4.4 Mechanical Structure and Cooling

A conceptual design of the silicon vertex detector was commissioned by the LANL group to HYTEC, Inc. HYTEC is the mechanical designers for the ATLAS silicon group and has 15 years of design experience with silicon vertex detectors. For PHENIX they have also designed the station 1 muon detectors and the station 2 spider and also did the finite element analysis of the station 3 octants. The VTX mechanical conceptual design was finished and the report is summarized in this section. 

[http://p25ext.lanl.gov/~hubert/phenix/silicon/HTN-111003-0001.pdf]. 

The next steps following this conceptual design are to fully specify the requirements for the VTX mechanical support and cooling. These requirements will incorporate the integration needed for all the upgrade PHENIX detectors in the inner region, including the VTX barrel described in this proposal, the endcap described in Appendix A, and the HBD/TPC to proposed later. Hence there are two major mechanical engineering tasks contained in this proposal: 1) the internal support and cooling of the VTX detector (described in this section) and 2) the integration of the VTX detector into the inner region of PHENIX (described in the next section).

For the internal support and cooling of the VTX detector, the major results of the conceptual design are:

· The use of sandwich composites will satisfy the radiation length requirements and provide the required stiffness.

· The outer frame structure should be a single diameter encompassing both the barrel and endcaps.

· The modular clamshell design can satisfy the stability requirements provided the connection issues are studied further.

· An octagon arrangement is suggested to facilitate utility routing and fabrication.

· Structural end disks at either end of the structure are recommended to prevent deformation

· The ladders should have a simple support at one end and floating support at the other end to minimize thermal strains

The R&D issues identified are:

· Building prototypes of ladder assemblies to verify calculations.

· Building full-scale prototype to test static and dynamic stiffness.

· Develop connections of modules.

· Develop support design.

· Refine calculations and develop full concept for 0 deg operation if necessary.

4.4.1 Design Criteria

The goal of the study is to establish a feasible design and to identify outstanding design issues. The study is based on a preliminary list of design requirements and a strawman layout of the detector structure. To adequately address all structural and mounting issues a fully integrated design, which includes the barrel detectors and endcaps, is needed. This design needs to address all integration issues not only for the barrel and the endcap vertex trackers, but also with other potential PHENIX upgrades. 

The design requirements were,

· Modular Design

· Endcaps detectors can be mounted independently at a later time

· Support structure separated vertically into two half shells

· Detector Coverage

· Hermetic design

· Four barrel layers

· Four endcap layers layers in each forward section

· Fiducial volume < 20 cm radius, z < 40cm

· Radiation length goal < 1% per layer 

· Room temperature operation desirable, 0 deg celsius if needed

· Dimensional stability < 25 microns 


In the conceptual study the ALICE1LHCb pixel hybrids for the inner layer and silicon strip detectors with SVX4 readout for the three outer layers provide the basis for cooling and radiation length analysis of the barrel detector. At the time, for the endcaps a modified ALICE type chip that has 1/5 to 1/10 of the number of pixels was assumed
. These choices resulted in a estimated heat load of typically 0.7 W/cm2 for the barrel and 0.1 W/cm2 for the endcaps. 

4.4.2 Structural Support

The selection of materials for the support structure is based upon the above criteria where the most important material properties are high radiation length, low density, high stiffness, and availability. Out of three candidates (i) beryllium, (ii) graphite fiber reinforced plastic (GFRP), and (iii) Carbon-Carbon, the GFRP was chosen for the study because of its wide availability, works well in sandwich composites, and has good radiation length and strength properties.  

4.4.2.1 Structural Analysis

The structural analysis includes two studies, a first study using finite element analysis models and the resulting modal frequencies to look at dynamic stiffness of tracker concepts and a second study to look at the static stiffness with mass loaded structures. The lower modal frequency limit is set at 70 Hz on a fully loaded structure so that the natural frequencies due to environmental conditions such as pumps, traffic, etc. do not couple into the structure and cause instabilities greater than 25 microns. 

Various support structures shown in Figure 0‑1 were studied. The center most structure has the highest frequency limit.  
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Figure 0‑1 Design concepts studied for the vertex detector support structures.  The center most  concept with the constant outer diameter shell had the highest fundamental frequency.
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Figure 0‑2 First mode shape that dominated the dynamic structural stiffness analysis

The dumbbell shaped structure has the lowest mode frequencies below 53 Hz while the concept with the uniform shell with constant outside diameter has the lowest fundamental mode at 132 Hz, well above 70 Hz.  In Figure 0‑2 the associated first mode shape of the concept that has the highest fundamental frequency is shown

The static analysis under gravitational load is shown in Figure 0‑3 for the concept with the uniform shell.  A 1.0g load is applied vertically to the fully loaded structure. The maximum displacement is 14.5 microns and the maximum stress is 130psi.  These satisfy the design criteria so the uniform shell with constant diameter has been chosen as the concept to be pursued.
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Figure 0‑3  Displacement and principle stress from a 1.0g gravity load on a full mass loaded structure

4.4.3 Detector Ladders and Cooling 

The mechanical design draws on a ladder concept for supporting both the inner layer of pixel and the outer strip detector layers. The pixel detectors and strip detector array are arranged in a longitudinal fashion, and at a slight cant angle, which provides a small amount of overlap for hermeticity. The pixel and silicon strip detector both contain on-board electronics, thus necessitating cooling along the Z-axis of the detectors, thus the ladders simultaneously must provide mechanical support and cooling. 

The barrel region is about 30cm in length and thus the ladders need supported only at their ends. Open ring like structures at the two ends of the ladders, Figure 0‑4, provide attachment points for the ladders and serve to combine the staves into two halves of a clamshell. Figure 0‑4 also illustrates the cross section of a ladder structure, it is composed of a thermal plane (Carbon-Carbon) onto which the pixel modules or strip detectors are mounted. The thermal plane collects the distributed electronic heat, as well as providing a conductive path to the cooling tube. All elements are bonded with thermally conductive, rigid setting adhesives. The omega shaped piece holding the cooling tube on to the C-C thermal plane provides significant stiffness to the ladder.
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Figure 0‑4 3D model of the barrel region on the left and the ladder structure on the right showing a cooling tube mounted on a C-C thermal plane and the sensor and electronics on the underside.

4.4.3.1 Cooling Analysis

The total heat load that must be removed from the vertex detector is approximately 2.2 kW, which is dominated by power dissipation in the barrel detectors. There are generally two choices for the coolant system, single-phase and two-phase.  In a single-phase system the coolant is circulated through pipes in a closed system.  In a two-phase system the coolant arrives as a liquid and then evaporates into the detector volume where it is collected and removed. The two-phase system has the advantage that it is a more efficient coolant and a lower total mass is required. However, the two-phase system is more difficult to implement because of issues concerning more sophisticated temperature and pressure control. The single-phase system is simpler in implementation and design and therefore chosen to be the baseline design.

An important issue in the design of the mechanical structure is the operating temperature.  In the initial design requirements we stressed the importance of room temperature operation and the design presented here is based on this assumption. However, the design engineers have developed the concepts that will allow operation at 0 deg by using suitable coolants that can operate at these lower temperatures. A more detailed study of the enclosure and thermal stresses would need to be done to confirm the concepts at reduced operating temperature. After this study was concluded it was noted that the outer 3 layers of the barrel might perform better at 0 deg because of the mismatch between the SVX4 chip which is an AC coupled device and the hybrid sensor which is a DC coupled device. The concern centered on leakage currents from the sensor that could saturate the SVX4 chip. The other option is to reset the chip regularly during the empty beam-crossing at RHIC. 

The selection of coolants was based on previous experience in the design of the ATLAS detector and the choice was to use one of several perfluocarbon candidates, commonly called fluorinerts.  These fluids can be used in either a single or a two-phase system and are environmentally acceptable. Based on a number of considerations the fluorinert C5F12 was chosen as the baseline.

In comparison to the ATLAS detector the heat load is very modest and a single-phase system can be used. Since the barrel is only 30 cm long the design assumes that the ladders need only be supported at the ends and the cooling structure can serve as the means of joining the two half ladders of the pixel layers. 

The concerns with this approach center on,

· Out of plane distortions from thermal strains due to different CTE’s

· Gravity sag

· Mass of the structure exceeding radiation length guidelines

A series of calculations were done on the thermal aspects of this concept by using the outer barrel ladders since the greatest total heat load, 27 W, exists there. Using a temperature rise of 2 deg C as the maximum allowed temperature rise in the ladder the results indicate a good solution exists with an Al tube diameter of 3mm and a wall thickness of  0.2 mm.  

The result for the out-of-plane distortions for room temperature operation is quite acceptable, 0.18 microns. For the possible design requirement of 0 deg operation the out-of-plane distortions increase because of the difference in CTE’s of the C-C and silicon but is still acceptable at 3.5 micron. Bowing along the length of the ladder due to thermal strain because of the temperature gradient at room temperature is an acceptable 6.8 microns. However, if the detector is cooled than the bowing increases to over 80 microns. This is more than desirable so addition R&D is necessary.  
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Figure 0‑5  Left panel shows the out of plane distortions and the right panel shows the bowing  for the 0 deg solution. 

Figure 0‑5 illustrates the 0 deg solution. While the temperature drop for the coolant is still the same as at room temperature the reference temperature is always 25 deg since that is the temperature of assembly.  The increased bowing is due to reducing the operating temperature to 0 deg. 

For the gravity sag the general bowing of the ladder is acceptable at 18-20 microns.

4.4.4 Radiation Length

The radiation length budget for the ladder describe above exclusive of the sensor and electronics consists of:

· Composite thermal backplane

· The cooling tube and tube support

· The omega piece

· The coolant

The combined radiation length is 0.7% with the single largest contributor being the tube support (0.28%).  The liquid coolant contributes 0.074%, cooling tube ~0.1%, and the omega piece and C-C facings ~ 0.2%.   

� After the completion of this study a more promising technology for the endcaps has been identified (see appendix A), but the heat load is expected to be similar.  





