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Abstract

A design for the detector modules for the CPR2 upgrade is presented.   A mechanical prototype was assembled and built following for the purpose of validating the structural analysis, testing the assembly procedures, and observing QC items such as envelope dimensions and light tightness.  The module has only two of the 54 scintillator tiles as active tiles with the remainder being dimensional replica made from PVC to serve as ballast and occupy space.  An analytical model of the structure is presented and predicted deflection results of the prototype module are compared to the actual measured values with consistent results.  The assembly process and lessons learned are discussed with recommendations made for future modules.  Detail drawings of the module parts are found in the appendix.

1.  INTRODUCTION

The current design of the detector modules for the CPR2 upgrade is presented.  A mechanical prototype was made with several goals in mind, in particular to check that the mechanical analysis of the module accurately predicted its stiffness and deflections.  In addition, the prototype was a way of testing the planned assembly methods, comparing the as-built envelope with the allowed tolerances, and checking the light tightness of the assembled module.  The modules nominally have 54 scintillator tiles in a 3x18 grid.  The prototype was made as a 3x17 grid with only two of the tiles being “real” active scintillator tiles.  The remaining tiles are dimensional replicas made from PVC to serve as ballast and occupy space allowing a simulation of the assembly without needing the full amount of scintillator. The two real scintillators allow for light leak checking.

The basic constraints of the design are discussed in section 2 and the current design is presented in section 3.  The design drawings for the module parts (mechanical) are found in appendix A.  As deflections are one of the constraints, section 4 discusses the analysis model and the predicted deflections.  The details of the prototype module assembly are discussed in section 5 along with the lessons learned and future suggestions and plans.  The as-built dimensions are compared with the design tolerances and envelope.  Additionally, the method for determining the module stiffness is presented and it is shown that the results compare well with the predicted results.  Section 6 summarizes the results and conclusions.

2.  DESIGN CONSTRAINTS

The basic design constraints based mostly on the envelope available for the modules and maximizing scintillator volume.  They are listed as follows:

Module length = 2425 +/- 2.5mm.

Module width = 383 +/- 2.5mm
Module height <= 28.5mm

Scintillator dimensions=125 x 125 x 20

Maximize active scintillator area and minimize gaps.  

Module must be self supporting assuming it is restrained at ends only.  

Design should be such that fibers and scintillator are protected from incidental contact during handling/installation.

Seek minimum deflection.

Material with long interaction length should be used.

Module must be light tight.

The module length is based on the existing dimensions of the wedge.  The nominal length of the wedge is 98 inches.  There are bosses that are an inch wide at each end which reduce the available length to 96".  It is not clear at this time what tolerance exists on the placement of these bosses and therefore what maximum length is available.  To be conservative, a CPR module length of 95.5 inches (2425.7mm) would leave 1/4 inch on each side for the nominal case.  This value is rounded to 2425mm for a convenient dimension.  This exact dimension is not critical and therefore a tolerance of +/-2.5mm is added to allow low cost fabrication techniques in producing this length dimension.

The width of the module is set with the goal of getting the maximum coverage possible.  The existing CPR modules are 373mm wide.  There is additional space with the existing modules that is estimated to be at least 10mm.  The current width of the modules is then set to 383mm again with a 2.5mm tolerance.  As is explained later in the text, the tolerance will be investigated to see if it can be reduced. 

The module height is based on the existing CPR and is considered an upper limit.
The requirement of the module being self supporting at the ends is mainly to insure that the modules can be safely supported this way making installation easier.  This also makes the module safer to accidental mishandling in the event someone was to lift the module by only one end. 

The requirement for minimum deflection (or maximum stiffness) is to reduce the danger that might occur to fibers during the bending of the module when supported at the extremes.  

3.  DESIGN DETAILS

Figures 1 through 3 show the details of the assembled module.  The modules are composed of the scintillator tiles (instrumented with WLS fiber) enclosed within an aluminum case.  The case addresses several of the constraints by providing structural rigidity, protection for the fibers and tiles, and light tightness.  The aluminum case is constructed of a top and bottom sheet (nominally 2.5mm thick) coupled together through aluminum U-channels on the side.  The top and bottom skins are bonded using a fast setting two-part epoxy (3M brand DP-810).  Figure 3 shows a cross section of the module illustrating this connection.  The detail drawings for all of the mechanical parts are contained in appendix A.

In a module with this type of construction, the top and bottom skins are primarily responsible for the stiffness.  The module is made stiffest by placing the skins as far apart as possible and then using the thickest possible skins.  This is very much like the behavior of sandwich construction such as Hexcell panels where two skins are separated by a core material that contributes very little to the flexural stiffness of the sandwich but only works to transfer the shear stresses that develop from bending.  In our case, there is no core material (the scintillator tiles are not bonded to the skin) and instead the U-channels must serve this same purpose.  The U-channel and the glue bond must then be strong enough to withstand the shear forces that are developed in bending.  Additionally, this model is only accurate so long as the aluminum skin has sufficient stiffness across the width of the module so that the module geometry in the cross section remains essentially unchanged.  This is accomplished with sufficient thickness of the aluminum skin.  
The bottom skin is made with a 1.5mm step machined along both edges allowing the U-channels to be recessed into the skin (see figure 3, detail A or figure A2 in the appendix A).  This recess allows a thicker skin to be used without increasing the overall height providing a stiffer module.  Additionally, this step is used for alignment during assembly.

Another design requirement is that there must be space for the fibers to travel safely above the scintillator tiles to the connectors.   Figure 3 shows that there is a nominal 1.5mm clearance between the tiles and the top skin for these tiles.  1.5mm shims are placed on top of the tiles as shown in Figure 1.  These shims are used to both preserve the space distance and reduce the free span of the aluminum skin over the fibers making it stiffer and therefore providing additional protection.  In the prototype, these shims were made 50mm wide and of 1.5mm thick aluminum.  As is discussed in Section 5 there are better choices for this shim material than aluminum.

For the prototype, MINOS type connectors were used.  These were secured in the module using a holder made of PVC (figure A5) with slots machined into it to hold the connectors.  The non-connector end had no physical barrier and was covered with tape for light sealing.  The last tiles were set in a distance of approximately 5mm to allow space for an end piece to be inserted that would provide more protection than the tape.
[image: image1.wmf]
Figure 1. Exploded assembly of the CPR2 module.  Fibers not shown.
[image: image2.wmf]
Figure 2.  Top view of the assembled module with top removed for clarity.  Detail A shows the nominal overlap of the fiber groove with the U-channel.

[image: image3.wmf]
Figure 3.  Cross section of the CPR module.  Note the fiber interference with the U-channel as shown in the detail view.  Other fibers are not shown but would pass over tiles in the space between the tiles and the top skin.
This yet to be designed piece is currently imagined to be made of PVC in a similar fashion to the connector holder minus the connector slots.  The connector holder will need to be modified to accommodate the Michigan State designed connector.
Two real tiles were placed in the prototype to allow light leak testing of the module and to also provide insight to difficulties that may be encountered in producing a fully instrumented module.  Figure 2 shows the locations for the active tiles.  Looking at figure 3, it can be seen that in the nominal case, the U-channel interferes with the fiber exiting the groove.  Solutions to this are discussed further in section 5.1.
Finally, it is important to note that the drawings in appendix A and figures 1-3 refer to the current design plans of the module and in particular with a length of 2425mm.  The prototype module discussed in the following was made to a shorter length and with one less row of scintillator.  In spite of this, results and conclusions made form the prototype module can be used without loss of generality.
4.  ANALYSIS 
In modeling the structure of the modules, the modules are assumed to act like a beam.  The module width to height ratio is larger than generally considered for a simple beam.  In the general case, this will yield conservative results for deflection in the center (plate-like beam tends to be stiffer in the center) of the module but should give acceptable results at the edges.  In determining the moment of inertia of the cross section for bending, only the top and bottom skin cross sectional areas are used as shown in figure 4.  This assumption is valid if there is a mechanism to transfer the beam shear forces between the top and bottom plates.  The U-channels are bonded to the aluminum skins at the edges providing this mechanism.  Because of the relatively large open space between the U-channels there is a further requirement that the skins be stiff enough across the width of the modules to maintain the geometry.  For example, if the skins were flexible enough to deform greatly, then the plates might close on each other reducing the effective moment of inertia, and ultimately allowing the structure to buckle.  This is especially important for the bottom skin as the scintillator load is applied directly to this surface.  The scintillator itself provides no direct structural benefit.

With the above assumptions, the moment of inertia is calculated as follows:
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where b,d0, and di are case dimensions as illustrated in figure 4.  Note that the nominal dimensions of the assembly are used which also are the minimum dimensions as discussed in section 5.2 (figure 11).  The inertia contribution from the U-channels is small compared to the skins and is ignored in the calculation. 

 [image: image5.wmf]
Figure 4.  Dimensions used for calculating the moment of Inertia of the module.

Using the nominal values,
b = 374 mm

do = 26.8 mm

di =21.8 mm,

we get I= 2.77e5 mm4.

Using the value for the inertia, we can predict the deflection of a module.  We look at the worst case scenario that the module is supported only at its ends such as might occur in handling or during installation. Additional supports along the length may be used for installation which would lead to substantially less deflection.  Assuming the module acts like a simple beam, uniformly loaded and simply supported at it ends, the maximum deflection at mid-span is, δc =3.1mm, as determined by the following formula.  
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where 

w= 0.13 N/mm 


l=2425mm

E= 69000 N/mm2

I=2.77e5 mm4.

The uniform load, w, is the weight per unit length of the scintillator and aluminum case calculated assuming a 20mm thick PS scintillator (ρps = 1.032e-6kg/mm3) and an aluminum case with cross sectional area, Ac= 1935mm2 (ρal = 2.7e-6kg/mm3).   

An FEA model of the module was produced based on the nominal dimensions using 3-node shell elements.  This analysis predicts a 3.2mm as the deflection along the edge which is consistent with the analysis above.  Because the load is applied uniformly to the relatively thin bottom skin, an additional component of deflection occurs along the width of the bottom skin   The FEA model predicts a 3.4mm maximum deflection at the center of the bottom skin.  Deflection plots in the Y direction are shown in figure 4A.
The FEA and hand calculations agree well.  In addition, as is explained in detail in section 5.3, the measured stiffness of the mechanical prototype agrees very well with that predicted from this analysis.  Similarly, predicted deflections of the mechanical prototype that were made using the same analysis as above (mechanical prototype is of different length and mass and is supported different) agreed very well confirming that the above model and analysis accurately predicts the stiffness and deflection of this type construction. (See appendix B and C for further details of this analysis).
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Figure 4A Deflection (in Y) plots of the FEA shell model of the CPR module.  The top plot shows the top surface and the bottom plot is rotated 180 degrees to show the bottom surface.  Note that the middle of the bottom surface reveals an additional deflection across the width of the module being a maximum in the center of the width.  The maximum deflection along the edges is 3.2mm at mid-span and the maximum deflection of the entire module is 3.4mm at the center of the width, mid-span.

5.  CONSTRUCTION DETAILS

The main goals of the mechanical prototype were to test the mechanical structure of the module, the basic light case assembly techniques, to verify that the module meets the envelope requirements, and to check the quality of the light tightness.  

Only two active scintillator tiles were used in the assembly.  These were strategically placed at the two extreme ends of the module to get the most sensitivity to light leaks.  In addition, these tiles were placed to the side where the worst fiber/U-channel conflict existed to provide some understanding of the risk to the fiber as well as difficulty in assembling.  The remaining tiles were 125mm x 125mm blocks cut from 19mm thick PVC (standard available nominal size is 3/4").  

The basic assembly steps were as follows:

1.
Attach U-Channels to bottom skin.

2.
Glue fiber into active scintillators and wrap in Tyvek.

3.
Place scintillator and PVC tiles onto bottom skin.

4.
Place fibers into connector/ pot fibers

5.
Attach top cover

6.
Flycut and light seal the module.

[image: image9.wmf]
Figure 5  Step1.  The U-channels are glued to the bottom skin using DP-810, a two part epoxy that sets to working strength in 10 minutes, and super glue for temporary holding.  Machined edge serves as reference for alignment with no other fixturing.  This was marginally successful, though a more reliable method will be using a simple clamp fixture to hold the U-channel in place. 
5.1 Discussion of Assembly Steps

Step1. Attach U-Channels to bottom skin.

The bottom skin was placed on a flat steel table with machined surface machined to a flatness of +/-0.05mm.  This table was covered with Tyvek which added some error to this.  We estimate the table to be flat to within +/-0.1mm.  Since the bottom skin and U-channel are quite flexible unassembled, the flatness of the table is important as the module will take on the shape of the surface it is sitting on as the glue cures.  
The U-channel is placed in the machined groove of the bottom skin and is pushed against the edge.  In this way, the bottom skin serves as the aligning fixture for the module with no additional fixturing devices needed.  The epoxy used to attach the U-channels to the skin is the 3M brand DP-810 which achieves handling strength within 8-10 minutes [2] (open time is same).  This epoxy is being used for an aluminum-aluminum structural connection on MINOS with satisfactory results.  The DP-810 was applied in a continuous line along the machined recess except for 5 evenly spaced voids of about 25mm.  This is shown in figure 5.  In these spaces absent of DP-810, a super glue (setting time in 5 s) was applied.  The purpose of this was to allow the U-channel to simply be placed into the groove and aligned by hand until the super glue set up.  The super glue then held the U-channels in place until the Dp-810 achieved handling strength.  Two different super glues were used on each of the sides.  The Loctite brand 454 worked well whereas the other super glue did not hold as reliably and resulted in the need to quickly place weights on the U-channels to hold them in place.  This method of using the super glue while simple and quick had mixed results and will be reevaluated.  An alternative method is fabricating a simple clamping fixture to allow convenient and easy clamping of the U-channels while the DP-810 sets.  This method should be more reliable and will be attempted in the next prototype.  After setting the U-channel, any squeezed out glue was wiped away before it hardened.  Full cure of the DP-810 occurs in 6 hours.  
As a final step, three strips of two-sided tape were placed on the aluminum skin running in the length direction.  This served to hold the tiles in place. This was necessary since manufacturing tolerances exist in such a way that there was clearance between the scintillator and U-channels allowing them to move freely along the width.  The tolerances were needed partly due to the tolerance of the saw cut PVC tiles but also were a result of the looser tolerances needed for the forming of the U-channels.  In practice, the U-channels were produced with tighter radii that expected originally.  The tolerances of the assembled module are discussed in section 5.2.  The appropriate tolerances are an issue that needs to be revisited.  One possible way to reduce the clearance would be to use only one of the machined edges as a reference and make the recess on the other side in such a way that the U-channel can be adjusted in the width to slide completely into contact with the scintillators as assembled.  This would eliminate all clearances that results from necessary tolerances making a variable width module over a specific certain envelope limits.  This would not change potential gaps between modules but would only shift them from the inside of the module to the outside.  Gaps would be minimized by achieving tighter tolerances

[image: image10.wmf]
Figure 6.  Steps 2 and 3.  Fibers were glued into tiles before they were inserted into the module.  Only the two tiles shown above the module in the figure were active with fibers in them.  The tiles had 2mm deep grooves with one turn of fiber in them.  Fibers glued using Epon epoxy.
Step 2. Glue fiber into active scintillators and wrap in Tyvek.

Since only two active scintillator tiles were used, no attempt to duplicate any currently planned fiber routing technique was considered.  The fibers were glued into the grooves using a Shell 2-part optical epoxy (Epon 815C resin/ Epicure 3234 hardener).  Only one loop of fiber was used.  The tiles were wrapped in Tyvek (1073B, approx. 0.2mm thick).  See [1] for Tyvek reflectivity comparison.  As can be seen clearly in figure 3, the path of the fiber exiting the groove is under the U-channel in the nominal position. Because of the extra clearance in the prototype, the tiles were placed as far to the right side (when looking at figure 6) which moved the fiber just out of danger of this interference in this case.  For future modules, this interference may be resolved in a number of ways:

1.  Altering the fiber groove in the tile to get the fiber away from the edge.  This must be carefully evaluated with all tolerances considered but nominally would be satisfied reducing the groove radii by 7.5mm or by removing the 15mm straight section in the groove. 
2.  Reducing the U-channel width on the top by a few mm.  This is can be investigated but is undesirable as it reduces the glue contact area and may make the modules weak to bending moments created by the top skin.  The bending moments have the glue act in peel which is a weak characteristic of epoxies.  This is difficult to understand analytically and is therefore difficult to optimize.  The current U-channel overlap is based on experience and intuition more than calculation.

3. Resize the U-channel and add machined recess to the top face similar to the bottom.  This would provide clearance under the U-channel without increasing the overall height of the module.  This has an additional benefit of removing any potential interference with the U-channel bend radius but adds cost to the top skin which currently has no machining.  This would need to be done in conjunction with solution 1or 4 that pull the fiber away from the U-channel.  If not, the left U-channel (referring to figure 6)  has to be assembled after the fibers and scintillators are in place.  With only 0.5mm nominal clearance between the fiber and the U-channel, the risk of hitting a fiber is too great.  
4.  Alter the fiber groove exit path so that the fiber is exiting the groove closer to the center of the tile and away from the U-channel.  This could be accomplished by angling the straight section of the sigma groove. 

5.  Making the module wider by adding additional dead space to in the width and therefore moving the U-channels further from the fiber.  

Solutions 3 and 4 above require a change in the assembly procedure as described in step 1.  Only the right U-channel (referring to figure 5 or 6) could be placed on at fiirst.  Then the right column of tiles would be instrumented with fibers, wrapped with Tyvek, and then slid under the U-channel as the groove would be located under the U-channel flange.  Table 0 summarizes the solutions presented here.  
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3
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Y

N

Y
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complete solution. 

4

Move exit point of fiber 
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Y

N

Y

5

Increase dead space

Y

Y

N

Undesirable for 

physics


Table 0.  Summary of solutions to fiber interference problem.  The fiber interference problem describes the case where the U-channel interferes with the exit point of the fiber from the tile.  The insertion problem is the case where the groove is under the U-channel and interfering with fiber insertion.  For solutions 3 and 4 where this is the case, the modified assembly technique resolves this issue.
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Figure 7.  Application points for RTV at the connector end of the module.  Note that the fibers extend through the connector by approximately 15mm.  These are later cut flush with a hot-knife and then flycut after potting compound is cured.
Step 3.
Place scintillator and PVC tiles onto bottom skin.

The tiles were placed onto the skin starting in the back with the edge of the first tile started approximately 5mm from the back edge of the skin.  This is space for a not yet designed back filler piece that should be added.  In laying the tiles on the edges, it was noted that the interface between the bottom skin and the U-channel was not flush in all areas causing the tiles to be inclined very slightly from the bottom skin in some areas preventing good contact with the double sided tape.  Prior to assembling the modules, the machined groove and U-channel were only briefly inspected for dimension.  Therefore it is unknown if this overlap was a natural result of allowed tolerances, a violation of tolerances, or an error introduced in the gluing stage.  This is not a serious issue but should be understood especially if the double-sided tape becomes the primary mechanism  
for constraining the tiles on the bottom skin.  This was not a consistent problem along the edge so that enough PVC tiles did make good contact with the double side tape.

The connector holder and connectors were also added at this time being attached to the bottom skin using the DP-810 epoxy discussed above.  After placing the connector holder, a bead of black RTV (GE 103) was placed along the boundaries between the connector holder (inside the module face) and the aluminum case to form a light seal.  Similarly, RTV was paced inside the slot of the connector holder where the connector is inserted for the same reason (see figure 7).  In practice, the connector would be attached to the connector holder in a preassembly step so that at this time the entire connector holder assembly would be attached.  In the event that pigtails would be used, the connector would be added at this time.
Step 4.  Place fibers into connector/pot connector.

After the connector was attached, the fibers were routed into the connector and passed through it by approximately 15mm.  The connector is potted using the same optical epoxy discussed in step 2 above however in this case the compound has a black dye mixed into it to prevent light from entering through the potting slot at the surface of the connector (a feature of the MINOS-type connector). 

Step 5.
 Attach top cover

After the fiber is routed, the aluminum shims were placed on top of the tiles to provide protection for the fibers traveling across the top of the scintillators from being crushed by the top cover.  The shims also had double sided tape placed on both sides so that they would stick to the tiles and top cover and not move around.  In the future, it should be straightforward to bond shims to the top cover with epoxy during the assembly of the top cover providing a more secure connection.  This is essential as the shims moving could compromise the safety of the fibers.  The shims in the prototype were aluminum as this was easy to come by in the proper thickness.  This in fact was not a good idea as the sheared edges of the aluminum shim made real danger areas from contact with the fibers which would occur with a higher probability as the fiber quantity is increased.  A more suitable plastic or foam material will be used that is economical, strong enough for the support needed, and "fiber friendly".

Figures 2 and 8 show the approximate locations of the shims and the nature of the space they leave for fiber routing. This arrangement lends itself well to the fibers of each column traveling along the module together.  However, to allow fibers to cross the shims allowing arbitrarily arrangement of the fibers in the connectors, the shims could easily be modified.  For example instead of long pieces, they could be made as several smaller pieces with gaps in various places allowing the fibers to cross over.  This will be designed into the first prototype that uses the full compliment of fiber and tiles.   

[image: image13.wmf]
Figure 8.  Step 5.  Placing the shims and top cover on the module.

The top cover was attached to the U-channels in much the same way as the bottom and U-channels were attached.  The DP-810 epoxy combined with the super glue was again used.  To ensure good glue compression, weights were added at several spots to hold the cover in place until the glue was set-up.  There is no machined recess in the top skin so that alignment is not inherent in the assembly but is achieved with proper placement by the technician.  This is not difficult or critical as there is some clearance between the cover and U-channel that allows minor misalignment.  As the module envelope is defined by the bottom assembly, the top placement does not affect the envelope so long it is not misaligned to the point of extending outside the envelope defined by the U-channels.

[image: image14.wmf]
Figure 9.  Connector end of the assembled module showing areas where RTV was applied for light sealing.  The modules were tested to be light tight with no additional modifications needed.
Step 5.
Flycut and light seal the module.

After the potting compound cured (overnight), the connectors were flycut using a portable diamond flycutter.  The fibers, originally extending approximately 10mm beyond the connector face were trimmed practically flush to the connector before the flycutter was used.  A hot knife was used in order to prevent crazing of the fibers.  The flycutter makes initial passes across the fibers moving 0.005 closer to the connector face after each pass until the connector face is cut completely.  Then three final passes are made by advancing the flycutter 0.003" (inch), 0.002", and then 0.001" for the final cut.  The flycutter was operated at 3600 rpm's with a feed rate of 6 inches per minute (15.2cm/min). 

The machine was originally designed for polishing a single MINOS connector.  The fixturing and travel of the existing machine did not match the prototype module configuration.  Therefore the module was not clamped but simply placed on a table remaining still simply from its large weight compared to the cutting forces.  Each connector was cut individually as well due to the travel limitations.  Relatively straightforward modifications to the flycutter will be necessary if it is determined that the fiber routing technique requires flycutting of the module (as opposed to pre-flycut fiber bundles).  The flycut was satisfactory by visual inspection though eventual readout of the strips may provide further confirmation of the flycut quality. 

The remaining task then was to seal the non-connector end of the module where as has already been noted, a fill piece has not yet been designed.  This light seal was simply accomplished by applying black electrical tape over the opening.  This black tape was then covered with aluminum tape to provide some protection to the black tape.

As a final comment, it is noted that the adhesives used here were used in MINOS and were applied by the technicians who were familiar with the safety precautions necessary for using these epoxies.  A formal safety document should be produced before others use these assembly steps.

5.2 QC results of the assembled module

Envelope measurements were made of the assembled module and compared to expected dimensions and tolerances.  The module height was measured with respect to a granite surface plate which it was placed on.  The module thickness as measured at 12 points varied from 27.9mm to 28.6mm.  Figure 10 shows the measurements.  Recall that the nominal height as shown in figure 3 is 26.8mm   Figure 11 shows the assembly tolerances of the module as determined form the allowed tolerances in the detail drawings.  The variance of the height is +1.1 to +1.5mm greater than the nominal.  The nominal dimension is actually the minimum possible dimension.  The tolerances are dictated by the scintillator thickness.  This can be seen from figure A1 where the U-channel is dimensioned with a +0.5/-0.0mm tolerance so that the scintillators tiles will always fit.  The U-channel inside dimension at one end as built was 21.0mm.  This is greater than the nominal 20.3mm by 0.7mm and actually exceeds the tolerance by 0.2mm.  This however only explains part of the variance.  As stated previously, it is difficult to fully assess this variance as the parts were not carefully measured prior to assembly.  After assembly, the U-channel and bottom skin thickness at the glue joint was measured at the end (the only exposed area) where it was observed that the thickness of this joint was approximately 3 and 3.3mm respectively for the two U-channels.  The nominal thickness of this joint would be 2.5mm thus accounting for the additional variance.  The glue joint is not included in this nominal dimension and it should be about 0.13mm.  It is not clear if the glue joint is too thick, if the recess in the bottom skin is too shallow, or a combination of both which is most likely.  It is noted that the top skin joint measure at the same end was very near the nominal 4.0mm as expected. A more careful pre-inspection of the components will be necessary before the next prototype module is assembled. Similarly, an accurate value for the glue line thickness should be determined.  
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Figure 10.  Variation of module top height and width at various locations.  Height measurements were made with module laying on granite surface plate.  Height varies 0.7mm while width varies 1.3 mm.

Also in figure 10 are shown several width measurements of the module taken with a caliper.  The variation of the module width is 1.3mm.  Again comparing to the nominal dimension in figure 3 where the width is shown to be 383.0mm, we find that the variance is +1.0 to +2.3mm.  Figure 11 shows a cross section of the module with some of the key design tolerances shown in it.  Considering the limits of the tolerance, the assembled module can vary +/-2.5mm in width which is consistent with the measured dimensions.  Over the length of these modules this is not large and demonstrates the concept of using the bottom skin for alignment to be reasonable.  On the other hand, consideration needs to be given reducing this assembly tolerance further.  Clearly the largest contributor of this tolerance comes from the U-channels which in fact were built to the high end of the tolerance (12.0 - 12.3mm for the total width or 10.5-10.8mm for the inside dimension shown in figure 11).  
After completion, the module was also tested for light tightness and was found to be light tight indeed with no additional modifications.  

The as-built mass of the module was 34.0 kg.  Recall that this was made at shorter length than the current planned design (2268mm instead of 2425) and uses primarily PVC tiles which have a slightly greater density than PS. 

[image: image16.wmf]
Figure 11.  Cross-section of the CPR module showing key design tolerances and the accumulated tolerance for assembly.  An additional 0.13mm might be included at each glue joint adding 0.3mm to the height.
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 Figure 12.  Schematic representation of module layout for deflection measurements assuming the module to behave like a simply supported beam.

5.3 Deflection Measurements of Prototype Module

In order to confirm the validity of the approximations and model used in the analysis of section 4, deflection measurements were made on the mechanical prototype and compared with the predicted results.

The CPR2 module was placed on a granite surface table and supported near its ends. Figure 12 shows arrangement of the module and the assumed loading pattern.  Because the module is longer than the available surface plate, the supports were placed in from the ends of the module.  As we are interested in determining the module stiffness, this is of no consequence.  The module is them assumed to behave as a simply supported beam with multiple load conditions.  In its initial state, the module is loaded by its own weight.  As shown in figure, the uniform load changes value near the connector end where there is no tiles for a small distance.  
Figure 12A shows the actual layout where the uniform load w0 is the sum aluminum case and scintillator tiles.  Because the tiles stop before reaching the connector, the load is reduced near the connector and is represented by w1 which is essentially the weight of the aluminum case.  Figure 12B shows the equivalent load case where the module real outside the supports is simply represented by some moment at the end points.  From the weight of the module alone, we get an initial deflection, d0 at the mid-span (x= 868mm).  It is difficult in practice to measure this deflection since we are not able to determine a proper reference of the modules prior to loading.  Instead, we determine the stiffness by measuring the relative deflection to additional applied loads.  If we then add a point load, Pi at mid-span, we get an additional deflection.  Since for small deflections, the beam behaves linearly, the principle of superposition applies and this additional deflection is purely obtained from the applied load. Therefore, we can measure the stiffness by observing the relative change in deflection, (δi - δo) where δo is the original deflection due to weight alone and δi is that due to the applied point loads, Pi.
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where we have used the deflection formula for a point load applied mid-span to a simply supported beam.  The product EI can be equated to the spring constant or stiffness of the beam in bending.
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Table 1 Measured stiffness of the prototype module determined from three different applied point loads and compared to two FEA models of the prototype module, one using shell elements and the other using beam elements.  The deflections were measured along on of the module edges.  Additional deflection is expected along the width of the bottom skin due to the tile weight.  This was not measured at this time.
Table 1 shows the measured stiffness of the prototype module for three different point loads.  Using the value for the elastic modules of aluminum, Eal= 69000 N/mm2, we experimentally determine I to be 2.97e5 mm4.  This is 7% higher than the theoretical value calculated in section 4.  However, it is interesting to recall that the as-built module thickness was greater than the nominal dimension.  Because the space of the skins has a significant effect on the stiffness, we re-calculate the inertia calculation using the as-built dimensions of the mechanical prototype.  Using these,  

b = 374mm 

doa = 27.6 mm

dia =22.6 mm,

we get Ia = 2.96e5 mm4.

which is in excellent agreement with the experimentally determined value.  It is noted that the experimentally determined value likely has about 5% measurement uncertainty in it as well.

Table 1 also shows values of the stiffness obtained from the same experiment applied performed with two different FEA models of the prototype module, one using shell elements and the other using beam elements.  These models used the nominal dimensions and thus are expected to be less stiff by a similar ratio as shown for the hand calculations.  The results are in good agreement.  

The actual data taken in determining the deflections is shown in appendix B.  There also are listed a hand calculation and the FEA calculations of the nominal deflection for the case shown in figure 11B.  The results are in good agreement but differ from the actual module deflection from a straight line.  As was stated originally, it is not easily possible to measure the deflection of this nominal case since we do not have a reference shape of the un-deflected module but can only assume that it is straight.  The fact that the measured value and the predicted values vary by approximately 0.6mm suggests that the module may have some bend built into it from assembly on this same order.  This will be investigated further.  These results are relegated to the appendix to avoid confusion of the actual deflection with that predicted for the module at the correct length.  Similarly, Appendix C shows the FEA plots for the gravity load case of the prototype module.
7. CONCLUSION
The design for the CPR2 upgrade modules is presented and detailed.  An analysis model of the module structure was presented in particular for determining the module stiffness and deflections.  A mechanical prototype module was assembled to measure the stiffness, test the assembly procedures, and provide QC feedback such as assembled dimensions and light tightness.  The measured stiffness and deflections corresponded well with the predicted values validating the analysis model.  The measured envelope of demonstrated that the module was able to be built relatively uniform in comparison with the length of the module but that the height dimensions exceeded the tolerances.  The module was tested to be light tight.  The assembly steps were generally acceptable with some revisions being suggested based on the experience gained in this assembly. Many recommendations are identified in the text and are listed here in summary. Consult the text for more details.
1. Module dimensions.

a. Maximum width of the modules needs to be firmly defined. 

b. It should be confirmed that the module length fits in the existing tolerance    envelope of the wedge.

2. Module Design

a. Interference between the fiber and the U-channel needs to be corrected.

b. Michigan State connector needs to be incorporated into the design.

c. Modify the shim material to something "more" fiber friendly.

d. Modify shim geometry to accommodate current fiber routing scheme. 
e. Module parts tolerance needs to be minimized to reduce the assembly tolerance.
f. Eliminate causes of the height tolerance being exceeded.

g. Design piece for back of module.

h. Determine best way to secure modules inside case.

i.  Tolerances for the scintillator groove and overall dimensions need to be understood and incorporated into the current design.

3. Assembly details

a. Fabricate assembly fixture to clamp U-channels in place.
b. Assembly tolerances should be better understood with next prototype.

c. Modify ANL flycutter if flycutting after assembly will continue.

d. Determine cause of the U-channel not always being flush with the bottom skin and make changes to eliminate this.

e. Add safety procedures to assembly steps for using epoxies.

f. Attach shims more securely to the top cover.

4. QC Data/ Analysis
a. Measurements of the bottom skin deflection away from the edge are needed.

b. Try measure module nominal deflection due to weight.

c. Analyze moment between bottom skin and U-channel to determine of peel forces are large enough to be a concern.

5.Other
a.
Mounting details to the wedge need be made.
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APPENDIX A

The current module part design drawings are contained in figures A1 through A5.
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Table B1.  Data from deflection measurements of the prototype module.  The "raw data" is the actual measurements with respect to the surface plate.  The module was supported by aluminum blocks at x=0, and x=1735mm.  Since these deflections should nominally be zero, this indicates that the supports were uneven.  The "compensated data " determines a straight line between the supports and recalibrates the data from that nominally straight line.  The calculated deflection is of the prototype module and follows the case shown in figure 11B.  The FEA results for the shell model take the deflections along the edge.  Note that the hand calculation and FEA results agree well but do not agree with the initial deflection of actual module.  This may indicate some initial bend from the assembly and will investigated further.
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Figure C2.  Deflection plots of the Mechanical prototype due to gravity load only.  Top plot is top surface bottom plot is rotated 180 degrees.   Maximum displacement at edge is 0.9mm at mid-span between the supports.  Maximum displacement is 1.2mm at mid-width at the mid-point between the two supports.  
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