Concept for Integrated Mechanical/Cooling Pixel Supports
The basic concept for all pixel supports is to embed a small diameter cooling tube (2-3 mm OD) in low-density, carbon foam (described in the next session) with high modulus carbon fiber (e.g.  K13D2U) surrounding the foam.  Electrical services may also be embedded in the foam or glued to the surface of the carbon fiber. A cross section (assuming embedded electrical services) of a barrel stave is shown in Figure 1 and the overall stave concept is shown in Figure 2. 

[image: endviewofstave.png]
Figure 1. Cross section of the general concept for pixel mechanical/cooling supports with embedded electrical services.

A similar concept can be used in disk structures in which the cooling tube is appropriately bent and routed. The nominal choice for the cooling pipe material is titanium, although stainless steel could also be used if titanium proves unworkable.

[image: ]
Figure 2. Example of stave concept with pixel modules on both sides of the stave.

Foam Development
The basis of the mechanical supports for pixel modules is a new type of low-density, all-carbon,  thermally-conducting foam being developed by Allcomp, Inc.[footnoteRef:1] This light-weight foam is manufactured starting with reticulated vitreous carbon foam material (very low thermal conductivity) that is treated using a proprietary chemical vapor deposition process followed by heat treatment at high temperature. The material is typically made in blocks up to 30cmx30cmx2.5cm and the density of interest for pixel mechanical supports is in the range 0.20-0.25 g/cc.[footnoteRef:2] A typical block is shown in Figure 2(left) and the foam structure in Figure 2(right). [1:  Allcomp Inc., 209 Puente Avenue, City of Industry, CA 91746-2304. http://www.allcomp.net/]  [2:   The density can be adjusted somewhat during the processing. Material with density up to about 0.45 g/cc has been manufactured and is in use in the prototype program for ATLAS upgrade strip stave structures.] 



[image: ]
Figure 2. (Left) Typical block of foam manufactured by Allcomp, Inc. (Right) Foam microstructure.

The foam is readily machinable into complex shapes. Preliminary measurements of foam properties have been made – see Table 1. The thermal conductivity and mechanical properties depend on the density.  The compressive properties in particular exhibit non-linear behavior. A representative stress-strain curve is shown in Figure 2.

	Property
	Value(Unit)

	Density
	 0.22 g/cc

	Initial porosity
	130 pores/inch

	Thermal conductivity
	30-40 W/m-K

	CTE
	<2 ppm/oC

	Tensile modulus
	??? 

	Tensile strength
	???

	Compressive modulus
	???

	Compressive strength
	???


Table 1. Representative foam properties.		Figure 3. Compressive stress vs. strain.

The coolant pipe is glued into a circular channel in the foam using boron-nitride loaded epoxy (Hysol 9396). The BN-Hysol material partially fills the pores of the foam around the pipe as shown in Figure 3.
The CTE of the BN-Hysol filled foam (at 30% BN-Hysol by weight) has been measured as a function of temperature – see Figure 4.
[image: ]
Figure 4. Cross section of pipe-foam.	Figure 5. CTE of BN-Hysol(30% by weight) foam vs temperature.

Prototype Testing Summary
A variety of prototypes have been fabricated and tested.  The testing has focused primarily on reliability and thermal performance after extensive thermal cycling and irradiation. The results are summarized briefly in this section.

[image: ]
Figure 6. Short prototype stave with Pt-on-silicon heaters (to simulate pixel module heat input) attached.

A number of small stave prototypes(without embedded electrical cables) have been fabricated at LBNL(6 samples) and Allcomp, Inc (2 samples).  Both Ti(2.2mm OD) and stainless steel (2.8mm) OD tubes have been used. These prototypes are about 12cm long, 4 cm wide and 0.5 cm thick.  A photograph of such a prototype (in a holder for thermal IR imaging) is shown in Figure 6. Thin-film, Pt-on-silicon heaters are used to simulate the power load from a pixel module.  These prototypes have been subjected to thermal cycling and irradiation. The thermal performance at each step was measured using water coolant at a flow rate of about 1 l/min. Changes in thermal conductivity or loss of structural integrity would be seen as degraded thermal performance.  Two 1m-long prototypes have also been fabricated, one which is shown in Figure 7. A second 1m prototype (not shown) had the electrical cable embedded in the mid-plane as shown in Figure 2. Thermal performance of these prototypes was evaluated using water coolant and also CO2 cooling.[footnoteRef:3]  [3:   CO2 cooling tests were done at SLAC using a so-called “blown system” with coolant temperatures as low as -40C.] 


[image: ]
Figure 7. A 1m stave fabricated at Allcomp, Inc, instrumented at LBNL and tested at LBNL and SLAC. This prototype has an electrical cable glued to the facings and Pt-on-silicon heaters to simulate pixel modules. 

A 70cm-long prototype with an embedded active electrical cable was also constructed and tested – see Figure 8.

[image: ]
Figure 8. 70cm-long prototype with active electrical cable embedded in the foam core. The “end-of-stave” region to make electrical connections is on the left, the region of the tabs exiting the stave.

A lengthy series of tests were performed on these staves:
· Short staves 
·  Both SS and Ti tubes. 900 thermal cycles (20C<-> -35C), then -70C(dry ice), then -175C(LN2), then 150 MRad 
· Different set of staves, 350 thermal cycles (20C<-> -35C)
· SS tube only, 1 GRad then 250 thermal cycles (20C<-> -35C)
· Thermal measurements using room temperature water at high flow (1 liter/min) (at both LBNL and Allcomp). Very good agreement between sites.
· 1m staves
· Thermal measurements using room temperature water at high flow (1 liter/min)(for one at both LBNL and SLAC)
· CO2 tests (including dozens of thermal cycles to -35 or lower) at SLAC
· Deflection measurements
· ½ length active stave
· Thermal measurements using room temperature water at high flow (1 liter/min)(at LBNL)
· Continuity testing of active cable after assembly(good continuity)
Note that these tests include irradiation to 1 GRad (about the dose expected at the innermost layer of a pixel detector for the SLHC) and a single thermal cycle to nearly LN2 temperature.

A short section of a “bent stave” (20o bend) was manufactured to demonstrate feasibility of such a construction – see Figure 9.

[image: ]
Figure 9. A short section of a bent stave, 20o bend angle.

The key conclusions drawn from these tests are:
· Manufacturing 
· Straightforward but requires attention to details to achieve tight dimensional tolerances
· Very similar results from two places (LBNL and Allcomp)
· Bent staves can be made
· After extensive thermal cycling – no change in thermal performance
· After irradiation to 1 GRad. Thermal performance (including module adhesive) degrades by < 10% e.g. by < 1C out of 9-10C total T from bulk fluid T to module surface.
· Operation with CO2 is as expected, good performance
· Comparison of thermal measurements to FEA (see next section) by different people and using different codes – agreement to within about 10% in T with measurements for both water and CO2 

Thermal and Stress Analysis
Extensive calculations have been performed to estimate the thermal performance of prototypes with Pt-on-silicon heating elements.  Typical values for the thermal conductivity of the stave components used in the calculations are:
· Foam: Kx=Ky=Kz=??
· Carbon fiber facing(0-90-0 layup of K13D2U); Kx=?; Ky=?; Kz=?
· Hysol/BN loaded: K =??
· Stainless steel: K= ?? and titanium: K=??
· Adhesive attaching heaters to carbon fiber facings(SE4445): K=??

The thermal properties of the coolant (either water or CO2) we simulated in some detail.***Bill can you add sentence or two about this***.

A typical measurement(of the prototype shown in Figure 8 loaded with heaters at one end) is shown in Figure 10(left). The finite element calculation is shown in Figure 10(right)(water cooling). In this case, the agreement between measurement and prediction is very good and in general, agreement between data and predictions within about 10% of the T between the bulk coolant temperature and the average heater temperature is achieved in all cases.

[image: ]
Figure 10. (left) IR thermal image using water cooling and (right) simulation of the expected thermal performance.

An extensive simulation of the stresses in the prototypes has been done. ***Bill can you write a paragraph summarizing this? Including mention non-linear(T) properties and the results for the prototypes?****
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