1.0 Introduction





The CMS pixel vertex detector consists of a barrel structure and two end-caps, with the end-caps as the US contribution. These arrays require precision mechanical structures that are accurate to 5-10 microns. The pixel detector mechanical structure must also provide cooling of the silicon detectors and onboard electronics that form the pixel detector array. The end-cap detector arrays are assembled into modules that must divide in half to be remotely inserted around the beam pipe. The units will be supported by the surrounding silicon strip detector system, although the pixel power and cooling will be supplied separately. The purpose of this study is to evaluate candidate structures and cooling schemes for the pixel end-caps, and to ascertain their suitability to satisfying a detector concept that assembles about the mid-plane. 





This report covers the initial cooling evaluation of one pixel disk wedge element that will be used in the CMS Pixel Detector end caps.  The outline of the phase I study is contained in Appendix A.





2.0 Discussion Of Results





The pixel detector disk is composed of an array of radial, wedge-shaped modules mounted onto inner and outer support rings.  The inner and outer rings may be offset so that the wedges approximate the surface of a cone instead of a flat disk.  Wedges may be planar or may form a "turbine blade" structure.  





For the initial study, we have investigated the wedge detector geometry supplied by Dr. Bruno Gobbi of Northwestern University.  The wedge module is composed of two substrate faces, separated by cooling tubes.  Individual pixel detectors are mounted onto the substrate material.  By judicious arrangement of the individual wafers, on front and back of the substrate material,  the CMS team has achieved a hermetic detector design.  A sketch of this is shown in the Figure 1 inset.   





The electronic heat load is concentrated at each pixel detector element. This heat load produces an equivalent heat flux of 0.6 W/cm2 that must be removed via the cooling tube.  The cooling tube is located at the perimeter of the wedge element.  The dissipated electronic heat is conducted primarily by substrate support material, and to some extent by the silicon material comprising the pixel elements.  The main objective of this first study phase was to determine the feasibility of this concept.   Feasibility is measured in terms of the practicality of removing the heat without paying an extreme penalty in support material, i.e., in terms of radiation length restrictions.  The thermal gradient in the substrate is a strong function of its thickness and thermal conductivity.   Considering prior studies we had reason to believe the best starting point for sizing the substrate would be a thickness of 0.5 mm.  





   �





Figure 1:  Isometric exploded view of the pixel wedge element. 





There are cooling issues associated with the coolant that must be considered in this feasibility study.  In the detector applications for both CMS and ATLAS the inner tracking detectors will be cooled to nominally -10 (C.  The coolant will be a water-based liquid with a freezing depressant, e.g., methanol.  The sub-cooled coolant can be either single -phase or binary, containing ice crystals.  A binary-ice coolant, with a methanol additive, has been chosen for the ATLAS baseline cooling system.  The same coolant, as a single phase mixture is considered as the back-up choice.  The single phase methanol(30%)/water mixture has been used extensively by Lawrence Berkeley National Laboratory (LBNL) and HYTEC in cooling their pixel detector structures.  For the purposes of this feasibility study, we will utilize the convective film coefficients derived from these tests, and other more recent tests conducted at Rutherford Appleton Laboratoryís  binary-ice facility.  The tests were conducted under laminar flow conditions, and at flow rates quite similar to those required for the CMS wedge array[1].   





Table 1 lists possible material options one may chose from for substrate and cooling channel candidates.
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Table 1: Material Options.





Material�
CTE�
Kt�
RL�
(�
E�
�
�
ppm/K�
W/m-K�
cm�
g/cm3�
GPa�
�
Beryllium�
11.3�
146�
35.3�
1.85�
318�
�
�
�
�
�
�
�
�
Beryllia- BeO�
8.7�
280�
14.4�
2.86�
350�
�
�
�
�
�
�
�
�
Aluminum Nitride-ALN�
3.26�
180�
8.38�
3.3�
330�
�
�
�
�
�
�
�
�
Silicon Carbide- SiC�
4.0�
130�
8.2�
1.86�
400�
�
�
�
�
�
�
�
�
CVD Diamond�
1.0�
1700�
12.56�
3.4�
1000�
�
�
�
�
�
�
�
�
Carbon-Carbon (2D)�
-1 (ab)�
200(ab)�
23.1�
1.85�
255�
�
�
6(c)�
32(c)�
�
�
�
�
�
�
�
�
�
�
�
Pyrolytic Graphite (TC1050)2�
-1 (ab)1�
1040(ab)�
19�
2.26�
�
�
�
25(c)�
25(c)�
�
�
�
�
�
�
�
�
�
�
�
Pyrolytic Graphite (TC700)2�
0.5(ab)�
700(ab)�
�
�
20�
�
�
6.5(c)�
3.5(c)�
�
�
�
�
�
�
�
�
�
�
�
Pyrolytic Graphite (TPG)2�
-1(ab)�
1700(ab)�
19�
2.26�
�
�
�
25(c)�
25(c)�
�
�
�
�
�
�
�
�
�
�
�
Pyrolytic Graphite (PG1300)3�
TBD�
1300(ab)�
19.1�
2.24�
TBD�
�
�
�
27(c)�
�
�
�
�
�
�
�
�
�
�
�
Silicon�
2.3�
150�
9.36�
2.33�
131�
�
ab axis in-plane, c axis perpendicular


Advanced Ceramics


BFGoodrich





The material properties chosen of interest for this study are, coefficient of expansion (CTE), thermal conductivity (Kt), radiation length (RL), density ((), and Youngís modulus (E).  As one can see the material options are numerous, but the more obvious choices are characterized by high thermal conductivity and radiation length.  This statement makes beryllium the natural choice, if it did not have such a high CTE, and health concerns.  Carbon-carbon is a good choice because its CTE is near zero, and not too different from that of silicon, and the material can be tailored to optimize material properties.  The pyrolytic graphite material is also an option, although the high Kt material is relatively soft and low strength.  BFGoodrich is conducting material property tests to quantify these characteristics.  This material is being considered for a heat spreader application in silicon detector modules.





As an initial step in the feasibility study we chose a range� in Kt, 180 to 1700, for calculating the substrate thermal gradients.  We also use a convective film coefficient of 3000 W/m2-K to be representative of the 3 mm diameter cooling channel shown in Gobbiís sketches. 





Two-Dimensional (2D) Solutions





A 2D finite element model was constructed of the pixel array at the top of the wedge.  In the this location the heat must travel nominally 20.4 mm from the wedge center to the cooling channel.  The following thickness description was used for the pixel wafer construction:





adhesive bondline 100 microns


pixel electronics 250 microns


pixel strip detector 250 microns


wedge substrate 500 microns





The adhesive thermal conductivity used in the study is 3.6  W/m-K.  This value is representative of thermally enhanced adhesive materials supplied by AI Technology.    





Figure 2 is a thermal plot from the 2D solution.  The model used a plane of symmetry passing through the center of the wedge, as indicated.  With an incoming coolant temperature of -15 (C the peak temperature at mid-span is +2.87 (C. Thus, the total temperature gradient is 17.87 (C. We see the temperature gradient from the mid-plane to the module edge is nominally 8 (C, depending which isotherm is used as the surface of the substrate on the cooling channel.  This value is much higher than we would consider to be good design practice.





An estimate was made of this contribution alone via analytic means.  This result is contained in Appendix B.  Fairly close agreement is obtained between the two, removing any significant doubt on the model exactness.





The next major thermal resistance is in the fluid film.  Here we see the temperature drop is roughly 7.4 (C.  Heat collected from pixel wafers is concentrated into the smaller surface area defined by the perimeter of the tube.  In the actual case, the heat spreads somewhat, and we can expect this portion of the gradient to diminish.   However, coolant film gradients of 6 (C have been experimentally measured in a similar design application, so this effect is not unexpected. 
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Figure 2:  2D Thermal Solution of Sector Element for CMS Pixel Detector Electronics Heat Flux = 0.6 W/cm2; Cooling Convection Coefficient = 4,000 W/m2-K, Substrate Kt = 180  W/m-K.





We used a reasonably high film coefficient(4000), typical of entrance conditions for the channel.  In spite of this high value the film temperature drop  is appreciable.  In the 3D simulations we will vary this coefficient around the perimeter of the channel.  It is expected that the heat flux at the channel interior surface will not be quite so high, because of the substrate heat spreading effect.





One should notice that the temperature drop through the adhesive bondlines is not a major contributor.  This interface resistance will not be included in the 3D model because of the impact on finite element  mesh size.  The number of elements will grow substantially without including this effect.  





Figure 3 depicts the same solution set except the substrate thermal conductivity is 1700 W/m-K.  This solution gave a peak temperature of �-4.22 (C, much lower as one would expect.  The temperature gradient across the face is much more uniform, which is desirable.





Obtaining CVD diamond in 0.5 mm thickness would be a problem within the present manufacturing capability.  However, this solution is quite close to what can be achieved with the thermally enhanced pyrolytic graphite materials.  These materials can be obtained with a thermal conductivity of 1300 W/m-K. 
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Figure 3:	2D Thermal Solution of Sector Element for CMS Pixel Detector Electronics Heat Flux = 0.6 W/cm2; Cooling Convection Coefficient = 4,000 W/m2-K, Substrate Kt = 1700 W/m-K.





Figure 4 illustrates a complete 2D model where we have illustrated the effect of a variable film coefficient. The 4000 and 2000 W/m2-K coefficients correspond to the incoming and out-going heat transfer conditions. Again, we draw upon experience obtained in reference 1 in prescribing these fluid film boundary conditions. One will notice the peak temperature is now -1.13 (C.
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Figure 4:	2D Thermal Solution of Sector Element for CMS Pixel Detector Electronics Heat Flux = 0.6 W/cm2;  Variable Cooling Convection Coefficient, Substrate Kt = 1700 W/m-K.





In Figure 5 and Table 2, we summarize temperature gradients at key points of interest for the foregoing solutions.  The designation ìn/aî refers to the lack of information at this particular location for the model based on symmetry (1/2 model). 
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Figure 5:  Locations of Points of Interest.








Table 2: Temperature Gradient Summary.





�
Comments�
Temperature Difference (oC)�
�
figure�
Substrate�
1-2�
2-3�
4-5�
5-6�
�
1�
ALN �
9.69�
.09�
n/a�
n/a�
�
2�
CVD Diamond �
2.58�
.09�
n/a�
n/a�
�
3�
CVD Diamond


Full Model�
3.52�
.12�
1.64�
.01�
�
 





Three Dimensional(3D) Solutions





For the first 3D solution we revert back to the substrate thermal conductivity typical of aluminum nitride and carbon-carbon.  A constant convective film coefficient is used through the circular channel geometry.  This provides a reasonable basis for initial investigation.  Figures 6-9 depict the pixel wafer surface temperatures for the four individual faces.
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Figure 6:  Pixel Wafer Thermal Plot Extracted From 3D solution, Front Surface - Electronics Heat Flux 0.6 W/cm2, ALN Substrate Kt=180 W/m-K, Cooling Convective Film Coefficient 3000W/m2-K.
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Figure 7:  Pixel Wafer Thermal Plot Extracted From 3D solution, Second Surface, Electronics Heat Flux 0.6 W/cm2, ALN Substrate Kt=180 W/m-K, Cooling Convective Film Coefficient 3000W/m2-K.
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Figure 8:  Pixel Wafer Thermal Plot Extracted From 3D solution, Back Layer Inside Surface, Electronics Heat Flux 0.6 W/cm2, ALN Substrate Kt=180 W/m-K, Cooling Convective Film Coefficient 3000W/m2-K.
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Figure 9:  Pixel Wafer Thermal Plot Extracted From 3D solution, Back Layer Outside Surface, Electronics Heat Flux 0.6 W/cm2, ALN Substrate Kt=180 W/m-K, Cooling Convective Film Coefficient 3000W/m2-K.





The pixel surface temperatures have diminished appreciably, to -4.99 (C, whereas before we had a positive 2.87 (C.  This condition was anticipated, and the underlying reasons were discussed in the preceding section.  The substrate indeed acts as a heat spreader, spreading the heat more uniformly to the cooling.  By splitting the mounting of the pixels into four surfaces each substrate in the CMS pixel design carries less heat away, per wedge surface.  This condition lowers the temperature gradient in the substrate.   Also, the heat load per unit length of the cooling channel is lower by the virtue of this arrangement.  We see the lowest temperature in the legend is a -12.7 (C.  This value corresponds to the inside temperature of the channel.  Hence, the cooling film temperature drop is 2.3 (C, as opposed to the 7.4 (C for the 2D solution with even a higher film coefficient.





Figure 10 and 11 illustrate the full solution.  The two figures are arranged to show the temperature profiles throughout the substrate and the cooling channels.  One can clearly see the concentrated heat zone at the upper portion of the detector.  This area is the region evaluated with the 2D model  The gradient in this region is ~5.3 (C, whereas in the 2D model we had 7.4 (C.  The first approximation for the front surface was quite reasonable.  
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Figure 10:  Pixel Detector Thermal Plot, Front Layer Surface, Electronics Heat Flux 0.6 W/cm2, ALN Substrate Kt=180 W/m-K, Cooling Convective Film Coefficient 3000W/m2-K.
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Figure 11:  Pixel Detector Thermal Plot, Back Layer Surface, Electronics Heat Flux 0.6 W/cm2, ALN Substrate Kt=180 W/m-K, Cooling Convective Film Coefficient 3000W/m2-K.


When we vary the coolant film around the perimeter of the cooling channel we get a slight asymmetry in the temperature distribution.  Where the coolant enters the heat transport is quite high, and as the fluid flows down the channel to the bottom of the wedge the convective film diminishes somewhat.  We vary the value linearly from 4000 to 2000 W/m2-K to the bottom of the wedge.  After negotiating the bend one can expect an improvement in heat transport from fluid mixing.  Here we use a constant 2800 W/m2-K .  After the next bend, we diminish the coefficient from 2800 to 2000 W/m2-K  at the flow exit (upper left quadrant).  Ultimately, we will make a refined calculation of the flow passage fluid parameters.  However, for now we will use values extracted from our past experience, reference 1.





 


� EMBED Word.Picture.6  ��� Figure 12:  Pixel Detector Thermal Plot, Electronics Heat Flux 0.6 W/cm2, ALN Substrate Kt=180 W/m-K, Variable Cooling Convective Film Coefficient 4000 to 2000 W/m2-K.








In spite of the slight asymmetry, using a higher film coefficient over much of the channel right hand side has resulted in an overall lower peak temperature.  There also is a slight reduction in thermal gradient in the fluid film.   The spatial temperature variation across the pixels is higher than what we would like, surface temperatures vary from -7.24 to -11.5  (C.  The lowest temperature is reached at the lower pixel wafers.  We can even out this gradient by utilizing a higher substrate thermal conductivity, e.g., CVD Diamond or pyrolytic graphite.  It is also possible to achieve a near uniform temperature with a thinner substrate, e.g., 0.3 mm.  The next solution depicted in Figure 13 shows what can be achieved in this regard.
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Figure 13:  Pixel Detector Thermal Plot, Electronics Heat Flux 0.6 W/cm2, 0.3 mm Thick CVD  Diamond Substrate Kt=1700 W/m-K, Variable Cooling Convective Film Coefficient 4000 to 2000 W/m2-K.








CVD Diamond is costly for substrate/heat spreader applications.   It may be quite difficult to achieve a substrate size required for this application in the near term, at least until the existent manufacturing capabilities improve.  The results can be essentially realized with the PG1300 material produced by BFGoodrich.  This material has been tested as a heat spreader application for the ATLAS silicon module[2]. 





Radiation Length Considerations





The following Table is used to compare the per cent of a radiation length represented by the potential substrate candidate.  These values do not include the mass of the cooling channel.  A more refined analysis of the material budget in the future would include this element as well.  For the purpose of this study we have assumed the cooling channel would be fabricated from carbon-carbon, not say for example beryllium.  The carbon-carbon offers a better material match(CTE) in for a sandwich construction such as reflected in the CMS design.





Material�
Total Thickness-mm�
% Radiation Length�
�
�
�
�
�
ALN�
1.0�
1.2�
�
�
�
�
�
Beryllia�
1.0�
0.69�
�
�
�
�
�
Carbon-Carbon�
1.0�
0.43�
�
�
�
�
�
CVD Diamond�
0.6�
0.265�
�
�
�
�
�
PG1300�
0.6�
0.31�
�
�
�
�
�
Pixel Wafers�
0.5�
0.534�
�



The best match to the silicon, ALN, in terms of CTE unfortunately has the highest radiation length.  Beryllia has a slightly lower radiation penalty, but it also has a rather high CTE.  Both materials are ceramics and their use poses no potential electrical problems with regard to surface mounting of pixel wafers.  The carbon-carbon and the PG1300 are being evaluated by ATLAS for surface mount applications, both pixels and silicon strip detectors.  Both are electrically conductive, and their use will require proper grounding.  To utilize the soft PG1300 material one might consider  a sandwich construction, using carbon-carbon as the structural member.   The materials properties are anisotropic and this must be considered in more refined analysis of the thermal and mechanical design aspects.





3.0 Summary  





It appears feasible to cool the CMS pixel wedge design and achieve reasonable uniformity in temperatures throughout wedge.  The spatial temperatures tend to be high, but it would appear they can be mitigated by using high thermal conductivity materials.  We have not predicted the thermal strains for the wedge with surface mounted pixels.  There is the issue of dissimilar materials, with different CTEís causing appreciable thermal strains.  The largest thermal strain is anticipated to be a result of cooling the detector wedge from room temperature to -15 (C.   If the large spatial temperature variations within the wedge assembly are not mitigated strains from this effect may prove to be significant.














4.0 Near Term Analysis Plans





The next major step will be to investigate thermal strains for selected material combinations.  We will consider as one option a substrate sandwich construction  to achieve high thermal conductivity.  The FEA will include material anisotropy.  





We have looked into the preliminary sizing of the cooling tube.  The 3 mm diameter is adequate.  We have determined that about 3 wedges can be manifolded together.  This analysis will be expanded to include a calculation of the convective film coefficient through the channel passage.  The thermal analysis will be updated to include the revised coefficients, if necessary.
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� For convenience in designating Kt in the figure insets, we associate ALN and Diamond with values 0f 180 and 1700 W/m-K respectively.  This does not infer a particular recommendation.
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