


7.3.3 System Supports: Barrels, Disks, and Pixel System





The pixel detector support system is designed to support the outer and inner barrel layers, B-layer, and the two forward regions, which contain five pixel disks each.  Fundamental design requisites for the system supports, composed of shell and tubular frame like structures, are to be ultra-lightweight, highly stable, and fabricated from low-Z materials.  The assembly interfaces will incorporate alignment pins for precision assembly and to facilitate re-assembly to the same exacting tolerance.  We do not distinguish between a tolerance for initial assembly and one for re-assembly, although the latter may be conducted in a sub-cooled state. Preliminary requirements for the various detector states during a life cycle e.g., assembly, cooled down, etc., are briefly [1]:





Table 7.3-1 Preliminary Design Criteria for Pixel Detector Support States


 


Tolerance Requirement�
Module Coordinate-mm’s�
�
�
R�
j�
Z�
�
Assembly�
�
�
Barrel assembly�
10�
5�
10�
�
Barrel to Frame�
10�
10�
25�
�
Disk to Frame�
10�
5�
10�
�
Disk to Barrel�
10�
5�
50�
�
Frame to SCT�
50�
50�
100�
�
Cool-down�
�
�
Barrel�
50�
25�
50�
�
Disk�
50�
25�
80�
�
Stability�
�
�
Barrel�
10�
5�
10�
�
Disk�
10�
5�
20�
�
Frame to SCT�
10�
5�
10�
�



As the pixel detector support system design progresses, tolerances assigned to each category will undergo continuing evaluation to ensure a well-balanced tolerance assignment. Tolerances assigned to construction, and in effect assembly, will drive the design solutions in such areas as mounting interfaces, pinning, etc.  These areas are in a formative stage now, but our design experience with similar mounting problems convinces us that the stipulated values are attainable.  The next sections describe the design approach for the individual structural supports, preliminary assembly sequences, and analysis conducted to validate the support design approach.   


7.3.3.1 Outer Support Frame





Structural support for the pixel detector is composed of a three-piece outer frame, two inner conical end plates, and four attachment members for connecting to the SCT.  Fig. 7.3-1 illustrates the basic support system.  A tubular frame concept is used to support the pixel disks, and a flat panel frame structure supports the barrel region.  An open frame structure was chosen in the disk region to provide ease of access and routing of services.  No services penetrate the outer shell in the central region, as all services for the barrel layers start at z=40 cm.  The barrel services are routed first radially to R=24.5 cm and then axially to Z=77 cm where they exit radially from the pixel detector.  Present plans are to route the services for the barrel layers on the outside of the space-frame structure for the disks.  Services for the disks are routed inside the tubular frame structure.  This option permits the two forward regions and the central region to be treated as sub-assemblies.  These unitized sub-assemblies are assembled, and aligned separately. Pins that control the R-j position to the tolerance contained in Table 7.3-1 provide alignment between individual sub-assemblies. 
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Figure 7.3-1.  3D view of the Pixel Detector System Supports, with clear view of Pixel Disks.   





Outer Frame FEA


Evaluations to date have focused on ascertaining the practical weight limit for an ultra-lightweight outer frame that fulfills static and dynamic stiffness considerations.  Our goal for dynamic stiffness is to achieve a fundamental mode above 100 Hz.  From a static stiffness consideration the frame sag must be held to a minimum, consistent with material mass limitations.  Some of the gravitational sag will be removed during final alignment and positioning of the detector assembly.  





A complete model of the system support structure has been made, albeit one generation slightly removed from the concept illustrated in Figure 7.3-1.  The frame concept (Fig. 7.3-1) is presently being modified through redistributing mass, with the objective of preserving weight and stiffness.   The total mass associated with all elements required for the mechanical supports is 6.4 kg, of which 4.4 kg reside in the frames, shells, and end cone structures.  Some of the support components, e.g., brackets connecting the pixel system to the SCT, contribute mass but not to the global frame stiffness.  As reflected in the FEA mass assemblage, the frame structure is less than 11.5 % of the total pixel detector mass (38.1 kg).  It may be difficult to reduce the mass associated with support structures much below this value. 





The FE model represents basic elements of the support system, i.e., tubular space frame at the two ends with a shell center-section, and conical end supports for the barrel.  The model also included the composite cylinders (clamshell) for the two outer barrel layers, and a distributed mass for the B-layer.  Mass for the staves is included at 75 g/stave assembly.  A FE solution for gravitational condition is depicted in Fig. 7.3-2.   The nominal gravity sag of the frame is 9.6 mm’s at mid span (outer support shell).  The clamshell used to support the outer pixel layer sagged 10 mm’s.  The maximum deflection for the barrel staves is 33 mm’s.  This occurs for the single stave with its module surface nearly horizontal (9().  This orientation corresponds to the lowest stave moment of inertia.  This sag is a combination of stave and support system deflections.  Staves with their module surface nearly perpendicular to the gravity vector experience negligible sag.  All staves are supported at three equally spaced points along their longitundinal axis.  The clamshell support provides the option for five points of support, if one chooses.  
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Figure 7.3-2 Cutaway of gravity solution for Pixel Detector Support System. 





Figure 7.3-3 illustrates the fundamental mode for the system supports.  The natural frequency of 96 Hz corresponds to a ring mode in the tubular frame, as well as to a sway mode of the staves.  
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Figure 7.3-3 Fundamental mode for Pixel Detector Support System, 96.13 Hz. 





The present design of the pixel detector support system incorporates two changes that should prove beneficial to stiffness.  First, the end supports (tubes and rings) with one additional transverse member is expected to reduce gravity sag of the center-section and raise the system natural frequency.  To accommodate an additional frame member, the tube wall thickness has been reduced to 0.3 mm from 0.6 mm, and diagonal tubes have been reduced from 15 mm to 10 mm diameter. Secondly, we have changed the central region shell construction to a simple, lightweight flat panel geometry. The panels have reinforced sections where the end frame support connects, six places.  This places the material more optimally.  With reference to Figure 7.3-1, the radiation length of each end space frame is 0.36%, while the central flat panel array is 0.2%. 





All frame members will be constructed from the same composite material. Our present choice is XN50 (or P75)/cyanate ester pre-preg material.  It is available in 50 mm thickness, and 25 mm at an increased expense, if desired.  Quasi-isotropic panels and shells of 300 mm thick can be readily produced.  The composite is essentially hydrophobic, consequently, the small amount of moisture pick-up will not cause a detector stability problem [1]. 





The CTE of this composite is –0.25 ppm/K.  The thermal conductivity of the laminate is not particularly high.  The in-plane thermal conductivity is on the order of 56 W/m-K, and its transverse thermal conductivity is very low, ~1.2 W/m-K.  The material thermal conductivity is not important, as no heat transport occurs in the frame members.


7.3.3.2 Barrel Conical End Support





The conical end support connects to the end ring on barrel support clamshells for the outermost (R=133.7 mm) and the inner barrel layer (R=102.3 mm).  The B-layer (R=43 mm) attaches to the end cone supports at three points with radial brackets that emanate from the B-layer flange.  These features are shown in Figure 7.3-4.  The shell that supports the B-layer staves does not clamshell like the two outer layers.  Consequently, the B-layer support shell must obtain its rigidity from an increased number of internal reinforcing rings, and from heavier end flanges.  





Figure 7.3-4.  3D view of Pixel Barrel region with end cone supports





7.3.3.3 Stave Support Shells





Ring stiffen composite support shells provide primary support for the barrel staves.  The shells are constructed as two half-shells, then joined mechanically at their meridian during final assembly, Fig. 7.3-5.  Assembly of the barrel staves to the shell structure is performed separately for each half-shell.  This procedure provides a high degree of access during stave mounting, with the operation performed in an alignment fixture. We chose to designate this assembly as a clamshell. Each clamshell is reinforced with rings of a sandwich construction with a graphite fiber, composite honeycomb core.  The sandwich stiffening rings are connected together at final assembly to achieve a continuous ring structure.  FEA analyses, Fig. 7.3-6 summary results, have clearly established the benefit of joining these shell halves together. The peak displacement between the location of the ring supports is 4.8 mm’s for the clamshell mode.  The gravity sag for a shell without the rings fastened together would be in the excess of 50 mm’s, for a shell radius of 151.7 mm.
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Figure 7.3-5.  Cut-away of pixel barrel region to illustrates support shells for the three pixel layers; first two rows of pixel modules depicted. 





The composite shell and end cones used in this FE model (Fig. 7.3-6) were 0.6 mm XN50/cyanate ester quasi-isotropic laminates.  The mass of the pixel inner layer and B-layer is included.  Beam elements were used to represent stave stiffness and mass distribution.  The maximum stave deflection was 27 mm’s.  This corresponds to the one stave that is at 9( to the horizontal.  For the entire pixel system support FEA this deflection corresponded to 33 mm’s.  The slight increase is due to the sag introduced by adding the outer frame. 





The fasteners for interconnecting the rings are machined from composite material, e.g., carbon-carbon to minimize the radiation length penalty.  The stave support shell and ring facings are 300 mm thick XN50/cyanate ester, quasi-isotropic laminates.  





Space is provided in the support ring honeycomb core for the barrel stave supports.  The stave supports are located in the two end rings and the middle ring.  The ring core is 10 mm deep to accommodate the barrel stave mounts.  
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Figure 7.3-6.  FEA results for gravity sag of the Pixel Layer, R=132 mm, with a clamshell support arrangement, including outer shell and end cones.  Peak displacement at split between ring supports is 6.9 mm’s.  Stave sag between supports is 27 mm’s.





Assembly of the central barrel region commences by placing one end cone in a fixture with its axis (Z) vertical.  Layer 1 and 2 clamshell assemblies are individually lowered onto the end cone and mechanically fastened at their end rings.  The end cone and end ring on the shell have index pins and receivers to provide alignment in R and (.  Next, the outer flat panel structure is placed and fastened to the end cone.  The end cone at the opposite end is mechanically fastened to the three concentric structures. Alignment pins also center and circumferentially position this end cone.  The barrel region is now a unitized structure, onto which the two forward region frame structures can be attached.   


7.3.3.4 Disk supports 





Fig. 7.3-7 illustrates a pixel detector disk assembly that is composed of 12 sectors.  Each module is mounted "chips-down" with the electronics facing the carbon-carbon facing.  A circular region between radii 210 mm and 230 mm is assigned for routing cables and coolant lines for the pixel disk and pixel disk support. The coolant lines emanate radially from the sector at R=210 mm, and they must be turned 90( within the confines of this annular region. Details are being developed now.  





The plan is simply to cantilever the sector from the ring via three support points located in the narrow band between 180 mm and 210 mm.  We have conducted ESPI tests to simulate this condition and we are in process of finalizing this aspect of the design. Our approach is to use alignment pins, constructed from either carbon-carbon or Beryllium, embedded in the carbon-carbon thermostructure, to position and restrain the sector.  The pins register in three precisely located receivers, which are bonded into the ring honeycomb core. The pinning operation is planned to rigidly fix the sector to the ring.  This concept is discussed further in the context of an alternative approach.  Fig. 7.3-7 depicts the sectors mounted onto a composite ring with an enlarged view illustrating the pin-mounting concept.   





The ring facings are 300 micron thick quasi-isotropic laminates manufactured from carbon-carbon material.  The facings are first carbonized to achieve a carbon-carbon material and densified through a CVD process. A graphite fiber honeycomb core from Hexcel has been chosen for the sandwich, and reasons for this core material are discussed. We chose to fabricate the ring using a carbon-carbon material to match the CTE of the pixel disk sector. The difference in thermal expansion between the all carbon thermostructure (sector) and a composite with a cyanate ester resin matrix can be of the order of 0.75 ppm/(C.  If we were to directly attach the pixel sectors to a ring with this mismatch the thermal strain would be observable.  At this stage, we chose to retain the option of being able to mount each sector rigidly to the ring, albeit with precision alignment pins.  Carefully matching the CTE’s between the two components provides this option.  We illustrate what occurs if there is a slight mismatch by analysis. 
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Figure 7.3-7. Pixel disk assembly composed of 12 sectors mounted on a composite sandwich ring with a 210 mm outer and 180 mm inner radius.  Honeycomb core thickness 10 mm.  Enlarged view of sector mounting pins.





7.3. 3.4.1 Support Ring FEA Analysis


Dynamic stiffness


The results of the FEA of ring and 12-sector disk assembly are shown in Fig. 7.3-8.  We characterized the fundamental mode of the ring and disk as a function of honeycomb core thickness.  Sandwich facing thickness was held invariant at 300 (m's, a reasonable practical construction limit. The initial ring proportions chosen for the sector support were outer radius, Ro=210 mm, inner radius Ri=180 mm, and sandwich core thickness tc=10mm.  At a thickness of 10 mm the honeycomb core is equivalent to nominally one facing thickness (0.15% rad. len.), thus, varying core thickness was considered as a practical means of reducing mass with the least impact on structural performance.   The description of the carbon-carbon thermostructure is described in another section.  Key physical parameters used in the FEA are 0.5 mm carbon-carbon facings with a sandwich core thickness of 5.1 mm.
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Figure 7.3-8.  Fundamental modes for support ring (only) and pixel disk assembly as function of ring sandwich core thickness for a three-point support of the ring.  Mode shape depicted for 10 mm ring core thickness, graphite fiber honeycomb HFT-G (Hexcel).





It is observed that for both the ring only, and the ring/sector assembly that the fundamental mode decreases monotonically with core thickness.  This is to be expected since sandwich stiffness nominally increases with the square of the core thickness, and frequency increases proportionally with the square root of stiffness.  





The sensitivity of the fundamental mode of the full assembly to varying core thickness is less than for the ring only.  It is apparent that the sector composite sandwich stiffness comes into play as the ring stiffness diminishes.  The sectors are fixed to the ring at three points; hence, they contribute stiffness as well as mass to the system.  Still the fall-off in fundamental mode with core thickness is significant.  An adequate design margin over the specified 100 Hz does not exist at 5 mm thickness. 





For the baseline concept we chose to use 10 mm core thickness.  The weight for the ring and 12 sectors for this design point are 62 and 707 g's respectively.  








Static Stiffness


Positional tolerances for the disk loads are listed in Table 7.3-1.  First, the disk, i.e., composed of individual sectors, must be assembled onto the ring structure, then aligned in place within the pixel outer frame support.  Verification of the pixel module element’s final position must be resolved to the tolerances indicated using an in situ alignment system and tracking information.  The design criterion for static stiffness is to insure gravitational loads and thermal strains do not encroach on these tolerances.  Equally important is to demonstrate insensitivity to temperature variations, thereby achieving both short and long term thermal stability. 





Fig. 7.3-9 contains the FEA results for both gravitational and thermal effects.  The ring is supported at three equally spaced points as shown in the left inset.  The upper restraint provides rotational rigidity only, hence for the 1G vertical load the ring sags most at this point.  The absolute deflection is nominally 2.8 mm’s, well within our design criterion.  The sag is insensitive to core thickness since the sandwich facings are responsible for limiting the sag.  As core thickness decreases the sag diminishes very slightly, delta of 0.04 mm’s at 5 mm core thickness. The mass of the ring decreases slightly with a decrease in core thickness.  





If the ring facings were fabricated from quasi-isotropic XN50/ cyanate ester laminate with the sectors rigidly attached, the ring would bow noticeably from the 40 (C temperature change.  The temperature change occurs from cooling the detector from room temperature to –15 (C.  We chose instead to construct the ring with carbon-carbon facings, which matches the CTE of the sectors.  In the case illustrated in the right inset, the sectors are rigidly connected to the ring at three points as before.  The out-of-plane sector motion, near one support point, is 3.5 mm’s.  The allowable motion is 80 mm’s.  The predicted sensitivity is ~0.09 mm’s/(C.   For XN50 laminate the distortion would be nearly a factor of 10 greater, 30 mm’s.





The sector mounting design could incorporate kinematic features to relieve thermal strain from sector mounting, at some expense to dynamic stiffness of the overall assembly.  ESPI tests are planned that will quantify these thermal strains.  Test results obtained thus far in this context are presented section 7.3.2.


�


�









































							


Figure 7.3-9.  Pixel disk FEA of 1G gravitational load (left inset, 2.8 mm’s peak) and thermal from 40 temperature change (right inset, 3.5 mm’s peak).  Inset at right is for carbon-carbon ring facings.





The pixel modules are not structurally represented in the model of the disk, just their mass.  This fact does not detract from the above results, because of the sector structural symmetry. The silicon modules ( 2.6 ppm/(C CTE), by necessity� may be bonded to the sector, are symmetrically placed about the neutral plane of the thermostructure sandwich. Thermal strains in the thermostructure facings, induced by the CTE mismatch, are balanced and consequently, the sectors do not impart a load to the ring. 





One option we will consider during our development testing is to mount the sector with a three point kinematic mount.  A classical approach would be considered as a first step i.e., cone, V-groove and a flat.  The sector is still physically restrained in this three-point support. The kinematic features of the three-point mount could accommodate the small mismatch in CTE, combined with the relatively short span between support contact points.  An electronic speckle pattern interferometry (ESPI) test of this kinematic mount to demonstrate there is no residual thermal strain is justified if time and resources permit.  Results obtained with ESPI on the initial thermostructure concept mounted rigidly to a carbon-carbon are presented.





Support Ring Sandwich Core Material





A variety of core materials have used been in particle detectors.  The high radiation environment LHC application is quite restrictive to rad-hard materials. Our choice to use a vented, graphite fiber honeycomb by Hexcel is predicated on the high shear modulus attainable with a fairly lightweight core. This property insures a minimum radiation length structure.





Table 7.3-2 lists properties of typical honeycomb materials, without regard for suitability in the LHC application, but it is intended to embrace options discussed and/or utilized in other detectors.  For example, we use the aluminum honeycomb only as a reference basis for a high shear modulus material, although in a practical sense it is one of the better options.





A sandwich panel under load experiences strain in the facings and the core.  For short beams the core strain can be appreciable.  However, if the core modulus is sufficiently high relative to the modulus of elasticity of the facings, the core strain will be a small fraction, often negligible.  For low core shear moduli, characteristic of Nomex and Aramid honeycomb and Rohacell foam, the core strain is appreciable in short beams.  This is the case for the pixel disk, mounting ring.  The circumferential arc between support points can be considered to be a short beam.  The substantial difference between the candidate materials is shown as the ratio of E/G in Table 7.3-2. Our FEA investigation revealed that only two candidates bear consideration with regard to this single parameter, namely aluminum and graphite fiber honeycomb.  From purely a radiation length consideration the final choice is clear.





Table 7.3-2 Ring Sandwich Core Materials





Material�
Shear Modulus�
�
E/G�
�
Density�
Material RL�
Core RL�
�
�
L-dir�
W-dir�
L-dir�
W-dir�
�
�
�
�
�
N/mm2�
N/mm2�
�
�
kg/mm3�
mm�
% per mm�
�
Aluminum�
469�
207�
231�
523�
7.1E-08�
88.9�
0.030�
�
Graphite fiber/epoxy�
669�
214�
162�
506�
6.4E-08�
250�
0.015�
�
Nomex coml. grade �
32�
24�
3413�
4485�
4.8E-08�
200 est.�
0.018�
�
Aramid fiber/phenolic�
54�
32�
2013�
3340�
6.4E-08�
300 est.�
0.016�
�
Rohacell foam�
29�
29�
3733�
3733�
7.5E-08�
5227�
0.018�
�
�
50�
50�
2165�
2165�
1.1E-07�
3836�
0.026�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
E=10.83E+04 kg/mm2�
�
 �
 �
�
�
�
�
�



The material properties are Young’s modulus E for the facing and G for the shear modulus of the core. Core shear strain becomes important for large values of E/G in short beams, nominally 30% of the deflection for E/G values >3000.  As an example, replacing the Hexcel graphite fiber honeycomb choice with any of the other candidates, Nomex, Aramid fiber, or Rohacell would have resulted in a fundamental frequency of 81.9 Hz instead of 148 Hz, all other factors being held constant.  This lower frequency could be offset by increasing facing thickness, or core thickness, although the gain here would not great since the core is so compliant.  Such changes negatively impact radiation length.





The percentage radiation length per mm of core thickness for each candidate is an important parameter.  In a honeycomb construction the mass of the material is greatly reduced.  We notice aluminum, which has a radiation length of 88.9 mm, is quite competitive to Rohacell that has a radiation length of 3800 to 5200 mm depending upon the density of the foam used. Honeycomb structures, with their low areal density, overcome the initially low values of radiation length, placing the higher Z materials on an equal footing with lower Z materials. Again, we notice that this parameter favors the baseline honeycomb choice. These considerations led to our choice of a graphite fiber honeycomb. 
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� Debondable adhesives with extremely high compliance (low modulus) are currently being investigated.
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