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Abstract: An outline of a development plan for the integrated mechanical/cooling support structures (staves/petals) for silicon strip detectors for the SLHC upgrade is given.
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1. Introduction and Input To Plan
This document describes a development plan for the integrated mechanical/cooling support structures for silicon strips detectors for the SLHC. These structures are referred to as staves in the barrel region and petals in the disk region. Note that we define staves/petals to include the mechanical (but not electrical, except as an interface) aspects of the bus cable. Thus the deliverable units described here include gluing the bus cable to the mechanical core of the stave/petal. 

The input to the development plan and then the development plan itself are described in some detail in the sections and subsections below. The timescale covered by the development plan is assumed to be approximately two years (until summer-fall 2010) and does not take into account any limitations from financial or human resources. The various elements are assigned priorities – high, medium and low. The meaning of these priorities is as follows:
· High – requires work to begin immediately
· Medium – some work should begin now but completion required one to two years from now
· Low – immediate work not required, work to be completed about two years from now

Familiarity with the overall concept and material presented at the MIWG review is assumed.

1.1 Critical Decisions – Very High

The design (and later fabrication) of the staves and petals is driven by a number of requirements (see section 1.2) but there are a few very urgent decisions to be taken. These are:

1. Layout – fixed length barrel (what length) or not and for petals, phi extent
2. Coolant (and minimum coolant temperature) – this drives all aspects of the design. 

3. Bridged-hybrid or not bridged-hybrid – the design of the stave/petal is fundamentally different for these two options as would be a prototype program

4. Overlap in z/R or no overlap in z/R- again the design depends strongly on this choice

It is, of course, possible to proceed with a design and prototype program without making these decisions but the design and prototype work load will increase. 
1.2 Requirements - High
A requirements document is urgently needed. This document should include the definition of heat loads, ambient conditions (airflow and temperature), mechanical dimensions (e.g. from layout requirements) and envelopes, mechanical requirements (sag, vibration frequencies, support points, etc), temperature range (e.g. minimum coolant temperature), survey requirements (for the structure and for modules attached), qualification procedures (e.g. dimensional survey and thermal cycling), shipment, grounding/shielding and other items.
1.3 Interfaces – Medium

An interface document is required. The interfaces to be described include: support points and support structure, module attachment and testing (including all fixtures for module attachment, wire bonding, testing, and local transport during module attachment and test), module survey, attachment to external cooling, attachment to powering and data transmission services, grounding and shielding connections, final assembly and installation and other items.
1.4 Specifications – Medium

Specifications for a stave and (separately) for a petal are needed. The specification includes CAD models, flat drawings of all elements and components, interface drawings/models and detailed specifications (partially in preparation for procurement) of all parts, components and sub-assemblies.

1.5 Prototype Plan – High
A prototype fabrication and test plan is urgently required. This plan should cover the full two-year program but emphasize the next six months and be updated as required. The plan should define the nature and scope of all stave/petal prototypes, including smaller prototypes for thermal, mechanical or electrical studies. An important goal of this plan is to identify the materials to be procured, the services to be procured and to identify who will build what when, taking into account financial and practical limitations. The prototype plan should also identify the tests to be done on the prototypes and who will do them.
2. Coolant Tube
In the subsections below, we identify the issues to be address for the coolant tube.
2.1 Determining the ID - Medium
The ID of the coolant tube is determined by thermal requirements. Two-phase flow calculations for the coolant(s) should be completed. We assume here that the calculations done to date are good enough to establish the ID for early prototypes, and that the test results from these prototypes would be used to compare with calculations. The two-phase flow calculations should be done independently by two groups and compared. An element of the prototype program should be to compare with these calculations through a careful series of measurements, first on tubes, then small prototypes and finally on a full-scale prototype (or prototypes). The value of the ID should finally be determined iteratively through a comparison of calculations and measurements. Note that heat transfer coefficients are known to depend on the microscopic characteristics of the wall (and hence the material). Thus it is essential to ultimately do measurements with the tube material that would be used in production.
2.2 Determining the OD – Medium

For a given ID, the OD is determined by pressure and practical considerations for a given coolant and tube material. Candidate tube materials, in principle, are stainless steel, aluminum (treated for corrosion resistance) and titanium. I do not believe carbon-fiber is a viable candidate. The development program consists of procuring tubes and measuring their important properties (e.g. yield strength, which may not be the same as “raw” material as a result of an extrusion process, bending, etc). Destructive pressure tests should be done. Practical issues (obtaining long tubes of small ID/OD, uniformity of ID and OD, etc) should be addressed. Qualification procedures have to be developed, since every tube in production must go through a pressure and other qualification (e.g. pressure drop to check the ID) sequence. This includes defining the interface to fittings (permanent for sure, temporary possibly) and prototyping the qualification process, including production fittings.
2.3 Tube Production – Low

Develop a specification for the tubes suitable for procurement. Develop and document a qualification procedure, for both sample testing (to make sure mechanical properties are uniform) and for pressure and pressure cycling.

2.4 Tube Electrical Isolation – High

In the prototypes, no attempt was made to isolate the tubes from the foam/facings. I note in the comparable pixel case, all tubes were parylene coated (and assemblies measured) to try to avoid direct electrical coupling of the tube to (in the pixel case) the facing. It’s critical to determine/decide if isolation is necessary. If it is, there is a substantial development program to implement parylene or other very thin (low thermal impedance) coatings on such long tubes. 

2.5 Corrosion – High

Corrosion has to be addressed for any metallic tube type. Corrosion resistance needs to be quantified and the applicability of standard corrosion tests assessed, implemented if useful, or comparable tests developed.
3. Tube Foam
Tube foam is defined as the thermally conducting foam surrounding the round coolant tube. In the subsections below we identify issues to be addressed for this foam.
3.1 Foam Properties and Sample Material – High
The foam used in the prototypes was from POCO Graphite. Although some properties of this foam are well measured, it is critical to review the date from POCO graphite and to do some independent measurements of the critical properties (e.g. Young’s modulus and yield strength). In addition, there is another vendor for this type of graphite foam (Koppers). Significant samples from both vendors should be procured and tested. There is at least one other potential foam vendor, albeit a different type of thermally conducting foam (Allcomp, Inc). This foam potentially has superior mechanical properties but its thermal properties (at densities around 0.5 g/cc) are not known. There may be other (non – U.S.) vendors. If so, they should be identified with high priority.

3.2 Foam Machining and Handling – High

Accurate machining of the tube foam requires experience and practice. In the long run, it will be critical to develop efficient means to machine this foam to the accuracy required (which is roughly 50 microns or less for the overall thickness). Although the current experience was positive, there is not much experience. Additional groups should procure foam and machine it to print for use in prototypes. This would naturally lead later into a production role. Note that the foam could be machined commercially and in any case will be done in relatively small pieces, and need not be done at the final stave/petal assembly sites.
3.3 Foam-Tube Interface and Thermal Adhesive Selection – High
Calculations of the shear stress between the coolant tube and the foam were documented for the review. These calculations show that the maximum shear stress, for practical lengths of interest, does not depend on the total length of the tube-foam interface. These calculations should be independently checked (are they correct). If so, then the effect of these shear forces can be evaluated on short prototypes, including those that already exist. Note that these calculations also depend on the foam properties (i.e. the foam CTE and modulus).

To date, only a very compliant thermal adhesive (CGL-7018 from AI Technology) has been used in the prototypes. The calculations show that a semi-rigid adhesive (e.g. on in with shear strength roughly 1000 psi) would be OK. Is this correct? If so, it opens up the possibility to use other adhesives, potentially with more confidence in the long-term reliability. A program of selection of the adhesive between the tube and the foam should be quickly initiated. This program should evaluate candidates based not only on shear issues, but also thermal performance, radiation resistance and practical matters (can it be dispensed well enough). This program should include prototype fabrication, thermal cycling and evaluation, ultimately after irradiation. It’s been suggested that this include X-ray and ultrasonic evaluation. The utility of these needs to be confirmed.
3.4 Foam-Facing Interface and Thermal Adhesive Selection – High

The studies outlined above should be expanded to include the foam-facing interface. In the prototypes, this interface was also CGL-7018, apart from one face in one prototype that used a semi-rigid thermally conducting adhesive. The CTE mismatch between foam and the facing is small (smaller than between tube and foam). A program to select the appropriate thermal adhesive should be quickly initiated. The evaluation program is similar to that described above.

4. Core Material and Closeouts
Core material refers to honeycomb or potentially low-density, thermally conducting carbon foam in the case a bridged hybrid is required. We describe the development program for these below.

4.1 Honeycomb – Medium

The development plan here involves finding honeycomb vendors, comparing the properties (and with requirements from FEA and other analysis) and procuring samples from one or more vendors. Test coupons/structures should be made such that deflection measurements to back out core properties can be done. The uniformity of the honeycomb thickness is an important parameter. Can the honeycomb be procured with sufficient thickness uniformity? Or is a post-procurement (grinding or equivalent) step needed? The only way to tell is to buy material and find out. Note that once again the honeycomb will be made in relatively small pieces, and that all procurement, grinding (if necessary) and QC (thickness measurement, inspection, weights) could be done at a single site not necessarily at the stave/petal assembly site.

4.2 Low-Density, Thermally Conducting Foam(for Bridged Hybrid Only) – High
In the case that it’s decided to pursue the bridged hybrid concept to make a prototype stave/petal, the development of low density, thermally conducting carbon foam becomes imperative, if minimization of material is desired. One could just use the 0.5 g/cc foam (tube foam) everywhere but thermal FEA done to date shows this is overkill. Material considerations would suggest using lower density, but also lower K foam. The development of foam with density down to about 0.1-0.2 g/cc is underway for pixel local supports (where it is essential in some designs). Samples of such foam exist, and their thermal performance characterized, from the three vendors – POCO, Koppers and Allcomp. However, the sample size to date is small – less than 100 cm2. Thus if this foam is to be used on the 100 m2 scale, it’s imperative to move quickly to obtain significant samples and characterize them (mechanical and thermal properties). As noted, this is already underway for pixel structures (but they only need 5 m2) but would have to be accelerated.

4.3 Closeouts – Medium

Closeouts refer to material or processes along the long edge of the stave/petal and at the ends. Control of particulates from the core material is required either by sealing the core (a solid closeout) or by edge encapsulation (glue the edges). Closeouts along the long edge for staves have to take into account insertion features. Closeouts at the ends of the staves must be design to not only control particulates(and edge chipping of the facings) but take into account fixation, strain relief (of tubes and services coming off the stave) and the possible stave-to-stave interface at Z=0. The closeout design is also coupled to studies of the tube/foam/facing shear (since they are at the points of maximum stress). The design of the petal closeout at the outer radius is strongly coupled to the overall support of the petals. There may or may not be a closeout at the inner radius.
5. Facings
The facing material is assumed to be carbon fiber. The development plan is described in the subsections below. 
5.1 Facing Material and Thickness/Layup Selection – Medium

Analysis to date shows weak dependence of thermal performance on facing properties (type of fiber). Structural calculations are at an early stage and have to be done in conjunction with the number of support points and the design of the overall support structure for the barrel. I note that practically nothing has been done for petals and thus it’s important to do even the most rudimentary calculations of stability to see if the current concept (3-ply laminates, 3-5mm core thickness) is in the ballpark of acceptability. 
5.2 Facing Production – Medium

This is medium only because we need to understand the practical limitations of facing production on the timescale of about one year. Can they all be produced commercially with acceptable properties? Are there U.S., EU and Japanese vendors capable of doing this? Is in-house production a better idea and, if so, who can do it (other than LBNL)? A facing production and cutting specification needs to be developed by about a year from now.

5.3 Facing Grounding – Medium

A conducting epoxy ribbon was laid down on each facing in the prototype to facilitate connection to the facings from the end-of-stave card region. In the similar CDF-stave experience this was down with a very thin aluminum strip, co-cured with the facing laminate. Assuming this is required, the process and procedure needs to be worked out in conjunction with making prototype facings. I do not believe conducting epoxy is a long-term viable option.

6. Bus Cable (Mechanical Attachment Only)
We only address here the attachment of the bus cable, no electrical issues of the cable itself.

6.1 Adhesive Selection and Procedure – Low

The bus cable for the prototypes was attached with Hysol 9396 loaded with 30% BN by weight. This worked well. However, it’s clear that tooling and QC/QA procedures have to be worked out for doing this on a large scale with good yield. This will require practice (not necessarily on real staves, but with real cables). It may be that there is a better adhesive choice. Shear strength issues also need to be addressed for this since the CTE difference is large.

7. Inserts

Inserts refers to mechanical elements attached to the stave/petal for connection to the relevant support structures and for survey (of modules and of just the stave/petal core). The development of these is described below.

7.1 Connections to Support Structure – Medium

In the case of staves, these are both rail-like inserts (or equivalent) and/or fixation points that must be precisely bonded into the structure during the stave assembly. There are equivalents for petals at the outer (maybe also inner) radius. These need to be defined and included in prototype fabrication. The fixed points (what does not move relative to the support structure) need to be defined.
7.2 For Core Structure Survey – High
This is only high because it would be nice to have reference system for survey of early prototypes. One could back off and just survey the relative faces but I think would be better to have survey markers embedded in the stave/petal to allow a proper coordinate system to be defined. The location of these markers would be set by tooling for the stave/petal fabrication and thus would allow an absolute measurement of construction accuracy.
7.3 For Module Survey – Medium

These are related to the fixation points on the support structures, to reference the modules to these points. The concept for these needs to be developed, prototyped and measured. 
8. Models/Drawings and FEA
Part of the development plan is the creation of CAD models, productions drawings and finite-element analysis. This is briefly outlined below. We assume interface control (to services and so forth) is done separately, and it’s not considered here. 
8.1 Stave Model – High
A complete model of a stave needs to be created and maintained (based partly on the early work already done). This model will evolve as the design evolves and will be used as the basis for FEA calculations as well. Ultimately the production drawings would be created from the model. A model that represents the current layout and design concept does not exist.

8.2 Petal Model – High

The same needs to be created for petals.
8.3 Integrated Steve/Petal Support Model – Medium

An integrated model of the stave and barrel support points and barrel support needs to be created. This would be used to evaluate the required stave stiffness, for example, and would define the relevant stave inserts in complete detail. Note this is different (although closely related) to an interface model that shows all the cooling, electrical connections, etc. A similar, but obviously different, model would be created for petals and their corresponding supports. 

8.4 Thermal FEA - High

Models suitable for thermal FEA should be derived from the relevant full stave and petal models. Thermal performance, including thermal runaway must be updated after each major design iteration. Note that additional thermal models will be needed for prototypes, to allow comparison with measurements. 

8.5 Structural FEA – High

This is largely self-evident for both staves and petals. This includes deflections, distortions induce by temperature change, stresses, etc. Note that separate prototype FEA (or calculations) for deflection measurements and distortion measurements will be needed. 

9. Large-Scale Prototype Measurements

This subject includes measurements (and comparison of calculations) of overall stave/petal properties – effective CTE, CME, distortions  and thermal performance. It’s not easy to separate this from similar measurements on individual components or smaller prototypes, but the intent of the work outlined here is that it would be done on large, hopefully full-scale structures.

9.1 Mechanical Properties – High

Deflection and other measurements to compare with calculations such that one has confidence in FEA models and other calculations.
9.2 CTE – Medium

A CTE analysis of the overall structure needs to be compared with measurements. Ideally this would be of high priority, but practically it will take order year to have appropriate structures and to develop the means for these measurements.

9.3 CME – Low

Similar to above but of lower priority. Understood to be a difficult measurement program.
9.4 Thermal Distortions – High

Measure the distortions from temperature change and compare with calculations. This can start on smaller-scale prototypes. Note that there is a strong interface with module attachment.

9.5 Thermal Performance – High

Clearly some work on this has already been done on small prototypes. The measurement of thermal performance should continue with small prototypes, working up to full-scale staves and petals to be tested with the final coolant (e.g. CO2)
10. Fabrication Planning and Documentation – Low

10.1 Planning – Low
By this I mean a coherent fabrication plan for all elements of the stave/petals. This would include cost and schedule.

10.2 Documentation – Medium

This includes specifications, drawings and models and change control.














































































