice is 92% with a 2% rms. These optical fibers are routed from the tiles to optical connectors at the edge of the megatile via grooves in the black Fiber Routing plastic Plates. This groove is 1.6mm deep. These grooves and fibers are covered with black polyester tape to secure  and to protect the fibers. The grooving of the black plastic sheet is done with the Thermwood X-Y milling table. The WLS-to-clear splice is kept in a straight section of the Fiber Routing Plate.


At the edge of the scintillator tray, the clear fibers from the tiles are terminated optical connectors.  � REF _Ref387562576 \* MERGEFORMAT �Fig. 6. 15� shows the design of the optical connector. The fibers and optical connectors for the scintillator tray are constructed as one unit and tested before installation of the fibers into the tiles. These fiber-connector units are called pigtails. A pigtail consists of the WLS fiber which goes in the tile spliced to a clear fiber.  A pigtail contains  all the fibers for 5 degrees of a scintillator tray. The clear fibers of a pigtail are sandwiched by kapton tape  make the pigtail easier to handle. The connectors are held on the outer edge of the black plastic cover plates (see � REF _Ref387562811 \* MERGEFORMAT �Fig. 6. 16�) by the rivets. The fibers of the pigtail are held on the tray with black polyester tape.


�


Fig. 6. � SEQ Fig._6. \* ARABIC �15�:  Schematic drawing of the 18-channel optical connector.





�


Fig. 6. � SEQ Fig._6. \* ARABIC �16�:  Top view of the megatile and connector layout.


Optical cables in the form of a flat, light-tight bundle of fibers (0.94mm)  carry the light from the tray's connectors to a router box near the HPDs.  The optical cables consist of 18 optical fibers sandwiched by a Tedlar cover. The number of holes used for tile readout varies from 14 to 17. The eighteenth spare hole is used for optical light injection. The Tedlar cover seals the optical cables from light. The cables have the same optical connectors at both ends. Within the router (fiber patch panel) box, optical signals are sorted from layers into calorimeter towers. This sorting is performed using 0.94 mm fibers which connect fibers in layer connectors to tower based phototube light mixers. The default fibers for the cables and descrambler are Kuraray, multiclad S type fibers. The use of the optical connectors allows for the segmentation of the optical path into three parts, the scintillator trays, cable, and router box. The design provides maximum protection for  the fibers at all stages of assembly and installation. In addition different parts of the optical system can be assembled  at various institutions and assembled at a central location.


6.5.1.2 Meeting design requirements


To achieve good intra-tile transverse uniformity, the tile's surface reflectivity is kept uniform and a uniform response fiber groove pattern is used. This avoids the use of a complex optical mask on the surface of the tile. To keep the tile's surface reflectivity uniform, its reflective wrapping material must be held evenly against its surface.  Two rivets per tile performs that function.   The transverse uniformity of the tiles is “tuned” by adjusting the depth of the fiber groove inside the tile. The optimal groove depth for 4 mm thick tiles is 1.5 mm. At this depth, the uniformity is fairly insensitive to the placement of the fiber groove relative to a tile's edge.  The uniformity of individual tiles is expected to be better than 4%.  


The light yield of tiles within a projective tower must also be kept reasonably uniform at the phototube readout. The longitudinal front-to-back light yield variation must be kept below 20% for the variation not to effect the resolution of the tower.  Several factors contribute to longitudinal light yield. Since towers are projective, the area of tiles in a tower increases from the front to the back. Larger tiles at the back have smaller light yields.  We have built tiles which span the size of the tiles used in the CMS calorimeter and measured the light yield from these tiles. We have determined that the light is a  function of L/A, where L is the length of WLS fiber in the tile  and A is the tile area.   Using this function we can predict the light from an individual tile.  The clear fibers in the tray and the cables attenuate the  light with attenuation length of approximately 7.5 m. The back tiles suffer less attenuation from clear fiber going from the connector at the edge of scintillator try to the HPD since length of the optical transmission cable decrease from the front to the back of the calorimeter. This effect partially compensates for the lower light yield (from L/A) of the larger back tiles.


 Figrue 6.x shows an expected light yield (in number of photoelectrons per minimum ionizing particle) of H2 readout section of Hadron Barrel calorimeter as a function of h  tower number. The plot indicates that we the light yield exceeds the requirement of 20 PE/mip.


�


Figure � SEQ Figure \* ARABIC �1� Expected light yield (in number of photoelectrons per minimum ionizing particle) of H2 readout section of the Hadron Barrel calorimeter as a function of h tower number.


 6.5.1.3 Magnetic effects


As stated earlier, variation in the radial position of the  scintillator in the groove causes variation in the response of the tile. Hence, the scintillator tray should  be pushed up against the upper edge of the copper slot. This will be done by  a 5 cm piece of .3 mm brass venetian blind type section (acting as a spring) which is the length of the  slot. The 5 cm cross section will be bent to form a venetian blind spring. The venetian blind spring will be slid in under the scintillator tray and push the tray up against the copper.  The total force of the brass piece applies to the tray should be 2-3 times the weight of the pan. A middle pan  weights about 20 kg. Hence, about 50 kg should be applied to the pans. As a middle pan will have two strips pushing on the pan each strip should apply about 25 kg. 


6.5.1.4 HB quartz-fiber laser (or LED) calibration layout


This scheme requires an additional  R&D and at the present time is is only in the conceptual design stage.  One extra fiber in a connector is used for laser calibration. UV laser light is sent through this plastic fiber to the connector at scintillator tray. One question is whether this plastic section will change its attenuation to UV light with radiation. At the tile, the HB design (which is different from HE) is for a 1mm plastic clad quartz fiber to be put into the connector after the connector has been machined with the pigtails. The fiber will routed in a straight line to the opposite end of the tray in a groove in the top cover. It will turn around and go in a straight line close to the middle of the tiles (parallel to the source tube). There will be two 1 cm holes drilled in the black cover plates, Tedlar and Tyvek so the quartz fiber can enter the tile. The quartz fiber goes into one hole, passes through a 2.5 cm long groove on the top of the scintillator, exits out of the second hole and continues to the next tile.  In the region of the hole, the cladding will be stripped from the quartz fiber, and the fiber etched with acid or scratched to form a diffuse surface.  The length which is etched determines the amount of light injected to the tile.The UV light will exit the  quartz fiber into the tile, and convert to blue light. If a blue LED is chosen instead of a UV laser an additional 1 cm white circle of paint must be painted on the bottom of the tile to reflect  more blue light towards the green fibers. The quartz fiber's end is cut at 45o and painted black to avoid reflection. This geometry brings the UV light to all the tiles approximately at the same time as a real particle from the interaction point.


6.5.1.5 HB Source tube layout 


The source tubes are placed in the top of the 2mm-thick black plastic cover plate, in a groove nominally 1.52 mm deep.  The source tube generally go at constant j over the center of each tile, but must make an S-bend (as gently as possible) to exit the edge of the pan near the optical connector and aimed purely in the Z-direction (� REF _Ref387559426 \* MERGEFORMAT �Fig. 6. 4� and � REF _Ref387562811 \* MERGEFORMAT �Fig. 6. 16�). The source tube groove drops gently to the bottom of the top plastic layer at the pan edge,  and flares slightly in phi to provide tolerance where the source tube is inserted into a special cone coupler for transition from a 1/8" OD low-friction acetal plastic tube.  The metal tube is locked in place with a 2-56 nylon-tipped set screw; the nylon tube is locked by a paraxial 3-48 screw whose threads intrude into the 1/8" socket  � REF _Ref387564007 \* MERGEFORMAT �Fig. 6. 17�.  The material of the coupler will be either brass or Lexan polycarbonate.  The half-angle of the internal cone is less than 15 degrees to prevent hang-up of the wire source.





�


Fig. 6. � SEQ Fig._6. \* ARABIC �17�:  Side view of the radioactive wire source tube placement.


Most megatile layers in the assembled calorimeter will be accessible only when the endcap is retracted.  At that time all layers  of each tower will be measured, in order to check the integrity and uniformity of each tower and transfer testbeam module calibrations to the main calorimeter.  The occasional access tubes will be brought up in the channel which brings up the fibers to an access panel near the coil.


Layers 0 and layer 9 will be permanently coupled, via the acetal tubing, to source drivers installed in the 8 cm gap at the back of a few wedges.  One source driver, with a 35-foot (10.6 m) source wire can access up to 6 wedges, for a total of 6 installed source drivers in HB.  The plastic tubes will make a gentle bend in the R-Z plane rising no more than 5 cm from the end surface of the copper, and running in the same protected channel as the optical cables.  The tubes will then, at the back of each wedge, bend  (with radius no tighter than 12 cm) into the j direction towards the source driver, which has a channel indexer to select one of 72 different tubes.  There are 144 permanent tubes in each half barrel.


The compact source driver design using non-magnetic motors (most probably small commercially available air powered motors and piezoelectric air valves) is under development, and appears feasible at this time.  The motors are claimed to have a long operating life and not to require a lubricated air stream. The extra-low-friction tubing and the NICOTEF-coated source wire have already been developed for the CDF endplug calorimeter upgrade. NICOTEF is a proprietary coating containing nickel-sulfide, ptfe, and phosphorus, with Rockwell hardness 40, chemically plated onto the source wire by the Nimet corporation.


6.5.2 HE scintillator tray design


 The HE calorimeter has a slightly different design of the optical system, as both the cost and machining capabilities are different in US and Russia. An HE scintillator  tray covers 10˚ in j. Each 10˚ wedge is subdivided into 20 ( ( ( towers. Each scintillator tray contains tiles as separate units. This simplifies the production of megatiles. The rigidity of the structure is provided by spacers placed at the edge of the  megatile. This is possible due to staggered structure of the absorber plates. The tiles and covers are attached by pins through the scintillators. The cover plates are made of duraluminum because it is cheaper than plastic  plates and provides better rigidity. Both the front and back cover plates have the same thickness, 1 mm. Between one of the plates and the scintillator there is 1.5 mm wide gap, fixed by spacers, for the optical fibers paths.


� REF _Ref387564705 \* MERGEFORMAT �Fig. 6. 18�  and  � REF _Ref387564727 \* MERGEFORMAT �Fig. 6. 19� show the design of the tray. The tray layers are as follows: The first layer is 1 mm thick duraluminum cover plate, next  a sheet of Tyvek reflective paper with holes cut in them for connecting screws.  Brass spacers, 7 mm thick, are screwed along the edge of the duraluminum cover plate. The tiles are placed on the Tyvek paper and covered by another sheet of Tyvek with holes for screws, WLS fibers and quartz fiber reflectors. WLS fibers are inserted into scintillator grooves through the holes in the Tyvek and kept in the place by small spacers with holes. The edges of the scintillator plates are covered with reflective paint (BC 620). Insertion of Tyvek strips between the scintillators is an option we are considering. The optical connectors with glued fibers are fasten to the lower cover plate. The proposed QF light injection system is different from the HB system. Here the light injection fiber is fanned out to many small quartz fibers, separate one for each tile.  In the gap between the scintillators (covered by Tyvek) and the upper cover plate is where the quartz fibers and stainless steel tubes are placed for the laser and the wire source calibrations respectively. To equalize the timing of the laser calibrations all fibers inside the tray have equal length. Therefore, reels with quartz fibers (delay lines) are also placed in this gap. The quartz fibers are glued to reflectors (to feed the UV light into the scintillators) which in turn are glued to the Tyvek. The upper cover plate has rivet nuts (1.5 mm thick) opposite the holes in the lower cover plate. The screws from the lower cover plate go between the scintillators and are screwed into the nuts. The surfaces of the cover plates are covered by resistive layer (galvanization) to prevent chemical reaction with the brass plates. The trays are positioned on the absorber plates by screws on the outer surface of the HE. 


�


Fig. 6. � SEQ Fig._6. \* ARABIC �18�:  Design of the scintillator tray for HE; cross sections and front view without upper plate.


�


Fig. 6. � SEQ Fig._6. \* ARABIC �19�:  Upper cover plate with quarts fibers and radioactive source tubes.





6.5.3 HO-B scintillator tray design 


The inner barrel calorimeter (HB) is only 5.9 interaction length (l) (assuming 1806 mm inner HCAL radius) deep and hence will be unable to contain the higher energy showers completely. The outer calorimeter is designed specifically to sample the tails of hadronic showers, in particular for those showers which developed deep inside the calorimeter. This is necessary to improve upon the missing ET resolution and also to achieve  the design resolution of 100%/(E +-5%. Outer calorimeter  can also be used  in identifying and triggering on muons. In order to achieve these twin objectives, HO should  have the capability to identify single muons. A light level of about 7 photo electrons (pe) due to ësingleí muon may be necessary to identify muons at 3 s level with the HPDs.  Taking into account the long term degradation of thescintillator light yield due to the hostile radiation enviroment in which the detector will be located, it may  be necessary to start with about 15 pe from ‘singleí muon using the two HO layers combined. Due to the large size of the scintillator tiles for the same h-f segmentation as in the inner calorimeter and the limitation in the number of fibers that can be embedded in the tiles, we opted to use 1 cm thick BC408 scintillators for the two layers of outer calorimeters  as a base line design.  An additional 5 mm of space is needed for two plastic sheets on either side of the scintillators to anchor the individual tiles as well as to route the fibers and also to accommodate the stainless steel covers for the scintillators. Thus including the plastic and stainless steel covers, the thickness of the individual layers will be 15 mm.


Geometrical specifications:  Constraints along f  


Each of the five muon rings have 12-fold symmetry along f with each f sector covering 300  in f and 2.53 meters along Z. One such 300 f sector of the muon ring maps onto 6 calorimeter towers along f. The ideal size of the tiles for the two outer calorimeter layers  in the f direction can vary between 0.40 m to 0.448 m depending on the location of the tower within the sector. These sizes are listed in the first row of � REF _Ref387558087 \* MERGEFORMAT �Table 6. 4�. However for a more realistic estimate of the tile sizes, we need to take into account the dead zones occupied by the stainless steel support beams. The two end tiles of the front layer are shortened and one end tile of the back layer has to be split into two trays due to the location of a support beam. The resultant sizes of the tiles along f are given in row 2 of � REF _Ref387558087 \* MERGEFORMAT �Table 6. 4�.


There are additional constraints on the tile sizes along f due to the frame structure needed to hold the scintillators in place. As will be described  later, several scintillator tiles will be packed together into a single mechanical unit called a scintillator tray.  A single tray will be one  f slice wide (50 in f) and will cover the entire span of a muon ring along Z i.e. 2.53 m. These  trays will be resting on sheet metal C-channels welded to the inner and outer faces of the return yoke RB1. These C-channels will be of .5 mm wall thickness. An additional space of about 4 mm on either sides of the C-channels may be required for smooth insertion of the trays. To make these additional space for support structure, the tile sizes along f direction


will be constrained further. The final sizes of the tiles along f is given in row 3 of � REF _Ref387558087 \* MERGEFORMAT �Table 6. 4�.





Table 6. � SEQ Table_6. \* ARABIC �4�


Tile lengths along f





�
Layer 1�
Layer 2�
�
Tile length (m)


(ideal case)�
 0.406   0.400


 0.400  0.406  0.419�
 0.434    0.428


0.428  0.434    0.448�
�
Tile length (m)


(constrained by the return yoke support structure)�
0.367  0.419   0.406


0.400  0.400   0.377


�
 0.434    0.428 


0.428  0.434    0.448


0.123�
�
Tile length (m)


(constrained by the return yoke and tray support structure)�
0.354  0.408   0.396


0.391  0.391   0.367�
0.257  0.426   0.419


0.419   0.426  0.559�
�
Dead space along  f (%)


# of tiles along  f�
                  5.8  


                     6�
                   4.4


                      7�
�



Constraints along Z(h)


In the Z direction we are constrained by the ring boundaries. The HO scintillators have to be terminated at these boundaries as the space between successive rings will be used as service path and will not be available for sampling. This will have the following  constraints  on the tile sizes along Z.


-	The tile size along Z can vary from 34 mm to 661 mm.


-	In layer 1, h tower # 4 will split between rings 0 & 1 (also 0 & -1) and h tower # 10 will split between rings 1 & 2  (also -1 & -2).


-	In layer 2, h tower # 9 will split between rings 1 & 2 (also -1 & -2).


-	h tower number 14 in layer 1 will be truncated at the outer edge of Ring 2 ( and -2).


-	h tower numbers 3, 4 and 13  in layer 2 will also  be truncated at the edge of rings 0, 1 (-1) and 2  (-2) respectively. So these tiles will also be shorter along h. 


 � REF _Ref387558046 \* MERGEFORMAT �Table 6. 5� summarizes various tile sizes along  Z.
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Tile sizes along  Z





Ring�
Layer 1�
Layer 2�
�
�
Tower�
hmax�
Size(m)�
Tower�
hmax�
Size(m)�
�
0�
1


2


3


4�
0.087


0.175


0.262


0.274�
0.400


0.402


0.408


0.058�
1


2


3


�
0.087


0.175


0.262�
0.427


0.431


0.410�
�
1 & -1�
4


5


6


7


8


9


10�
0.349


0.436


0.524


0.611


0.698


0.785


0.791�
0.160


0.430


0.446


0.465


0.487


0.514


0.034�
4


5


6


7


8


9�
0.349


0.436


0.524


0.611


0.698


0.747�
0.274


0.460


0.477


0.497


0.522


0.306�
�
2 & -2�



10


11


12


13


14�



0.873


0.960


1.047


1.134


1.171�



0.390


0.578


0.617


0.661


0.290�
9


10


11


12


13�
0.785


0.873


0.960


1.047


1.116�
0.124


0.582


0.619


0.660


0.551�
�



Constraints along R


The radial position of the front faces of the two HO layers are 4.57 m and 4.89m respectively. They are located on either side of  the return Yoke RB1. The radial thickness of each layer of outer calorimeter is only 15 mm. A ìno go Zoneî of 5 mm separates the two HO layers from the either surface of the RY1. Similarly there is a 10 mm ìno go zoneî between  inner face of  layer 1 and outer face of MB1. A  ìno go zoneî of 10 mm  is also kept between the outer face of layer 2 and  the inner face of MB2.  The radial thickness of the HO layers should not exceed  15 mm allocated for them. It is however allowed to utilize the ìno goî zone between the HO layers and the RB1  in order to  fix the mechanical holding structure for the  two HO layers.


Merging of Tiles


� REF _Ref387565127 \* MERGEFORMAT �Fig. 6. 20� show one 300 f sector for each of the two layers for the three rings with individual scintillator tile boundaries mapped onto it.  It is clear that some of the tiles are very narrow as they were truncated due to location of supporting beams or due to inter-ring gaps. We have decided to combine these narrow tiles with their nearest neighbor as single tiles as follows:  


-	All the 12 tiles of 5.8 cm width on either side of ring-0 for layer 1 will be combined with their neighbors in the Z direction.


-	6 tiles of 3.4 cm width on the outer edge of ring 1 and -1 will similarly be combined with their neighbors in the Z -direction.


-	All the 6 tiles of 12.4 cm width on the inner edge of ring 2  and -2 will be combined with their neighbors in the  Z-direction.


-	All the 12.3 cm wide tiles along the f edge of each 300 f sectors in layer 2 will be combined with their nearest neighbor along f in all five rings.


With these minor modifications and adjustments one  requires 14 (X 2) different sizes of tiles for layer 1 and 13(X 2) for layer 2 for each f slice. The total number of tiles required for the two layers is 3888. � REF _Ref387557991 \* MERGEFORMAT �Table 6. 6� summarizes the number of different tiles required. 





�Fig. 6. � SEQ Fig._6. \* ARABIC �20�:  Example of 32o j sector for HO-B megatile.





Table 6. � SEQ Table_6. \* ARABIC �6�





�
Layer 1�
Layer 2�
�
# of tiles per sector


Total # of tiles


Max. tile size (mm� EMBED Equation.2  ���mm)


Min. tile size  ( mm� EMBED Equation.2  ���mm)�
168


2016


419 � EMBED Equation.2  ���661


367 � EMBED Equation.2  ���160�
156


1872


571 � EMBED Equation.2  ���706


267 � EMBED Equation.2  ���274�
�



Based upon these estimates the total requirements of scintillators for the outer calorimeter are summarized in � REF _Ref387557950 \* MERGEFORMAT �Table 6. 7�. 
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 Total requirement of scintillators for the outer calorimeter (HO)





�
Layer 1�
Layer 2�
�
Position along R (m)


Width of a 300 f sector (m)


Length of a f sector along Z (m)


Area of a f sector ( sq m)


Total area of 5 x12 sectors ( sq m)�
4.570


2.449


2.536


6.211


372.65�
4.890


2.621


2.536


6.646


398.74�
�



Scintillator tray  specifications


In order to simplify the installation of the two HO layers,  several scintillator tiles will be packaged into a single mechanical unit called the scintillator tray.  A scintillator tray will cover the entire length of a muon ring  along Z . In the f direction, it will only be one tile wide. Each tray will contain  4,5 or 6 tiles depending upon its locations.  These tiles will be wrapped  completely first with TYVEK paper ( for light reflection) and then with Tedlar sheets ( to stop light leakage) . This whole package will be sandwiched between a 1 mm  thick plastic sheet  on one side and a 2 mm plastic sheet  on the other side. The 1 mm plastic is used to anchor the tiles in their respective positions using 6 BA countersunk screws passing through the tiles and bolts embedded inside the plastic. The 2 mm plastic on the other side will have channels grooved into it to route the fibers from individual tiles to an optical connector located at the edge of the tray  to access the scintillator light. Finally, this whole assembly of scintillators, plastics and fibers will be placed in an tray of length 2.536 m and height 13.8 mm made of stainless steel plates of 0.3 mm thickness. This tray will be covered with a stainless steel plate of 0.3 mm thickness along the whole length of 2.536m. The bottom stainless steel tray and the top stainless steel plate of this assembly will be anchored to the plastic-sheet-covered scintillator detector by countersunk 6 BA brass screws and special form of nuts. These nuts will have a cylindrical shaft with 6 BA threads which ends in a thin circular plate. This thin circular portion will be projecting outside the stainless steel plate facing the muon chamber and the corresponding head of the holding screw will be outside the steel plate facing the magnet return yoke. we will need 360 scintillator trays for each of the two layers.


6.5.3.1. Tray layout


Scintillator trays for the outer barrel calorimeter ( HO-B) will be one f slice wide ( 50 in f). However along  Z (h) direction , they will cover the entire span of a muon ring i.e. 2.53 m. Mechanical design for these trays and their support structure has already been discussed in detail in chapter 4. In brief, the trays would be resting on sheet metal C-channels  of .5 mm wall thickness . An additional space of 4mm on either side of the C-channels is required to ensure smooth insertion of the trays  and also to account for the skin thickness of the trays. The actual separation between two successive scintillator tiles in the f direction will therefore be about 8 mm. There will be six trays for a 300 f sector , each ideally covering  50 in f . Although all the trays will be of length 2.53 m along Z, their width along  f will vary from one to other. There will be 9 different sizes  of trays each containing either 4, 5 or 6 tiles along Z. The actual inner dimensions and the number of trays required for each size are given in � REF _Ref387557866 \* MERGEFORMAT �Table 6. 8�.  In total, there will be 720 trays corresponding to a total active area of  733 m2  containing 3888 scintillator tiles of different sizes.
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Tray width (m)�
Area of each tray 


in (m2)�
Number of


trays�
Total area


 (m2)�
�
Layer - 1�
�
�
�
�
0.359�
0.90�
60�
54�
�
0.411�
1.03�
60�
62�
�
0.397�
1.00�
60�
60�
�
0.392�
0.99�
120�
119�
�
0.367�
0.93�
60�
56�
�
Layer - 2�
�
�
�
�
0.259�
0.65�
60�
39�
�
0.426�
1.08�
120�
129�
�
0.420�
1.06�
120�
128�
�
0.563�
1.41�
60�
85�
�
Total�
�
720�
733�
�



A top view of a typical scintillator tray is shown in  � REF _Ref387565833 \* MERGEFORMAT �Fig. 6. 21� and its cross sectional view is shown in � REF _Ref387565846 \* MERGEFORMAT �Fig. 6. 22�. The trays are similar in design  to those used for the inner barrel calorimeter and will be packed and assembled using similar techniques. However, unlike the inner barrel, the HO-B scintillators are  10 mm thick, thereby increasing the overall thickness of the tray.  � REF _Ref387557824 \* MERGEFORMAT �Table 6. 9� shows the thickness of various materials  in the order in which they appear in the tray.


�


Fig. 6. � SEQ Fig._6. \* ARABIC �21�:  Top view of a typical scintillator tray for HO-B.


�Fig. 6. � SEQ Fig._6. \* ARABIC �22�:  Cross sectional view of a scintillator tray for HO-B.
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Material�
Thickness in mm�
Tolerance in mm�
�
Polyester tape�
  0.15�
 .03�
�
Top plastic�
  1.90�
 .10�
�
Tedlar�
   .10�
 .00�
�
Tyvek�
   .15�
 .05�
�
Scintillator�
10.00�
1.00�
�
Tyvek�
   .15�
 .05�
�
Tedlar�
   .05�
 .00�
�
Bottom plastic�
   .95�
 .05�
�
polyester tape�
   .15�
 .03�
�
Total�
13.6�
1.31�
�
 


All the scintillator tiles in a tray will be made out of a single piece of scintillator by cutting a straight groove of 0.9 mm  thickness and 9.5 mm depth between successive tiles. These grooves will be filled with  an opaque, white epoxy  to provide rigidity and optical isolation. At the bottom of these straight grooves is a  bridge of 0.5 mm thick scintillator, which forms an enclosed area into which the epoxy will flow. In order to reduce the  cross talk of light between the tiles , these bridges will be marked with a black marker on the outside. This technique is similar to that used for the inner barrel trays.


Groove design on a tile


� REF _Ref387566611 \* MERGEFORMAT �Fig. 6. 23� shows the top view of a typical HO-B scintillator tile. The light from the tile  is read out  using  WLS optical fibers which are held inside the tile using circular grooves. The grooves are similar in design to that in an HB tile i.e. each with a circular part inside the scintillator of diameter of  1.35 mm and a neck of .86 mm  width. The base line design is to use .94 mm double clad, non-S type, Y11 fiber of Kuraray. The HO-B tiles are larger in size than the tiles in the inner barrel part of the calorimeter. As a result, they will give much less light if we use a single sigma groove  running around the perimeter of the tile. The large length of the WLS fiber required for such  a readout scheme will further reduce the light output as the attenuation length in WLS fiber is around 2m. In order to collect sufficient light from these large sized tiles, we plan to put 4 separate WLS fibers in a single tile in separate grooves. Each tile will be divided into 4 quarters. Each quarter will have a sigma groove as shown in � REF _Ref387566611 \* MERGEFORMAT �Fig. 6. 23�.  � REF _Ref387566634 \* MERGEFORMAT �Fig. 6. 24� shows a closeup of the sigma groove at the fiber insertion point. In a tile, the straight sides of the rectangular grooves are located at a distance of 2.5 mm from the edge as well as from the center of the tile. The corners  of the grooves are rounded and have 31.8mm bend radius. This  will prevent any damage to the fiber at the bend and also ease  the process of fiber insertion in the narrow grooves. For smaller truncated tiles, instead of 4 fibers,  we need only 2 fibers for equivalent light yield.  � REF _Ref387566650 \* MERGEFORMAT �Fig. 6. 25� shows the cross sectional view of an HO-B tile for a better perspective of the groove design. It looks like a circular hole attached to a narrow neck. With such a design it will be possible to keep the fiber inside the groove provided the neck of the groove is narrower than the fiber diameter. Since the fiber diameter is 0.94 mm, the neck diameter is kept at 0.86 mm. In order to insert the fiber in the groove , one end  will have a rounded shape of size 1.8 mm which will  narrow down to 0.86mm ( neck size) within a distance of 9 mm.





�


Fig. 6. � SEQ Fig._6. \* ARABIC �23�:  Design of the HO-B tile.  Each tile will be divided into four quarters.





�


Fig. 6. � SEQ Fig._6. \* ARABIC �24�:  Closeup of the sigma groove at the fiber insertion point.


�Fig. 6. � SEQ Fig._6. \* ARABIC �25�:  Cross section view of the HO-B tile design including fiber groove.


Light transportation


The light collected by the WLS fibers inserted in the tiles will be transported to photo detectors located  outside the muon rings using clear fibers. The captive end of the WLS fibers located inside the grooves will be polished, aluminized and will be protected with a thin polymer coating. The other end of the WLS fiber will come out of the tile through a slot ( 3 mm X 25 mm) made on the 2 mm thick black plastic cover sheet. This end of the WLS fiber will be spliced to a clear non-S type multiclad  Kuraray fiber. The clear fiber will then be routed along the Z direction  through 1.6 mm deep guiding grooves made on the outer side of the 2 mm plastic sheet to an optical connector located at the edge of the tray. Each tray will have two optical connectors mounted on either side of the tray. All the fibers from a tile will terminate on the connector located nearest to it. Since a tray will have a maximum of 6 tiles, there will be at the most 24 fibers per tray, 12 fibers per connector.


6.5.3.2 Meeting design  requirement:  


The HO-B  calorimeter is  designed specifically  to sample  the tails of hadronic showers,  specially for those which develop deep inside the detector. This  will  enhance the  energy  resolution  of HCAL. In addition to this, it is expected to have the capability to identify and trigger on  muons. A yield of  4 photo electron/layer  is be necessary to identify muons at 3 sigma level if HPD is used as the light readout element. Another consideration is to have uniform response within the tile. Both the requirements are fulfilled by 


a)	choosing higher scintillator thickness (10 mm) so as to have higher light output (higher photo electron yield)


b)	4 groove pattern for large tiles as shown in � REF _Ref387566611 \* MERGEFORMAT �Fig. 6. 23� and 2 groove pattern for small tiles so as to have uniform response within the tile .


Light output from two layers of the same tower is pooled together at the decoder box and recorded by one readout element. Different response in the light output of these layers would affect energy resolution of the system. Responses of these layers are kept same within 7 % approximately, using the techniques described in 6.5.1.2.


6.5.3.3 Magnetic Field Effects:


Since HO-B will be placed in a region where the magnetic field will be negligible, there will be no need to compensate for any field effects.


6.5.3.4 HB quartz-fiber laser (or LED) calibration layout


Though further R & D is required for this system, a spare hole would be provided on the optical connector to accommodate a quartz-fiber. Also, an additional groove would be made on the 2 mm black plastic as described in 6.5.1.4.


6.5.3.5 Source tube layout


A radioactive source will move along the z-direction and scan the central portion of every tile on the tray. Data collected during this  scan will be used for calibrating the tiles. A tube for the passage of the  source will be laid on a groove on the 2 mm plastic sheet by the side of  the fiber routing groove. There will be one source tube per tray. 


6.5.4	HO-E Scintillator Tray Design


The HO-E scintillator covers the pseudorapidity region of h=1.2 to h=1.5.  It is meant to provide coverage over the gap region between the HCAL Barrel, HB and the HCAL endcap, HE.  Part of the HOE will be attached to the ME/2 muon chambers and be installed with the muon chambers. The HO-E scintillator tiles will be installed on the back faces of ME/2, ME/-2 inside the muon chamber frames. 


Due to the overlapping coverage of the ME/2, ME/-2 chambers, the same coverage is afforded to the HOE tiles in this region; nearly 100 percent.  The muon chambers will provide the necessary structural integrity and support for the HO-E tiles.  An entire HO-E package which covers the back of a muon chamber will be referred to as a megatile.  Each megatile in this region will cover 10o in j or two j towers.  The megatile is made up of 40 individual tiles.


�


Fig. 6. � SEQ Fig._6. \* ARABIC �26�: Layout of the HO-E scintillator try 


Each tile will have its own separate optical fiber readout to a photodetector at the outer radius of the endcap muon system.  In this scheme, the clear fiber that is spliced to the green Y-11 WLS fiber in the tile will carry the signal to the photodetectors.  Since there are 36 megatiles attached to the ME/2, ME/-2 chambers, this results in 1440 separate optical readouts.  Each tower will be readout by a single photodetector, so 360 photodetectors are needed for the megatiles.  The construction of these megatiles will be the same as the construction of the HCAL barrel megatiles but the scintillator will be 10mm thick BC 408 for greater light collection. An additional 5mm of packaging will complete the megatile to give it an overall thickness of 15mm, similar to the HOB tiles.


As the megatiles will be effectively trapped by the muon chambers, access will be limited to lengthy shutdowns and scheduled muon chamber maintenance periods.  The photodetectors should be accessible during any shutdown, even when the detector is closed.


In order to provide more coverage over the "trough" of the HCAL barrel - endcap gap, additional tiles will be placed in the region between ME/2 and ME/3 where the "Z-stops" for the endcap detector reside.  These tiles will be fixed to the YE/1 before the muon chambers are in place.  Due to the congested nature of this space, the tiles will only cover approximately 80 percent of the area.  These additional tiles will be attached to the muon iron in a method similar to that of the HOB tiles.


�


Fig. 6. � SEQ Fig._6. \* ARABIC �27�: HO-E Layout (section view)


Thin steel I-beams will be tack welded to the YE/1 iron which will hold the tiles in place.  The supports and tiles must be placed on the YE/1 before the ME/3 muon chambers are installed.  The reason for this is that the endcap cables go over this region of HO-E tiles and under the ME/3 muon chambers.  The complete effect of these cable paths has not yet been determined, but regardless of the layout, there will be some additional loss of coverage.  Similarly to the HO-E scintillator on the ME/2, ME/-2 muon chambers, the scintillator tiles will be grouped together into megatiles for ease of installation.  These special megatiles will cover one h-j tower each.  The megatiles will have four individual tiles of sampling per tower.  Two h towers and 72 j towers will be covered in this region  for a total of 144 towers.


There will be four clear optical fibers from each tower, for a total of 576, which will carry their signals to 144 individual photodetectors (one per tower) on the periphery of the endcap muon system.All the tiles in this region will be trapped by cabling from the inner detectors, so access will be limited at best.  The photodetectors will be accessible in the same manner as those from the HOE megatiles on the ME/2, ME/-2 chambers.





