

6.7 Manufacturing (HB/HE/HO-B/HO-E)

6.7.1  HB Manufacturing

6.7.1.1 Machining of Scintillator and plastic covers

Each megatile sub-assembly  is constructed from  a single plate of scintillator. The processing of the scintillator plates is done over several steps.  First, the protective paper removed from top side of the plate. The thickness  of the plate is measured at two points at the edges using a micrometer. All machining operations are done on this top side only.  The protective paper is left on the bottom scintillator until just  before the scintillator pan is assembled. Since the separation grooves are cut so that only 0.25 mm of material remain, the scintillator plate with separation grooves machined onto it is fragile. However, as the protective paper on the other side is left intact on the bottom side, it gives additional structural support to the plate when it is handled. In addition, the paper prevents surface scratching when the scintillator is moved about. 

The plate is positioned on the Thermwood x-y milling table.  Next, reference holes are drilled along the edges for realignment in later operations.  A “long reach” 0.90 mm end mill is then used to cut the tower separation grooves 3.75 mm into the scintillator (the last 0.25 mm is left uncut).  The outer boundary of the megatile is not cut, just the inner tile separation grooves.  The fiber grooves are not milled along with the tile separation grooves because of a risk of epoxy seeping into the fiber grooves from the separation grooves in the epoxying operation. This is because the fiber grooves are 3mm away from  the separation grooves, and a tape seal in such a small gap is not robust enough.

The scintillator plate is then removed from the milling table and white, opaque, epoxy is injected into the separation grooves.  This is done by first taping over the grooves and then injecting epoxy into the channels. The epoxy is cured at room  temperature for one day. The scintillator plate is put in a oven which is at 38 C for one day to harden the epoxy.  The epoxy provides optical separation of the tiles, mechanical support, and a reflective surface at the tile edges.  The plate is taken back to the milling machine and the megatiles  are re-registered to the milling machine’s coordinate system. The milling machine cuts  the  fiber groove routing, machines the rivet holes, and cuts the edges of megatile from the scintillator plate. The 1.52 mm deep fiber grooves are routed with a 1.35 mm end mill. The groove’s  circular shape, � REF _Ref387562147 \* MERGEFORMAT �Fig. 6. 14�, is cut with a 1.14mm ball mill. Since the neck of the groove is smaller than the diameter  of the fiber, the fiber is trapped in the groove. 

The megatile is removed from the milling table. A fiber is  inserted into each groove to insure that each fiber groove is clear. The megatile edges are painted with white TiO2 paint to provide a reflective surface on the outside edges of the megatile. In addition, the side of the separation groove with the leftover 0.25mm of scintillator is “painted” with a black marker pen.  This reduces the adjacent tile-to-tile crosstalk to an acceptable 1 ±.6% per side.  � REF _Ref387562147 \* MERGEFORMAT �Fig. 6. 14� shows the mechanical configuration of the separation groove.  The construction produces a large megatile that contains individual tiles which are optically isolated but are mechanically one unit.

Each scintillator tray consists of two or three scintillator megatile sub-assemblies. The largest piece of scintillator that  manufacturer can  supply is 2 m by 1.1 m. In order to minimize  the total amount of scintillator used, the tiles are cut from the scintillator in the following way for layers 1-16. The scintillator  plates  are 2m long. We start with layer 1 tower1 on the edge of a plate. Next the Thermwood goes to layer 1 tower 2. It continues sequentially until the next tile does not have enough space to fit on the plate. The next tower is on a new plate.  At the end of the layer, the Thermwood goes to tower 1 of the next layer. If this tower fits on the old piece of scintillator, it puts it on the old piece of scintillator. Otherwise, it goes to a new plate of scintillator. The process proceeds to the last tower of layer 16. In this procedure, megatile sub-assemblies from separate layers can  be cut from the same piece of scintillator. This procedure reduces the amount of scintillator we need to buy and reduces the cost. The thickness for layer 0 and 17 are different from the rest. Hence, a separate size plate is devoted to layers 0 and layer 17. The scintillator for 20o will be cut from a single plate. Each plate will have two side megatiles and one middle  megatile cut from it.

The top and bottom  black plastic plates are grooved on the Thermwood milling machine. The code for the milling machine is prepared from  the database. Reference holes are drilled along the edges for  realignment in later operations. Next the Thermwood cuts the grooves and holes on the black plastic. The Thermwood  can cut plastic  which is as long as 3.5 m. However, the longest scintillator tray is 4.5 m. Hence, after the cutting operation is over the  plastic is repositioned on the milling machine using the  reference holes. The rest of the plastic is machined to  form a 4.5 m long single piece.

The milling of black polystyrene plastic cover plates are independent of the scintillator machining. However, the black plastic cover plates must be produced at the same pace at which the scintillator megatiles are cut. The scintillator, plastic (polystyrene), white paperlike reflector (Tyvek), light tightening black wrapping (Tedlar), and top and bottom black cover plates (black polystyrene) are assembled into a partially finished megatile-tray unit. This is the megatile-tray  pre-assembly step. The fiber insertion is done later for the final finished scintillator tray pans.

� REF _Ref387556709 \* MERGEFORMAT �Table 6. 10� shows the material needed to produce one wedge and the full calorimeter. 2052 scintillator trays are needed  for the HB calorimeter. Note that before 36 wedges for HB are constructed, a single wedge pre-production protoype will be built. 



Table 6. � SEQ Table_6. \* ARABIC �10�:  Material

Summary of Materials for the of Hadron Calorimeter Construction



Material�1 wedge�36 wedges��Scintillator, SCSN81, 4mm(m2)�73.5�2683��Scintillator, SCSN81, 9mm (m2) (layer 17)�5.5�164��Scintillator, SCSN81, 9mm (m2) (layer 0)�4.2�110��Black plastic,  2.0mm(m2)�67.7�2170.0��Black plastic,  1.0mm(m2)�67.7�2170.0��Reflective paper:  Tyvek 0.15mm(m2)�180.�4340.0��Black wrapping:  Tedlar, 0.04mm(m2)�210.�4882.5��Y11 WLS multiclad fiber,  0.94mm(km)�1.5�53.9��Clear multiclad fiber,  0.94mm(km)�2.5�91.1��Clear 18 fiber cable,  0.90mm(1.2x15mm)(m)�53.�1900.0��Source calibration tubes, SS(0.050”OD)(km)�0.3�10.7��Epoxy: TiO2 loaded resin(kg)�15.�560��Rivets�2400�86400��Polyester tape,  .15mm(km)�0.5�16��The scintillator  thickness of layer 0 is 9 mm. The scintillator thickness of layer 1-16 is 4 mm. The thickness of layer 17 is 9 mm. 

Since, the width of the scintillator pans is the smallest for the innermost layer and largest for the outermost layer, we can reduce cost by ordering plates with different width. We have decided to order scintillator plates of 3 different width for layers 1-16.  � REF _Ref387556769 \* MERGEFORMAT �Table 6. 11� lists the sizes of the plates and the number we need to order



Table 6. � SEQ Table_6. \* ARABIC �11�

Scintillator Order. The sizes of the pieces of scintillator that are used to cut each layer.



scintillator�scintill,�scintill.�1 wedge�barrel��thickness(mm)�length(mm)�width (mm)��total��4�2000�1085�13�475��4�2000�930�14�514��4�2000�800�12�435��9�1600�860�4�119��9�2000�692�3�79��

Times and manpower 

The scintillator and plastic cover plates will be cut in Lab 8 at FNAL. The time to cut the scintillator and plastic cover plates for HB are based on the amount of time it took CDF to cut the scintillator and plastic cover plates for the CDF Hadron Plug Upgrade. We start by trying to  estimate the amount of time CDF took to complete its Thermwood machining. These time estimates include both cut time and setup time. The cut times were estimated form the total length of cuts and the cut speeds that were used. From the comparison of the CDF estimate and the actual CDF times we get a fudge factor. The fudge factor is an estimate of how much our time estimates are off. Next using the same methods, we estimate how much time it will take to cut the CMS plastic cover platess and scintillator. We have measured the machining speeds for the CMS grooves. We then multiply the CMS time by the fudge factor to get the CMS production time. The total times should be fairly accurate.

The actual time CDF spent was 1 calendar year. That calendar year consisted of 2 consecutive Thermwood shifts , 16 hours, on one Thermwood machine. The actual cut time available was 12.5 hours. The 3.5 hour overhead is due to turning the machine on, turning the machine off, cleaning the machines,  and preparing the machines for the next day. Lab 8 has two Thermwood machines, and the technician had to prepare both machines for the next day. The CMS estimates will assume that we get the same machine time/day as CDF did. 

We estimate that it should have taken CDF 0.58 years to cut the scintillator, 0.22 years to cut the plastic cover plates , and 0.13 years for setup for each layer. We are off in our CDF estimate by 7%, as it took CDF one year of cutting time. Hence ,we multiply our CMS time calculations by 1.07. For CMS, we obtain the cut  times of  1.44 years for the scintillator,  0.54 years for the top plastic cover plates and 0.34 years for the bottom plastic cover plates. We estimate 0.22 years for setup time for each layer, for a total of 2.55 years of production cutting. 

Next we estimate startup times for the cutting. It took CDF 0.5 years from the time it tried to start cutting to full production. We give the same estimate, but we break it up into two components. We estimate  0.25 years of startup for the preproduction wedge and .25 years for startup for the full production. Hence, total barrel cutting time will be 2.80 years.

For the preproduction prototype  we assume 0.25 years for startup time. We also assume 0.22 years for the setup time and transition between layers. These were the same times which we used to calculate the total production time. For the cutting time we take the total cut times and divide by 36. This gives us a total  time of .55 years for the preproduction prototype.

Scintillator tray production cannot go faster than the Thermwood time, but with enough people hired it should go at the same rate. The assembly steps need to assemble the CMS megatiles are very similar to CDF. CDF needed about 3 people to do the assembly up to the fiber assembly. Hence, we estimate the 3 people are needed to do the preassembly up to the fibers. In addition we estimate this part of the project  needs at least  one full-time production manager.

6.7.1.1.1 Quality control

An important quality control item in this step of the production is tracking the quality and uniformity of the scintillator plates used for each megatile. As part of the SCSN81 scintillator purchase agreement for CDF Upgrade project,  Kuraray marked each plate delivered with an ID number that specified the production history of the plate. This information is included in the manufacturing protocol for the megatiles. Plates from different production batches are also tested and the results included in the protocol. Both the attenuation length and the light yield are monitored using tests described in the scintillator specification document. With this protocol, the megatile performance having to do with scintillator quality can easily be monitored as the megatile production proceeds.

Several checks of the scintillator plates are done. From each plate a 1cm by 1cm piece of scintillator is cut out of the sheet. This piece will be stored with the information as to which scintillator tray it is associated with. If a problem is found with the scintillator  tray this piece can be retrieved and measured with a bismuth source.   A fraction  of the 1 cm by 1 cm pieces will be measured to determine the overall scintillator quality. The thickness of the plates will be measured in  three  places. Any plate with a the thickness outside the tolerance will be rejected. However, it is very important that the thickness of the plates not exceed 4.5 mm. To ensure they do not exceed 4.5 mm, a gauge with a 4.5 mm gap will be made. This gauge will be run down the edges of the plates. Any plate with a point that is thicker than 4.5 mm will be rejected. 

After the scintillator is machined, a fiber is passes through each groove to insure each groove is clear.  From knowledge gained from manufacturing the megatiles for CDF, we know that the dominate variation in the response of the scintillator trays  is due to the variation of the fiber groove  of the scintillator.  The cutting of the scintillator gives a 5.5% rms for  the light output and the distribution is gaussian with no tails. There are no manufacturing problems from cutting which give rise to low light yield tails. This information was determined by manufacturing 20000 tiles in 594 scintillator trays for CDF and measuring them.  Hence, a visual inspection of the scintillator is sufficient  to determine the quality of the megatile. The visual inspection determines the following: The scintillator is clean with no scratches, the edges are painted white, the fiber groove is clear, and the epoxy fills the separation groove. 

The difference in grooves between low light yield tiles and high light yield tiles cannot by determined by inspecting the grooves. It can only measured when the trays is completely assembled with fibers. Hence, a sample of the preassembled pans will be stuffed immediately with fibers and measured. Production schedules  will dictate whether all the pans can immediately stuffed with  fibers. 

The preassembly of the scintillator pan is done very quickly after that parts are available. This preassembly checks the whether the plastic is milled correctly.

Each scintillator tray will contain a traveler. The traveler will contain information about the tray at each step in production.  It will contain information about the scintillator pieces used in the tray. Using the data from Kuraray, we can reconstruct  information such as the thickness of the scintillator, the batch of the fluors, etc.

6.7.1.1.2 Quality Assurance 

QA is described in the QC section 

6.7.1.2  Preassembly of Megatiles

The preassembly of the scintillator pan done very quickly  after the scintillator megatile sub-assemblies are prepared. This protects  the megatiles from damage. First the rivets are snapped into the rivet holes in the bottom plastic plate. The plastic is laid on a table and the sheet of Tedlar is put down over the  plastic. The Tedlar has holes in the position where the rivets are. Next the Tyvek is put down over the Tedlar. The scintillator is put down over the Tyvek and positioned with the rivets. a piece of Tyvek is placed over the scintillator. The bottom sheet  of Tedlar has been cut big enough so that it can fold around the edge of the scintillator. The sheet on one side is taped onto the top  sheet of Tyvek. The sheet on the other side is folded around the scintillator and is taped onto the Tedlar. This forms a  light seal for the scintillator. Next the top black plastic cover  is put on the Tedlar. 4-40 flat head screws are put through the holes in the black plastic and are screwed into the rivets. A electric screwdriver with controlled torque is used to tighten the screws. The optical fibers  are not part of this assembly. After this assembly, the scintillator is well protected and can be safely stored or shipped anywhere. The preassembly trays are stored in boxes awaiting the fibers. 

6.7.1.2.1 Quality Control

Quality Control of the preassembled tray is visual. We look at  them to determine that all the tasks are performed. A traveler  is checked off for the steps for the preassembly. The thickness of the scintillator pan must not exceed 8 mm. A special gauge will be made which has a air gap of 8 mm. The tray will be measured with the gauge along all edges to ensure the tray thickness does not exceed 8mm. A sample of the preassembled trays have fiber installed and they are measured them with the scanner after  the production.

The technology of production of the tiles was developed and tested for more then thousand tiles by SDC and CDF groups. New results were obtained during R&D at CERN by CMS collaboration.  All the information and experience which we have give us confidence that the tile will satisfy the CMS requirements.



6.7.1.2.2 Quality Assurance

The QA is discussed in the QC section.

6.7.1.3 Production of fiber/connector assemblies (pigtails)



6.7.1.3.1 Fiber cutting/polishing/splicing/assembly

The WLS fibers are cut to length. A template will enable to  fibers to be cut to the correct length. Next both ends of the  fibers are polished. Next the one end of the fiber is mirrored. The clear fibers are cut using a template to a length 2 inches longer than the length the fiber will be in the connector.  The fibers are spliced together with an automated fusion splicer. The set of 17 polystyrene  fibers + one quartz fiber are then assembled into a connector. 

The pigtails are made using a plastic template with fiber grooves set to the correct length of the fiber run in the actual megatile. At one end of the template, a connector is secured onto the template. The template for the side pigtail has location for the connector offset from the fibers. The � REF _Ref387562811 \* MERGEFORMAT �Fig. 6. 16� shows the curve the pigtail  must make  at  the connector. First, each spliced WLS+clear fiber for a specific tower is inserted into its hole in the connector insert and then laid into its corresponding groove on the template. As there are tick marks in the template at the location of the splice for each fiber groove, it is clear if a fiber from a wrong tower is laid into a groove. After the fibers are in place, kapton tape is put on the  bottom and top of the pigtail.   This retains the shape of the pigtail and keep the pigtail flat. For the pigtails for the side trays another operation must be  done to put in the curve near the connector. The kapton tape to  hold the fibers is put on up to 6 inches away from the connector.  A total of  15 cm of fiber away from the connector is left free of tape. The fibers are inserted in to connector. The connector and fibers  are rotated to put in the bend that the pigtail fibers need for the side trays.  The connector is then inserted into its position on the template and the fibers near the connector are taped in place.   Hence, the fibers will easily follow the pattern they must follow  in the scintillator tray. The fibers are secured with kapton to the connector and then glued. After the glue cures, the connector insert is faced off with a diamond cutter to form a clean, uniform optical surface. The combination of the fiber fusion splice, the WLS fiber mirroring, and the optical connector produce a light transmission rms spread of 3.5%.

We assume that the same steps that were needed for CDF to assemble the pigtails will be used by CMS. In order to estimate the assembly time for the pigtails we have used assembly times taken from CDF. The steps needed for building the fibers are the following: engraving  the connectors, cutting the fibers, polishing the fibers, coating the mirrors with epoxy, splicing, cutting the protective tube used on the fibers, laying out the pigtail,gluing the pigtail, polishing the connector after gluing and testing the pigtail. Since the pigtails are bigger for CMS we estimate that it will take 20% longer to do the following steps: laying out the pigtail, gluing the pigtail, splicing the fibers, and testing the pigtail. We assume that it takes  10% longer to polish the pigtail. With the above estimates , we estimates it takes  4.9 man hours to make a pigtail for 5 degrees. This gives 350 hours needed to make the pigtails for a wedge. With 7 man hours in a day, this amounts to 50 days. For the entire barrel, it takes 12600 man hours. With 240 days in a year, this amounts to 7.5 man years of production

It took CDF about .6 months of startup time for the pigtail production. During this period , one full time CDF physicist and 2 technicians  worked on fiber R and D. We estimate that it will takes 0.30 years of startup for the preproduction prototype and  0.30 years for the barrel.

For the preproduction prototype we estimate we need 1 production manager and 2 technicians.  The time is .3 years of startup + .2 year = 0.5 years of production.  With 4 technicians and a production manager, it will take 0.3 of startup + 1.9 years = 2.2 years to produce the pigtails for CMS.

6.7.1.3.2 Quality control

Unlike the scintillator, low light tails in the tile response can come from bad fibers. Almost all of the problems in the tile/fiber assembly occur from bad splices or WLS fiber problems. Therefore, fibers are checked and tested prior to use. Several fibers from every batch of Kuraray are visually inspected for  defects. If defects are found in these fibers then all the fibers of the batch are inspected. For WLS fibers, a sample is scanned with  the UV scanner to assure that the light yield and attenuation length are within specifications. The fibers for each tower (fixed length green) are cut to length. The WLS fibers are cut in bulk, polished, and mirrored on one end. Each batch of mirrored WLS fibers has several control fibers which are checked to assure uniformity in the mirroring. The reflectivity of the mirror is measured by measuring the mirrored fiber with the UV scanner. Next, for a small sample of test fibers, the mirror is cut off, and the fiber is remeasured. From these two scans the reflectivity is calculated. We expect a reflectivity of 0.85 ± 1.5%.

Each week the splicing quality  is checked. This is done by taking a WLS fiber, cutting it in the middle of the fiber, and splicing it there. Next this fiber is scanned with the UV scanner. By  measuring difference in light output across the splice the  transmission across the splice is measured. The transmission across the splice expected to be  92% with an RMS of 1.8 %.  In this measurement, the cladding light is removed by putting black tape on the fiber cladding before photodetector. 

After the WLS and clear fibers are spliced and assembled into fiber-connector assemblies (pigtails), all fibers for all pigtails tested.  They are tested in an automated UV-scanner box that is controlled by a PC. Those that are out of specifications are either reworked, or rejected outright. The results of these pigtail scans are saved in a data base for future reference.

6.7.1.3.3 Quality  Assurance 

The main quality assurance tool is the UV fiber scanner. The light yield of all the fibers in a layer is compared and all  bad fibers are replaced.

6.7.1.4 Source tube preparation and routing

The source tubes in the megatiles will be 18 gauge thin wall stainless steel hypodermic  tubing, needle-grade fully hardened.  The nominal OD is 1.27 mm to 1.32 and the ID is 0.965 mm.  The source-carrying "wire" is 22 gauge stainless steel hypodermic tubing, 0.71 mm OD, with a bullet-shaped enlargement of approx. 0.833 diameter closing the active end of the tubing.  As discussed elsewhere, the source wire is given a NICOTEF antifriction coating.  All this is done  before the active element is loaded and a keeper wire inserted, followed  by closure of the inactive end of the source "wire".

The metal source tubes will be cleanly finished at one end, probably by EDM cutting.  Each tube is crimped, or crimp-cut to length, and laid into the black plastic groove.  The clean-cut end is secured in the pan-edge coupler with a  nylon-tipped 2-56 set screw.  The tubing is then taped in place with 0.1mm thick polyester backed clear tape.  The depth of the groove in the black plastic is nominally identical to the OD of the metal source tubing.  The width of the groove is at least 0.065 mm to provide tolerance (especially against kinking) and the groove will flare near the edge of the pan to provide tolerance going into the pan-edge tube coupler.  

The tube should end near the edge of the last tile (at h=0), but should end approximately 1 cm short of the end of the groove in the plastic, for tolerance and to accommodate some degree of thermal contraction of the plastic (the coefficient of thermal expansion of plastic is some ten times that of steel).  The pans should be protected from large thermal excursions at all times.

6.7.1.4.1 Quality Control

After cutting and before closure of one end, each metal tube will be flushed and/or blown-out, and probed with a 0.89mm diameter wire to guarantee clearance for the source wire.

The tube must be securely fastened to the coupler.  Tightening of the nylon-tipped set screw must be done firmly but not excessively, or the tube will be distorted or dimpled.  

Test:  The coupled tube must resist a pull of at least 3 kg-weight before being laid into the groove.  If it fails, the set screw will be backed off and the tube recoupled more tightly. 

Test:  The tube and coupler must also still freely pass the 0.89mm probe wire.  Any tube failing this probe will be either repaired or replaced.  Satisfactory repair can be made by carefully forcing an approximately full-diameter probe into the tube.  The person doing the coupling will do the tests immediately.  This will provide rapid feedback.  The probe test will be repeated by another person, as a cross check.

It is important that the distance of the tube to the scintillator, and the degree of embedding of the tube in the plastic, not change with time, or the accuracy of the collimated source to wire source ratio will be degraded. We will rely on QC/QA of the depth of the groove in the plastic, and the tight manufacturing tolerance of the steel tubing.  We believe that taping the tube into a nominally same-depth groove will locate it adequately.  We will rely on QC/QA of the megatile assembly and riveting procedure.  We will rely on the support-springs which locate the megatiles to the back of the copper slot, to help keep the megatile packages in a compressed state.

The coupling of the plastic tubes to the pan edge and to the indexer of the wire source driver will be checked by a 3kg-weight pull test.

6.7.1.4.2 Quality Assurance

Travelers will accompany batches of tubes, and will have checkout lists detailing  procedural steps, including probing and testing.  Similarly, tube installation and the testing thereof will be made part of the travelers which accompany megatiles.

The plastic tubes connecting pan source tubes to the source driver indexers will be color coded at both ends, to help prevent scrambled couplings.

6.7.1.5 Final Scintillator Tray Assembly

In the megatile final assembly, the pigtails are installed and the connector piece of the pigtail is attached to the scintillator tray with rivets. The fibers in a pigtail are stuffed  into their corresponding scintillator tiles, and the rest of the fiber laid and secured in its black plastic cover routing groove. The fibers are taped over with 6 mil polyester tape. To insure uniform compression, all rivets are torqued to fixed, specified level.

 6.7.1.5.1 Quality control 

After installation of the optical fibers in the scintillator tray, the tray is put through a QA/QC test to assure that the light yields from each tile are within specifications. Light yields from tiles are required to be ±20% of nominal. Those that are not within specifications typically have fiber damage in either the splice or WLS fiber. The QA/QC test is there to detect and correct these problems. Light yield results from these tests are also stored in a data base for future reference. 

Each scintillator tray will be scanned by the Megatile Scanner using a gamma source. If any individual tile light yield is outside of tolerance, due for example to broken WLS fiber, corrective action will be taken.  The light yield information of each tile of each tray will be saved in computer files. There are 18 wedges in each half barrel of HB, so there are 36 identical wedges. Each layer in a wedge includes one two-j wide middle (M) tray, and two singe-j wide trays. Therefore, there are 36 identical middle, side-left and side-right trays for each layer. The mean light yield of all the layers can be matched by ordering each layer based on its mean light yield, and matching the lowest and highest mean light yield layers, respectively in  corresponding wedges.  Three megatile scanners will be constructed, one for HB, one for HE and the last one for HO-B. The HO-E tiles will be scanned by the HB megatile scanner. Each megatile scanner has a gamma source that scans the megatile in X-Y motion and stores the information in a computer. The HB scanner has a scan of 450 cm X 110 cm. 



The relative tile-to-tile light yields from completed megatiles for CDF is shown in � REF _Ref387643198 \* MERGEFORMAT �Fig. 6. 28�. As  the plot is shown for large scale production, we expect the same result for the CMS tiles. The correlation between the light yield variations measured here and the pigtail light yield variations are shown in � REF _Ref387643314 \* MERGEFORMAT �Fig. 6. 29�.



�

Fig. 6. � SEQ Fig._6. \* ARABIC �29�:  a) Relative light yield of fiber/connector assemblies (pigtails) before insertion into megatiles. The RMS of this distributions is 3.5%. 

b) Relative light yield of individual tiles after the final assembly of fibers into megatiles. The RMS of this distributions is 6.5%.(see: CDF  End Plug Hadron Calorimeter Upgrade,  P. de Barbaro at al, IEEE Trans. on Nucl. Science, vol 42, #4, p510-517))





�

Fig. 6. � SEQ Fig._6. \* ARABIC �30�:  Correlation between average fiber light yield (x axis) and average tile light yield(y axis). (CDF data.)

The light yield measurements are taken with a collimated Cs137 g source positioned over the center of each tile. This is taken on an automated x-y scanning table controlled by a PC. The optical readout of scintillator trays, is done using mass-terminated optical cables which go  to an optical patch panel which takes the light to a Hamamatsu  R580-17 PMTs. The phototube gains are monitored by two systems. One is a set of reference SCSN81 tiles (read out with Kuraray Y11 fibers) permanently connected to the PMTs. These are scanned by the g source to provide a tile/fiber reference system. The second monitor is a set of NaI (with Am241  “light pulsers” directly mounted on the face of the PMTs. The megatiles, the x-y scanner table, and the optical system are within a large dark box. Measurement errors are 1% or less and the PMT gain monitoring system tracks the gain to better than 1%.

In addition to the collimated g source measurements, pointlike source measurements are taken using the source calibration tubes and a Cs137 wire source. The correlation between the collimated and point source measurements is good to  ~1 % for a given size and shape of tile, indicating that the source tube locations, especially their heights above the scintillator, are very reproducible.  There is a ~20% systematic variation of the tile response to the pointlike source as a function of tile size and shape. Large tiles have greater path lengths for the g rays.  On the other hand, the collimated g source uses a lead cone such that the direct g radiation falls entirely within a tile. This makes the collimated source response less dependent on source height and tile size.   Since only the wire source can enter the assembled calorimeter, a data base is maintained of both the pointlike and collimated source responses.

Using a similar volume integral calculation for the pointlike source responses, the calculated pointlike to collimated response ratios (averaged, for each tile, over all megatiles in a layer) track the measured ratios with a rms of better than 2%.  The calculation attempts to model the actual tile geometry in detail. For the final calibrations, the use of measured ratios is preferred because  they should reflect any variations in source tube placement, etc., from one megatile to another.

Below are the measurements taken for quality control and quality assurance during production of the pizza pans. 

a)	Record information on each plate of scintillator from the manufacturer. Take and save samples of the scintillator as megatiles are made.

b)	Measure the light yield of control samples from each batch of scintillator sheet. Measure attenuation lengths from batches. 

c)	Inspect each batch of optical fibers, and measure the attenuation lengths and light yield from samples of each batch.      

d)	Measure the combined light yield and transmission of each fiber-connector assemblies (pigtails).      

e)	Measure the light yield of each assembled megatile with a  collimated and a wire (pointlike) Cs137 g source.  

The key to production quality control is contained in Steps 4 and 5.  Production information kept in a data base includes: 

a)	The information sent from the  manufacturer about the scintillator  pieces.      

b)	Measure of the light yield and attenuation of the scintillator control pieces.     

b)	The results of the UV pigtail scans.      

b)	The results of the collimated and wire source scan of the megatiles.

6.7.1.5.2. Quality Assurance 

QA is discussed in the QC section. 

6.7.1.5.3   Final Assembly Manufacturing

The total calendar time for the final assembly is determined the amount of time it takes to cut the plastic cover plates and scintillator. Production can not go faster than this time. Hence, we will assume that enough technicians will be hired to keep up with rate of production of the preassembled trays and pigtails. We estimate the number of technicians need for final assembly by looking at what CDF needed. CDF needed one  technician to put in fibers, one technician to test the pans and one  technician to do the final assembly and do other jobs that were necessary. Hence we estimate we need a  production manager and  three technicians for the final assembly. 

6.7.2 HE Manufacturing

The end cap hadron calorimeter must have about 27500 scintillation tiles (4 mm thick) with different size and configuration. Only 1/36 part of them are identical. The mean size of the tile is about 15x15 cm2. The total area of the plastic scintillator is about 620 m2. The total length of the tiles edges and key shape grooves is about 16.5 km. Cutting and grooving of the tiles will be done with high speed milling machines. Technology tested ensures success of key shape groove production at revolution speed 20000 rpm and at the speed 20 cm/min via two milling passes. The edges cutting speed is 40 cm/min via one milling pass. So the mean size tile will be fabricated during 8 min. To finish all the 27500 tiles it will be needed about 1.3 year with one milling machine working 8 hours per day. We plan to use at least two milling machines.

6.7.2.1 Quality control

6.7.2.2 Quality assurance

6.7.3 HO-B Manufacturing  

6.7.3.1 Machining of scintillator and plastic covers

For HO-B, as described earlier, there will be one tile per tray in the f direction. But in the Z direction, a tray will cover an entire muon ring. This means that one tray will contain 4-6 tiles. The individual tiles will be part of a big piece (similar to a megatile for HB). Deep grooves will mark the Z boundaries of these tiles. Due to physical constraints there will be several different sizes of the tiles (see section 4.5.1 for the table of sizes). All these sizes will be kept in a data base, which will be referred to while machining the scintillator plates. The procedure of making the scintillator plates will be similar to that for HB, as described in section 6.7.1.1. However, since the thickness of the scintillator for HO is 10 mm, the grooves that separate the tiles optically will be 9.5 mm deep, leaving 0.5 mm material at the bottom. The scintillator plate is fragile at this point of the production and therefore has to be handled with care. A CNC machine of appropriate capacity will be used for milling the grooves. A vacuum bed will hold the scintillator in place with rubber gaskets during grooving. The position of the scintillator on the vacuum bed will be marked accurately. This way, the scintillator piece can be brought back to the same position if it is removed. 

Grooving will be done in two stages. The deep, separator grooves will be milled first with a 0.89 mm(width) cutter. These grooves will be 9.5 mm deep leaving only 0.5 mm material at the bottom. The scintillator plate will then be taken out and the deep grooves will be filled with epoxy as described for HB in section 6.7.1.1. Till the epoxy dries up the scintillator plate will be fragile and has to be handled with care. After the epoxy dries up, the scintillator plate will be put back on the vacuum bed again in the same position. Then the sigma grooves will be made with a keyhole type design and the procedure will be as described in 6.7.1.1. The length of the grooves will vary according to the sizes of the tiles. These lengths will also be kept in the data base.

The 2 mm piece of black polystyrene plates which will be used for routing the fibers coming from the scintillator tiles, will also be grooved by the CNC machine. There will be one 2 mm and one 1 mm polystyrene plate corresponding to each tray. Therefore these plates will also be of different sizes as given in section 6.5.3.1 Each of the 2 mm plates will be grooved for fiber routing, passage of source tube and quartz fiber routing. The sizes of grooves for each plastic cover plate will be kept in the data base. The CNC machine will be programmed for different grooving using the data base for both the cover plate and the scintillator. Holes will be drilled at regular intervals on the scintillators and the cover plates for rivets which will hold the whole assembly together.

Material  needed

HO-B will have 360 trays per layer, i.e. 720 in total. Each tray will be roughly 5 degrees in f (0.41 m) and 2.536 m in the Z (h) direction. Scintillators will be ordered in pieces having roughly the dimension of a tray i.e. 0.41 m by 2.6 m.  � REF _Ref387557089 \* MERGEFORMAT �Table 6. 12� below shows the material needed for the  production of 720 HO-B scintillator trays.

Table 6. � SEQ Table_6. \* ARABIC �12�

Material for HO-B



Material�Quantity��Scintillator, BC408, 10 mm  (m2)�770��Black Plastic, 2.0 mm thick ( m2)�770��Black Plastic, 1.0 mm thick ( m2)�770��Reflective paper: Tyvek 0.15 mm ( m2)�1570��Black wrapping: Tedlar, 0.05 mm ( m2)�1650��Y11 WLS multiclad Fiber, 0.94 mm (Km)�15.��Clear Multiclad Fiber, 0.94 mm (Km)�30.��Clear 18-fiber Cable, 0.94 mm  (1.2 x 15 mm)( m)�1600.0��Epoxy: TiO2 loaded resin (Kg)�100��Kapton tape: 0.15mm (Km)�4��Time estimate

In order to give a realistic time estimate for the production of the two layers of HO-B, an estimate has to be made of the amount of grooving necessary. Following is an estimate of the total length of grooves in HO-B for fiber laying.

If one assumes each groove to be roughly of the size 0.18 m X 0.25 m in layer 1 and 0.21 m X 0.28 m in layer 2 then the total groove lengths will be 6842 m and 6912 m for layers 1 and 2 respectively. Similarly, for the tiles with two grooves, the total groove length will be 126 m and 138 m for layers 1 and 2 respectively. Thus, we will have to mill about 14 km to make all the grooves in the scintillator. This will be the major portion of the production work.

The length of the separator grooves can be estimated similarly. Every tray has typically 6 tiles and hence 5 deep separator grooves. Therefore for 720 trays total number of deep grooves will be 3600. Each deep groove will be roughly .4 m long (j length of a tile). Therefore, total length of the deep grooves will be 1.44 Km.

The 2 mm polystyrene plate will have two wide pathways for fiber routing and one groove each for laser signal and radioactive source tube. This can be considered as four grooves, each of length 2.56 m. The total length of grooves on 720 such polystyrene plates will be about 7.4 Km .

The following production times are based on simple calculations that break down the total operation into steps whose timing has been measured. The times are given for the machining of all the tiles in the two layers of HO-B. A CNC day is one 8 hour shift. A year is 200 working days.



Table 6. � SEQ Table_6. \* ARABIC �13�

Time Estimate for HO-B Production



Scintillator�One tray��0.94 mm ball groove�0.5 days��Separation groove�0.1 days��Total�0.6 days��Top black plastic���Grooving�0.2 days��Total CNC time�0.8 days�� 

Therefore for 720 trays we need 600 CNC days, i.e. 3 years in real time.



Quality Control during production of scintillator plates

The scintillator pieces will first be examined for any damage, like scratches or breaks. After some superficial cleaning it will be sent for grooving. Next will come fiber laying and packing. A quality control sheet  will be filled at each stage of the production on each piece of scintillator. The information on these sheets will be then be entered into a data base in the computer.

The following steps will be taken to check the quality of the tiles.

-	 Record information on each plate of scintillator from the manufacturer. 

-	Measure the light yield of control samples from each batch of scintillator sheet. Measure attenuation lengths from batches.

-	Inspect each batch of optical fibers, and measure the attenuation lengths and light yield from samples of each batch.

-	Measure the combined light yield and transmission of each fiber-connector assemblies (pigtails).

-	Measure the light yield of each assembled scintillator tray with a collimated and a wire (pointlike) Cs-137 gamma source.

The following production information will be kept in the data base.

-	The information sent from the  manufacturer about the scintillator  pieces.

-	Measurement of the light yield and attenuation of the scintillator control pieces.

-	The results of the UV pigtail scans.

-	The results of the collimated and wire source scan of the scintillator trays.

6.7.3.2  Production of fiber/connector assemblies (pigtails)

6.7.3.2.1 Fiber cutting/polishing/splicing/assembly

Essentially the same steps will be followed for HO-B as described for HB in section 6.7.1.3.1. Two fiber splicing machines will be set up along with a single fiber polisher. These will be used to polish the  WLS fibers and splice them to clear fibers. 

6.7.3.2.2 Quality control

A UV scanner will be set up which will be able scan and measure the attenuation length of several fibers simultaneously. Fibers will be tested at regular  time intervals to monitor the uniformity of their performance. 





6.7.3.2.3 Quality assurance

6.7.3.3 Scintillator tray assembly

6.7.3.3.1 Quality control

6.7.3.3.2  Quality assurance

6.7.4 HO-E Manufacturing

6.7.4.1 Quality control

6.7.4.2 Quality assurance



