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1. Summary

This study surveys materials and designs for the support and cooling of pixel detectors in the BTeV experiment. Active liquid-cooling is required to meet the requirements for temperature uniformity. The recommended design is a cooled carbon composite plate, 2-mm thick, that incorporates small-gauge carbon tubing in a thermally conductive, low-density, carbon-fiber matrix.  The total radiation attenuation of the support with coolant is less than 0.2%; the predicted detector temperature variation is less than 1 K, and the thermal expansion mismatch between support and detector is less than 1 ppm/K.  

Large area detectors enable the most compact design, however small detectors may also be used in a slightly overlapping configuration to attain a full coverage of detectors on each support.  

A related tubular carbon design has a been implemented by Energy Science Laboratories Inc. (ESLI) as a prototype for the Atlas Pixel Detector of the Large Hadron Collider.  The recommended design here is lighter, and in some respects simpler, although the manifolding of a multiplicity of small carbon tubes requires development.  

The leading alternative designs are (1) a carbon sandwich plate with a single meader tubing (as in the Atlas Pixel Detector) and (2) tubular beryllium plates.  Both of these alternatives have significantly lower overall performance and higher fabrication costs. 

2. Introduction 

2.1. Support Requirements 

The BTeV experiment calls for the pixel detector to be located inside the beam pipe
, which presents a high radiation environment.  Because the beam expands when it is pumped, there is a special requirement that the detector plates can be parted by 5 cm during pumping.  Figure 1 and Figure 2 show the basic concept for the detector from which the present analysis and design activity begins. 
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Figure 1. The BTeV Experiment Calls for 31 Triplets of Detector Plates
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Figure 2. The Cooled Pixel Detector Is Located Inside the Beam Pipe and Must Part Open by 5 cm When the Beam is Pumped

The general thermal and mechanical requirements for the detector support as summarized in Table 1.

Table 1. BTeV Thermal Requirements

[image: image22.jpg]




2.2. ESLI Carbon Materials Background

Recent developments 
, 
  in pixel detector supports have focused on carbon materials in place of aluminum or beryllium, because of  a combination of low radiation attenuation and low thermal expansion.  
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Figure 3. ESLI 1-mm ID Twisted Carbon Tubing

ESLI is developing novel small-gauge carbon tubing and conductive core materials that appear well suited for detector support applications.  The carbon tubing, derived from resin precursors by thermal processing, has outstanding properties as summarized in Table 2.  Such tubing can be fabricated in a wide variety of shapes, in continuous lengths and small gauge (Figure 3). ESLI is also developing lightweight structural core materials composed of discrete carbon fibers (Figure 4, Figure 5) that offer high specific rigidity and conductivity.  The combination of these two novel forms of carbon enables new cooled supports that are discussed in Section 4.2. 

Table 2.  Properties of ESLI Glassy Carbon Tubing 

Strength  


240 MPa 

Hermetic


He, H2 leak rates  < 1e-10 mL/s (per cm length)

Large elastic range  
 
~1% strain to failure 

Thermal expansion 

3 e-6/K

Thermal conductivity 

~5 W/K-m (isotropic)

Creep resistant
ESLI tubular carbon springs were  used at 1200(C in the Space Shuttle Life and Microgravity Flight Experiment (STS-78, June 1996)

Fatigue resistant
Preliminary testing show no sign of fatigue in testing to 200 MPa stress for 500,000 cycles 
Smooth wall  


Atomic force microscopy shows 5-nm scale roughness 

Corrosion resistant  
Glassy carbon is corrosion resistant against many acid and ammonia. It can be passivated against oxidation by vapor-deposition of silicon carbide coatings that have similar thermal expansion behavior. It and it can be passivated against high-T hydrogen erosion using hydrocarbon doped propellants (for example, a 1.2% admixture of methane in hydrogen is noncorroding against carbon tubing at 2100 K). 

Electrical Resistivity  
Electrical resistivity of this glassy carbon is ~20 ((-m at room temperature, increasing to roughly 40 ((-m at 2500 K
Fabricability
Diameters ranging from 10 (m to 10 mm have been fabricated; helical coil springs, meanders, and variable-gauge tubing have been fabricated 
Heat exchanger tubing
This tubing has been configured as fintubing in which discrete carbon fibers are used for radial pin fins with packing densities up to 10%
Permeation membranes
ESLI carbon tubing has been processed to develop molecular sieve permeation characteristics for gas separations 
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Figure 4. Carbon Core Material is Made with Radially Oriented Carbon Fiber at Low Packing Density Typically <5% (vol)
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Figure 5. Fibercore Mictrostructure

2.3. Objectives 

The objectives of this study are to…

1. Survey candidate cooling schemes for the BTeV pixel detector 

2. Survey candidate materials for detector support 

3. Select the Baseline Design 

4. Preliminary detailing of the Baseline Design 

3. Survey Cooling Options 

Six options were considered for cooling of the BTeV plates, including solid-plate conductor concepts and cooled tubular-plate designs.  

3.1. Conduction-Cooled Plates with Liquid-Cooled Frame 

The temperature variation across a of conductive plate, uniformly heated with load Q (W/m2), and all heat removed from two opposite edges, is 
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where k = thermal conductivity, d  = thickness t, and 2L  is the total plate width.  The leading candidate materials are high conductivity carbon (diamond, highly-oriented graphite), beryllium and aluminum, and the highest thermal conductivity possible is desired: 

thermal conductivity k 


2000 W/m-K

heat flux  Q 



3000 W/m2
plate dimensions


half width L = 6 cm, thickness d = 1 mm 

Total thermal differential 

2.7 K

Radiation attenuation
 

0.8%

These results show there will be a large thermal gradient across the plate, even for a thickness of 1-mm which already has an excessive radiation attenuation.  Furthermore, commercial diamond plate would likely have significantly lower thermal conductivity than the assumed k = 2000 W/m-K.   

3.2. Liquid-Cooled Tubular Plates 

An array of small-diameter water-cooled carbon tubes can be used for an actively cooled support structure.  Carbon is selected (rather than aluminum or beryllium) for reasons of low radiation attenuation and thermal expansion match to silicon.  Using common heat transfer correlations to estimate the bulk fluid temperature rise plus the convective and conductive heat transfer gradients from the coolant channel through the plate, the performance may be summarized as follows:

Tube diameter 



0.5 mm OD; 0.4 mm ID (0.5 mm center spacing)

Tube length 



12 cm

Flow speed



3 m/s

Pressure drop



0.67 atm

Pumping power 


3 W

Bulk fluid heating 


0.11 K

Convective thermal differential 

1.17 K

Tube wall thermal differential
 
0.03 K

Total thermal differential 

1.31 K

Radiation attenuation
 

0.13 %

The actively-cooled plate  has significantly higher performance than the the conductively cooled solid diamond plate.  The issues concern plate rigidity and integrity of the fluid connections.

1.1.1. Single-Channel Duct 

A variation on the above tubular plate is a single channel with duct flow between two parallel facings:  

Channel height (plate separation)  
0.4 mm

Sides are 0.05 mm thick 
 
0.5 mm total thickness

Channel length 



12 cm

Flow speed 



0.5 m/s

Pressure drop  



0.13 atm

Pumping power  


0.16 W

Bulk fluid heating 


0.42K

Convective thermal differential  

0.88 K

Wall thermal differential  

0.03 K

Total thermal differential  

1.33 K

Radiation attenuation  


0.12 %

This option appears to meet the thermal and mass requirements, offering less pressure drop and a minor improvement in radiation attenuation compared to 2.2 because of less rubbed surface area, but it is subject to flow maldistribution problems.

3.3. Gas-Cooled Tubular Plate

An array of tubes cooled with helium gas was considered, to assess the benefit of this low mass coolant.  Higher pressure and larger diameter tubing is required:

Tube diameter



1.5 mm OD x 1.2 mm ID

Tube length



12 cm

Gas pressure



1000 psi 

Flow speed 



20 m/s

Pressure drop



0.05 atm

Pumping power



4.9 W

Bulk fluid heating


0.35 K

Convective thermal differential

1.09 K

Tube wall thermal differential

0.09 K

Total thermal differential

1.53 K

Radiation attenuation


0.18 %

This design appears to meet the thermal and mass requirements.  However, the possibility of a helium leak might make this option unacceptable in the application.

3.4. Spray-Cooled Tubular Plates 

1.1.2. Spray Cooling

Spray cooling is an option that offers high flux cooling at low surface overtemperature, and is currently under development in a variety of thermal management contexts 
, including the Atlas Pixel Detector of the Large Hadron Collider.  

The amount of fluid required to completely remove the heat load by latent heat is merely 0.6 mg/s per tube (0.5-mm dia.), compared to the required mass flow rate of water (0.5 g/s).   Thus spray cooling offers a significant reduction in the radiation attenuation of the liquid water (0.07% for 0.4-mm ID tubing on 0.5-mm centers).  Spray cooling may also offer greater temperature stability with a low pressure-drop flow. The issues concern system instabilities. 

Boiling coolants are generally not suited for this application because  the superheat required is high, which could give rise to large local temperature variations if it is not highly uniform. Coolant R152A, for example, requires approximately 5 K overtemperature for nucleate boiling.  

4. Survey Materials Options

4.1. Cooled Metal Plates
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Figure 6. Beryllium Heat Exchanger (Photo courtesy of Peregrine Falcon)


Beryllium or aluminum tubing may in principle be used for a cooled plate, offering good thermal performance at modest mass.  However the fabrication of small-gauge tubing from beryllium is difficult (the tubing cannot be drawn) and the minimum wall size may be as large as 0.5 mm, for which the radiation attenuation is significantly higher than for carbon. Furthermore, the thermal expansion mismatch between such metals and silicon could cause distortions when cooling from ambient to operating conditions.  

4.2.  Cooled Tubular Carbon Plate

 ESLI is developing small-gauge carbon tubing embedded in a core material consisting of a combination of radially oriented  high thermal conductivity carbon fibers and longer fibers that are dispersed parallel to the plane of the tubing.   In the fabrication process, a fintube preform is first assembled in a jig and then rigidized by carbon vapor deposition at high temperature. The resulting carbon structure has stiffness and strength comparable to aluminum honeycomb materials. The thermal expansion behavior is dominated by the tubing, which matches silicon. 

The structure can be precision machined and the surfaces are suitable for high-conductance attachment to silicon wafers. 
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Figure 7. ESLI Carbon Fintube Array 1-mm ID Tubing
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Figure 8. ESLI Fintube Array with 3-mm ID Carbon Tubing

4.3. Cooled Carbon Sandwich Plate
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Figure 9. ESLI Fabrication of Carbon Supports for Atlas Pixed Detector (Jul-99)

The support design implemented by ESLI under contract with DoE/LBNL for the Atlas Pixel Detector is a cooled carbon sandwich structure.  That support is thicker (5-mm) and stronger, has higher radiation attenuation ~0.5%, and has a temperature variation of approximately 2 K among detector chips and a 5-K temperature difference between chip and coolant temperature, as a result of a greater number of thermal interfaces.  Fabrication involves meander tubing and precision assembly of tubing and sandwich facings.  


To be relevant for BTeV, this existing design would have to be made thinner, which could be done using a thinner tubing at a modest increase in pressure drop that should be acceptable to BTeV.  This design is regarded as a reliable back-up design that approximately meets the BteV goals.  This design falls short of the Baseline Design performance because it uses a thick carbon-carbon facesheet for surface heat conduction to the tubing, which is separated further than in the Baseline Design.

5. Baseline Design: Cooled Carbon Plate

The cooled carbon plate has the best cooling performance and the materials offer the best combination of properties for the BTeV application. In this Section the cooled carbon plate design is detailed further, showing a layout relationship between tubing and detector.  Convective heat transfer is calculated using FEA for a somewhat simplified (conservative) configuration 

5.1. Full-Coverage Detector Layout on Cooled Tubular Plate 

1.1.3.    Large Detectors 

Assuming that large pixel detectors are available, a single support plate can accommodate a full coverage of detectors with associated flex circuitry 
 (Figure 11).  The tubing layout consists of 52 tubes (26 U-tubes) that have outside diameter 1-mm and spaced on 2-mm centers, such that there are two U-tubes for each of the 13 columns of detectors.   

1.1.4.    Small Detectors 
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Figure 10. Rigidized Fintubing with Machined Pedestals

If small (10x12 mm2) detectors are used that require more area for the non-detecting borders, full coverage cannot be achieved without ovelap. The ESLI cooled carbon plate design permits overlapping the detectors with only minor mass and temperature penalties, using integral pedestals made of carbon fiber core (Figure 10). 
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Figure 11. Full-Coverage Layout of Large Detectors on a Flat Tubular Plate; 52 1-mm OD Tubes (26 U-Tubes) Arrayed with 2-mm Center Spacing; Total Plate Thickness 2.8 mm 
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Figure 12. Full-Coverage Layout of 72 Small Detectors on a Tubular Plate with Pedestals to Permit Overlapping Detectors; 52 1-mm OD Tubes (26 U-Tubes) Arrayed with 2-mm Center Spacing; Total Plate Thickness 3.8 mm

5.2. Thermal Performance vs Number of Tubes

The tubular plate accommodates 13 columns of detectors, each 8-mm wide for a total width of 104 mm. It is natural to consider U-tubing, lying in columns, in which an integral number of U-tubes is used per 8-mm column. Section 3.2 assumed 0.5-mm OD tubing, for which 104 U-tubes would be required per plate. That tube diameter was a simple choice meeting the mass and cooling requirements, but the number of tubes is high and could present assembly problems.  Keeping the same flow cross-section area (constant coolant mass) the diameter of the tubes may be increased by simultaneously reducing the number tubes.  The heat transfer and pressure drop for the following tube sizes was investigated:  

	Tubing Diameter

(mm)
	Number of U-Tubes per Plate

	0.50
	104

	0.71
	52

	1.00
	26

	1.41
	13
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Figure 13. Compare Layout of 1-mm OD Tubes and 1.4-mm OD Tubes in 2-mm Thick Plates

The cases with fewer tubes are the simplest to fabricate, but they will allow some "ripple" in the surface temperature. The thickness budgeted for the core of the plate is 2 mm (Figure 13). 

The average temperature difference between the surface of the plate and the coolant is estimated as the sum of four terms:

1. Bulk fluid temperature rise (Tbulk
2. Wall-fluid convective temperature rise (Tconv
3. Tube-wall through-thickness temperature rise, (Twall
4. Core temperature rise, (Tcore
Other contributions that are not considered here are

5. Viscous dissipation temperature rise, (Tvisc
6. Temperature rise due to chip overhang, (Toverhang
7. Temperature rise due to chip interface mounting, (Tinterface
For the convective (Tconv, simple correlation analysis is used to compare different tube configurations. The heat transfer and pressure drop correlations used may be found in standard textbooks
. 

Small-diameter tubes have laminar flow, for which the friction factor is 64/Re.  The heat transfer Nusselt number is taken to be 3.657, which applies to a constant surface temperature boundary condition.  This condition is somewhat more conservative than the constant flux condition, and both cases are approximations to the actual condition, which is a more complex 2D thermal problem. 

For fixed pressure drop, the flow velocity is higher for the larger tubing, and this results in turbulent flow for the 1.4-mm case, which gives higher heat transfer at the tube wall.  The heat transfer coefficient is calculated from the transition region pressure drop correlation, using Reynolds analogy to derive a Stanton number. This approximation should be valid for 4000 < Re < 20,000.  In the critical zone 2000 < Re < 4000, the flow is generally unstable and unique heat transfer correlations do not exist.

Our thermal estimates assume that one-half of the tube circumference inner area is effective for heat transfer to the fluid. This assumption is driven by the fact that carbon tubing has a low thermal conductivity ~5 W/K-m ,which limits heat transfer circumferentially around the tube.  We assume that the tubing is embedded in ESLI carbon fibercore structural material that has low density (<100 kg/m3) and thickness of 2 mm, so that its radiation length fraction is < 0.05%.  


The results of this analysis are summarized in Table 3.

Table 3. Compare Cooled Plate Designs with Different Tube Diameters (All Cases have Total Radiation Attenuation <0.2%, Including Tubing, Coolant, and Structural Fibercore)

	0.5-mm

Diameter Tubing


	Fluid Pressure Drop

(bar)

	
	0.5
	1.0
	2.0

	Flow velocity (m/s)

Red
Total (T (K)

Pumping Power (W)
	1.46

327

0.78

0.074
	2.92

653

0.66

0.294
	5.83

1304

0.61

1.17


	1.0-mm

Diameter Tubing


	Fluid Pressure Drop

(bar)

	
	0.5
	1.0
	2.0

	Flow velocity (m/s)

Red
Total (T (K)

Pumping Power (W)
	Unstable

	6.20

2774*

0.47*

1.25*
	9.19

4112

0.40

3.70


*Estimates are uncertain in critical region: 2000 < Red < 4000

	1.4-mm

Diameter Tubing


	Fluid Pressure Drop

(bar)

	
	0.5
	1.0
	2.0

	Flow velocity (m/s)

Red
Total (T (K)

Pumping Power (W)
	5.34

3374

0.83

0.54
	7.92

5004

0.72

1.59
	11.8

7430

0.64

4.72


5.3. Finite Element Analysis 
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Figure 14. Schematic Fiber Configuration

FEA (Cosmos/M) was used to examine details of the thermal design that are not tractable analytically in the structure shown in Figure 14. The objective is to detail the temperature variation across the surface of the detector chips. Issues to study with FEA are the effect of the limited thermal conductivity of the tube wall, and the effect of conduction anisotropy in the fibercore, and the role of the silicon wafer conduction. 

The model considered assumes the following 

Tube geometry 



0.8 
mm I.D., 1 mm OD 

Tube center spacing 


2
mm

Convective heat transfer coefficient 
25 
kW/m2-K 

Uniform heat flux


3 
kW/m2

This tube geometry corresponds to a pressure drop of 1 atm for water flowing at 6.2 m/s over a 12-cm tube length.  (Note that this flow corresponds to Reynolds number Re = 2774, for which the correlation is not accurate.  A somewhat larger tube or higher flow rate however would drive the correlation into a favorable regime).  The model assumes the silicon wafer is well attached and a range of thermal conductivity values for the tube wall and the fibercore were assumed


Silicon wafer thickness


200 
(m


Silicon wafer thermal conductivity 
150 
W/m-K


Tube thermal conductivity 

5-20 
W/m-K


Fibercore thermal conductivity 

5-20
W/m-K

Figure 15 and Figure 16  compare the effect of the high-k silicon wafer on the temperature distribution of an isotropic core, assuming  the core thermal conductivity is only 5 W/K-m, which is the lowest value. It may be observed that when the silion is attached, it reduces the thermal gradient to a negligible amount (<0.01 K).  

The effect of conduction aniosotropy was then studied.  The quadrant from tube to the tube-to-tube midpoint at the surface was taken as an adiabatic boundary, to approximate radial-only conduction from the silicon surface to the tube wall.  For the case of low tube wall and fibercore conductivity of 5 W/m-K, and setting the silicon thermal conductivity also to 5 W/m-K, the surface temperatures are 1.086 K above the tube centerline, and 1.261 K at the tube-to-tube midpoint (Figure 17).   With the silicon thermal conductivity set to its nominal value of 150 W/m-K,  the tube-to-tube midpoint temperature is 1.010 K and the tube centerline temperature of 1.023 K (Figure 18). The silicon has reduced the temperature difference by roughly an order of magnitude.

The effect of the silicon overhang was then investigated. A simple analytic estimate predicts a 0.2 K temperature difference from the plate edge to the start of the 2 mm overhang.  The FEA result gives essentially the same result that (T = 0.199 K (Figure 19). FEA predicts the tube centerline temperature difference to be 0.322 K. 

In conclusion, the temperature variations are within specification (< 1 K variation across the surface). The wafer overhang in the full-coverage design causes the largest variation and the core conduction anisotropy adds some, but even then the maximum variation is seen to be less than 0.33 K.
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Figure 15. T-Variation Without Si Wafer (ie. Wafer k = 5)
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Figure 16. T-Variation With Si Wafer k = 150 W/K-m
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Figure 17. T-Variation, Anisotropic Core, Without Si Wafer
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Figure 18. T-Variation, Anisotropic Core, With Si Wafer (No Overhang)
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Figure 19. T-Variation, Anisotropic Core, With Si Wafer Overhang
Chip-to-Plate Interface Conductance 

The average chip heat flux is approximately 3 kW/m2 (0.3 W/cm2).   In order for the interface temperature drop to satisfy (T <1 K, the interface conductance must obey h > 3 kW/m2.  ESLI has developed high-conductance thermal interface gaskets based on carbon fiber velvets [see: www.esli.com] exhibiting h > 10 kW/m2. 

In the present application, the plate surface likewise consists of a porous velvet-like fiber structure.  Although the fibercore is rigid, it will be machined to precision flatness (<10 (m run-out over 1 cm length) for chip-mounting. Such configuration is conducive to attachment with a thermoplastic that has a melting point higher than the bake-out temperature (~100 (C).   ESLI anticipates that this configuration will produce interface conductance  h > 10 kW/m2-K,  for which the interfacial temperature drop under the chip will be (T = Q/h = (3 kW/m2)/(10 kW/m2-K) = 0.33 K.

5.4. Discrete Surface Fibers for In-Plane Strength 

For rigidity, discrete carbon fibers shall be integrated with the surface, oriented perpendicular to the tubing direction.  Discrete carbon fiber falls into the radial fibers on the tubing and joins to them during pyrocarbon deposition.  Assuming pitch based carbon fiber having strength 300 ksi and diameter of 10 (m, then only a couple monolayers are required to match the in-plane tensile strength of the carbon tubing (30 ksi) that is present with an equivalent thickness of  140-160 (m.  

It is anticipated that the compressive stiffness will be to some extent provided by such discrete fiber that is joined at numerous places to the fibers on the fintubing.  These fibers resist buckling to higher strength because they have small mean free fiber lengths.  Compressive buckling of the plates may be the dominant structural failure mode. 

5.5. Coolant Options 

The baseline design was performed assuming water as the coolant. For lower temperature operation other coolants are recommended. Important considerations in coolant selection are viscosity and coolant heat transfer effectiveness.  The Atlas Pixel Detector is investigating perfluorocarbon coolants

5.6. Manifolding 

The carbon U-tubing may be fabricated with sufficient length to reach up from the detector plates away from the beamline, where the option exists to manifold into simple pipes, one for the inlet and one for the outlet, that terminate in standard Swagelok fittings (Figure 2)

5.7. Hard Points 

For rigid mounting of the detector  plates, low-mass carbon spool fasteners can be integrated  into the sides of  the  tubular plate. 

5.8. Conductive Ground Plane

If a conductive ground plane is required for EMP shielding, then thin metallic foils may be integrated with the cooled-plate surface as an option. The high-k carbon fiber used in the design has electrical resistivity of approximately 2 ((-m, and the effective solid thickness is d = 2%x 2-mm = 40 (m, so that the sheet resistance is R = (e /d = 50 m(.  Metallization with aluminum can reduce this sheet resistance and concentrate the conductor near the surface. 

Conclusions 

5.9. Baseline Design Meets Requirements 

Table 4. Baseline Design Summary: Liquid-Cooled Tubular Carbon-Carbon Plate

The Baseline design summarized in Table 4 has been analyzed in preliminary fashion and is expected to meet the demanding thermal, radiation and stability requirements of the BTeV experiment.:

Table 5. Comparison of Baseline Design with Alternative Designs

Table 5 compares the Baseline Design with the leading alternative designs.  The "Cooled Carbon Sandwich" is a modified Atlas Detector Support that is a reliable back-up design, but it has lower performance and is likely more expensive to manufacture.  The beryllium alternative appears feasible to manufacture, but has higher radiation attenuation and a serious expansion mismatch. Cooled aluminum has unacceptably high attenuation and expansion mismatch.  The diamond option is thermally inadequate and the materials appear to be unobtainable. 


Pre- Prototype Development Recommendations 

It is recommended to develop and test a pre-prototype cooled carbon detector support.  Initial effort could focus on demonstrating the plate consisting of an array of U-tubing and rigidized carbon fibercore.  Integration of manifolds and fabrication of a matching pair may also be undertaken.

Develop Pre-Prototype Detector Support Plate 

· U-tubing with high-k carbon fiber fins

· Array of 26 U-tubes

· Integration of in-plane fiber reinforcements

· High-T CVD processing

· Machining of pedestals (if small detectors used) 

· Hard mounting points

· Manifolding (Option)

· Fabricate mating pair of plates (Option)

Perform Tests (ESLI, FNAL)

· Areal mass characterization

· Shape precision 

· Thermal distortion 

· Heat exchanger effectiveness 

· Chip (Silicon Heater) T-Distribution (selected sites)

· Supporting FEA 

· Chip Attach/Removal 

References

Thermal requirements include


Maintain uniform temperature throughout the detector to eliminate thermal distortion and to allow all detector elements to experience the same thermal aging effects. Acceptable could be a temperature variation across the detector of 1 K, but desired is a 10x smaller variation. 


Maintain low temperature (~-10(C) during detector operation to slow aging effects.


Mechanical requirements include


Maintain dimensional stability as detector temperature changes from the ambient to the operating conditions ((T ~ 30 K).  Acceptable could be distortions of 10 (m, but desired is a 10x small distortion.


Provide adequate stiffness and strength to permit repeated movement of the detcctors during beam pumping in the BTeV experiment. Acceptable could be distortions of 10 (m, but desired is a 10x small distortion.


Volume and Mass requirements include


Pixel plates are separated by 4-mm (assuming plates fully covered with detectors)


Maintain low areal mass such that the total detector radiation attenutation is low.  Acceptable is a total radiation attenuation of 1%, but desired is a value 10x smaller. 


Compatibility requirements include


Vacuum better than 10-8 Torr for a 3 day period


Bakable to at least 100°C


Tolerate radiation varying from 10 to 0.1 Mrads across the detector support.
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26 1-mm OD Carbon U-Tubes 


Low-Density Conductive Carbon Fibercore


Full-Coverage Plate Construction, using either large-area pixel detectors or small detectors overlapping with the aid of 0.5-mm Bosses


Thermoplastic Chip Attach


Tubular Manifolds with Swagelok Fittings (2 per plate)


Carbon Hard Points 
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