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Engineering For The ATLAS Semiconductor Tracker

Abstract
The ATLAS Semiconductor Tracker (SCT) is a silicon-strip tracking detector which forms part of the ATLAS Inner Detector. The SCT is designed to track charged particles produced in proton-proton collisions at the LHC at an energy of 14 TeV. The tracker is made up of a central Barrel and two identical End-caps. Each End-cap supports 988 silicon modules.

This paper describes the engineering design, prototyping, construction and testing required to support mechanically the silicon modules, supply services to them and provide a suitable environment within the Inner Detector. Important engineering choices are highlighted and innovative solutions are presented – these will be of interest to other builders of large-scale tracking detectors.
One End-cap (EC-C) was assembled in the United Kingdom by a collaboration of the universities of Glasgow, Lancaster, Liverpool, Manchester, Oxford, Sheffield and the Rutherford Appleton Laboratory (CCLRC); the second End-cap (EC-A) was assembled in the Netherlands by NIKHEF. 
We should avoid discussing tedious detail for the sake of it – ultimately the design is documented by drawings stored on CDD and EDMS documents.
We should make the paper of interest for non-ATLAS readers so that they can learn what we did and understand for themselves how to undertake comparable projects.
1. Introduction

1.1 Overview of the ATLAS Inner Detector
The ATLAS Inner Detector [1] is designed to track charged particles produced in proton-proton collisions at the LHC at an energy of 14 TeV. In doing so, it measures their momentum, direction and impact parameters as well as providing some particle identification using transition radiation. The detector is also necessary to resolve multiple vertices from the overlap of ~23 collisions expected at design luminosity and the measurement of secondary vertices.

The Inner Detector consists of the Pixel Detector with 80 million pixels at the innermost radii, a silicon strip detector (SCT) with 6 million strips and outside these a Transition Radiation Tracker (TRT) which provides 400 000 straws for charged-particle tracking and transition radiation detection to distinguish between electrons and pions. The detector sits in a solenoid magnet which provides at its centre a 2 T field. The Inner Detector is designed to provide precise tracking up to || = 2.5, where  is the pseudorapidity, defined in terms of the polar angle:  = ln(tan(/2)).
The SCT provides precise tracking without the cost and expense of the pixel detector. The strips are 80 m in the Barrel and have a key-stone (radial geometry) in the End-caps, with widths around 80 m. The modules typically consist of 4 silicon wafers, each of the order of 6 cm by 6 cm. Two wafers are bonded together to form strips which are effectively 12 cm long. The front and back pairs are rotated by 40 mrad with respect to each to provide a stereo measurement. The precision obtained with a module is around 17 m in the transverse directions and 580 m along the strips (check Test-beam)[ref].
The SCT consists of four instrumented cylinders in the central region and a set of nine instrumented disks in each End-cap. Modules are arranged on the disks so that a charged particle originating from the interaction region should cross at least four layers of SCT modules: the pseudorapidity coverage of the disks start where the individual that of the cylinders finish. The layout of the Inner Detector is show in Fig. 1.
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Fig. 1 Layout of the ATLAS Inner Detector. Unfortunate reference to “Forward SCT”.
1.2 Overview of the SCT End-caps

Each disk has up to three rings of modules: Outer, Middle and Inner. The modules in each ring overlap to avoid gaps in azimuth. The rings overlap in radius, as seen from the interaction region. The SCT is designed to be hermetic for charged particles of pT > 1 GeV/c, nevertheless, there are small gaps in the acceptance, in particular there are only three measurements made in a small transition region between the Barrel and each End-cap. The module sizes are designed to optimise the size of silicon detectors cut from wafers. This results in 52 modules being required for the Outer Rings, but only 40 modules for the Middle and Inner Rings.
In each End-cap, the disks are numbered from 1 to 9, starting nearest the interaction region. It is not necessary for all disks to have all of Outer, Middle and Inner Rings of modules to ensure full coverage. The association of module Rings with disks is indicated in Tab. 1, along with the position of the centre of the wheel as measured from the nominal interaction point. The Middle ring is rotated by half a module with respect to the inner ring to avoid the material associated with module cooling blocks lining up in azimuth.
	
	Disk number

	
	1
	2
	3
	4
	5
	6
	7
	8
	9

	Position (mm)
	835.8
	934
	1091.5
	1299.9
	1399.7
	1711.4
	2115.2
	2505
	2720.2

	Stereo
	x
	x
	x
	x
	x
	x
	x
	x
	x

	Outer
	52
	52
	52
	52
	52
	52
	52
	52
	52

	Middle
	40
	40
	40
	40
	40
	40
	40
	40
	

	Inner
	
	40
	40
	40
	40
	40
	
	
	


Tab. 1 Disk Positions and the number of modules in each Ring.
All the modules in a given ring are exactly the same, however to reduce correlations in the measured track parameters and minimise asymmetries, the orientation of the modules alternates: on Disk 1, all the modules are rotated by 20 mrad, so that the strips of the front layer of silicon are radial, while those of the second layer are rotated by +40 mrad (clockwise, as viewed from the interaction point). On Disk 2, the rotations are reversed, so that the strips of the front layer of silicon are are rotated by 40 mrad, while those of the second layer are radial. For Disk 9, which has modules only on one side, the disk is rotated back-to-front to maximise the rapidity coverage by placing the modules further from the interaction point. This requires that it is built with the same strereo rotations as the even-numbered disks, while the orientation encountered by charged tracks is as if it were an odd-numbered disk. The alternating stereo configurations is realised by rotating the blocks on which the modules are mounted by ±20 mrad from the radial direction for alternately numbered disks.
The disks are supported in a large Support Cylinder which in turn is held by panels at either end which attach to the TRT Rails. The End-cap is surrounded by a light Thermal Enclosure which comprises an outer and an inner cylinder. The services supplying the modules run on the surface of the disks and along the Support Cylinder, exiting at the Services Thermal Feedthrough (STFT) and then running in cable trays until the leave the Inner Detector volume at the corner of the cryostat which holds the solenoid and the electromagnetic calorimeter.

Connections to services are made at the hybrids which are incorporated in the modules, at the PPF0s (forward patch panels) on the outer radius of the disks and at the PPF1s at the end of the ATLAS solenoid.
1.3 Requirements

The SCT is deigned to provide four space-point measurements for a particle originating from the interaction point with || ( 2.5. 

Stability: The silicon detector modules are capable of measuring space points to 17 m and so if the uncertainty in the position of the module is not to degrade the momentum resolution by more than 20%, the position must be understood to better than 12 m in the transverse direction. For precision electroweak measurements, precisions more like 1 m are desirable. If the module position can be established by internal alignment using charged tracks with a frequency one per day, then 1 m/day stabilities are required. This may be difficult to achieve for large structures and so the inherent stability will be complemented by internal length measurements within the SCT, determined by a frequency scan interferometer (FSI) [REF]. The FSI sysytem will measure lengths to O(1) m precision several times per hour. Nevertheless, to reduce possible systematic displacements of modules, it is desirable to construct a detector so as to minimise distortions. 
Thermal management: Modules after irradiation will produce up to 10 W each and to minimise the effect of reverse annealing, it is desired to keep the silicon at oC. In the SCT, heat sources have been minimised and by design, the cooling system will extract heat at source so that as far as possible, the SCT will be operated at a constant temperature. To minimise the effects of thermal variations in time or space, low coefficient of thermal expansion (CTE) materials have been used for the support structures.

Moisture management: The inside of the SCT will be flushed with dry nitrogen. Before the first data-taking, the SCT will be flushed for several weeks, which will be sufficient to remove most of the stored moisture. To minimise the effects of any out-gassing of water vapour, low coefficient of moisture expansion (CME) materials have been used for the support structures.

Environment: The SCT detectors will be surrounded by dry nitrogen at 0oC – it is important to exclude carbon-dioxide, which in the presence of water vapour, can form carbonic acid which attacks silicon detectors. The lower temperature will reduce the radiation damage experienced by the detectors, in particular the effects of reverse-annealing [1]. The environmental gas of the TRT and Inner Detector volume is dry carbon-dioxide and it is important to exclude this.
Radiation: The materials used must be able to withstand hadron fluences of the order of 1014 cm2 neutron equivalent over a period of 10 years. To facilitate safe access to the detector during interventions, nuclear activation must be minimised. (numbers from Ian Dawson)
Electrical Shielding: It is important to minimise electrical noise seen by the SCT from external sources (other components of the Inner Detector or the interaction region) and the emission of electrical noise which might affect other detectors. This requires the SCT is shielded by a conductive layer connected to ground; any apertures in the shield should not be more than a few cm2.
Materials: All materials must satisfy CERN fire standards; dispensations are required for materials which don’t. Magnetic materials which would distort the measured solenoidal field should be avoided. (Numbers from Steve Snow.)
Mass: To reduce the multiple scattering of charged particles, nuclear interactions, bremsstrahlung of electrons and photon conversions, material must be reduced and where possible, materials with longer radiation lengths should be used. Reducing the mass of components where possible allows the material in supports to be reduced. 
1.4 Introduction to Interfaces
The SCT End-cap has a defined geometric envelope, but otherwise has no explicit connections to the SCT Barrel, the Pixels or the TRT. The SCT End-cap is supported by the same rails which support the TRT End-cap, which in turn are supported by rails fixed to the Cryostat. The Pixel Detector and its services are held within a CFRP cylinder: the Pixel Support Tube (PST) – which is connected at its extremities to the Cryostat rails (true?). 
The SCT has an internal environment of nitrogen, while the Inner Detector is surrounded by carbon dioxide. The silicon of the SCT Barrel is at a similar low temperature of 7oC, while the PST facing the inside of the SCT End-caps will be at around 0oC and the TRT will be around 22.5oC.
Originally, it was expected to have a set of TRT wheels behind the SCT End-caps, however these have been staged (or dropped?) and this volume will be used by the SCT services. The major interaction between the SCT End-cap and the SCT Barrel and TRT is in the region along the Cryostat where all the services run together. 
1.5 Overview of the Cooling

The Cooling is described in detail in [REF]. SCT modules (and Pixel modules) are cooled by evaporating C3F8 liquid in cooling pipes which are in good thermal contact with the modules – the process is similar to that of a commercial refrigerator. Liquid is supplied to the detector at around 0oC and 8 bar. Capillaries which terminate at the start of the on-disk cooling circuits allow the liquid to boil in the presence of a heat source, leading to a vapour temperature of around 20oC. By contrast with utilising the specific heat of the fluid, the temperature along the pipe is isothermal, with a small drop of ~2oC associated with a reduction in vapour pressure along the pipe. 

To make the system more efficient, heat exchanges just outside the SCT bring the warm incoming liquid and the cold outgoing vapour into close contact. The system is passive in so far as there no regulation of the flow-rate of liquid. To ensure that all modules along the cooling circuit can be cooled, there must still be liquid coolant left at the cooling exhausts. However, to avoid cold fluid returning in the exhaust pipes and needing to be lagged to avoid the formation of frost on the exhaust pipes outside the inner detector environment, heaters just beyond the SCT boil off the remaining liquid.
2. Disks
2.1 Bare Disks – Nigel & Patrick to check
The End-cap Modules are supported on carbon-fibre reinforced plastic (CFRP) composite disks comprising two CFRP facesheets and a honeycomb core. These disks must also 
· Support the module services – see Section 2.2
· Supply mounting points by which the disks are held in the Support Cylinder

· Allow handling of the disc, complete with modules, during assembly and integration into the Support Cylinder
It is important that the disks are a thin as possible while retaining adequate stiffness. This is important to minimise the gaps which exist between the rings of modules on alternate sides of the discs as seen by tracks coming from a range of collisions points within the beam-spot envelope (z = 5.6 cm).

The dimensional requirements are summarised in Section 2.1.1; other requirements include:

· The changes induced in going from assembly conditions (+20oC and 50% RH) to running conditions (15oC and <2% RH) should be less than 250 m/m.

· In normal running conditions, dimensional changes in the plane of the disc induced by ±2oC and ±0.5% RH changes should be less than 10 m/m.

· The first natural frequency of the bare disk should be higher than 40 Hz and greater than 15 Hz for the fully assembled disk.

· The maximum displacement on the statically loaded disk should be less than 10 m in plane and less than 100 m out of plane.

· The electrical resistance across the disk should be less than 0.5 .

2.1.1 Design
The bare disks were made of CFRP facesheets XXX m thick and XXX mm thick sheet of honeycomb core. The facesheets comprised three plies, set at (60o to each other, of high-modulus graphite fibres and cyanate-ester resin (YSH-50A/RS-3, supplied by YLA Inc.). The honeycomb core used was Korex ® – a high-performance aramid/phenolic honeycomb core (Korex-5/32-2.4, supplied by Hexcel Composites) with a cell size of XXX mm. The Discs were sealed with U-profile rings at the inner and outer radii, also made of YSH-50A/RS-3. The dimensions are summarised in Tab. 2.

	Dimension
	Value (mm)
	Tolerance (mm)

	Inner radius
	276
	±0.2

	Outer radius
	567
	±0.2

	Concentricity
	0.3
	

	Thickness
	8.7
	±0.2

	Flatness
	0.5
	


Tab. 2 Disk dimensions.

2.1.2 Choice of Korex

Extensive studies were undertaken to choose an optimal core for the discs [ATL-IS-ER-0029]. In particular, the relative merits of ultra-high-modules carbon-fibre (UCF) and Korex ® were considered. Korex ® is made of aramid fibres bonded with phenolic resins resulting in a material with reduced moisture absorption and hence better dimensional stability than its predecessor, Nomex ®. It is important to create a composite capable of withstanding machining forces during manufacture and peel, sheer and tensile loadings during use. T0 compare different composites, the flatwise tensile strength (FWT) was measured. This is a measure of the force required to pull apart a panel laterally: ideally the failure should be in the core, not the glue layers.
The preferred glue is the cyanate ester glue RS4 (supplied by YLA Inc.) since it has low water absorption, typically 0.5% by mass compared with 6% for epoxies. However, cyanate esters are very sensitive to water when curing, and since Korex ® has a high water content on delivery, it was found necessary to dry the core before use.
The FWT for UCF core with different glues and different preparations was quite variable: between 0.4 and 1.7 MPa, whereas 2.6 MPa was achieved for Korex ® with RS4 and 3.6 MPa for Nomex ® with epoxy. The effects of shrinkage due to loss of moisture when in operation is expected to cause movements with Korex ® of 70 microns for the middle modules (the ones with their mounting points at the highest radii) – this is much less than the tolerance of 200 m, and actually corresponds to an increase in overlap, and hence is not a problem. Since the stiffness depends on the complete composite, the Korex ® composites were found to be comparable in stiffness to UCF, despite the lower shear modules of Korex ®. 
Because of the better bonding achieved with Korex ® and the fact that it was 60% of the cost of a UCF core (a significant fraction of the total cost), Korex ® was chosen for use in the disks and, to ensure consistent physical properties throughout the End-cap, it was also used for the support structure.
2.1.3 Manufacture

The bare disks were manufactured in an autoclave by Programmed Composites Inc (PCI). Do we want to say more about manufacture and flatness requirements? To help reference the discs, a yellow aramid fibre was embedded in the surface. 
The discs were delivered to Nikhef (Amsterdam) were they were made ready for module services [ATL-IS-AN-0003]. Firstly three reference dowel holes were added at the inner radii. CF inserts were embedded at 12 points around the outer circumference to allow the disks to be held in the Support Cylinder – these were tested to 100 N. Next apertures and through holes for inserts were machined using a large reference plate. The apertures, which allow services to cross from one side to the other, were subsequently sealed with CF closeouts. 

Various inserts were added, in particular to provide the attachments for the cooling circuits. Since these define the positions of the modules to 300 m (see Section 2.2.3), they were placed accurately using a jig. The pads were made of Torlon ® which is easily machined and very stable against creep and were glued to the (abraded?) disk surface using epoxy. It is important that the surfaces of the pads are flat and planar, so as to ensure the modules are parallel to the disk surface, to avoid modules getting too close to each other (the minimum separation between adjacent modules in height is 2 mm) and to avoid distorting or stressing the modules. This was achieved by clamping the disk to a stiff, flat metal plate and machining the whole disk in one go to achieve the tolerances set out in Tab. 3.
	Dimension
	Value
	Tolerance

	Thickness
	15 mm
	±0.1 mm

	Flatness between inserts holding a given module – wot’s this mean?
	50 m
	

	Slope – wot’s this mean?
	1 mrad
	


Tab. 3 Machined disk dimensions.
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Fig. 2 Completed machined disk. (Get a better one: square on)
Fig. 2 shows a disk after the machining has been completed.

2.1.4 Properties of the Disks

A number of prototype disks were made to test the manufacturing techniques and confirm the FEA models [ATL-IS-EA-0004]. Frequency calculations were found to be 20% higher than the measured values. Adapting the model then gave a good description of the measured stiffness. An FEA model of the final disk design had some allowance for the apertures, closeouts, inserts and services (and modules?). The first natural frequency is a “drum” mode at 22 Hz, shown in Fig. 3. In-plane displacements are mostly due to the CTE and CME effects, leading to expected stabilities of 230 m/m. Out of plane distortions are expected to arise from the force of the cooling pipes (see Section 2.2.1) (which are assembled at room temperature and operate around 20oC) and not exceed 40 m.. Variations in the operating conditions of 2oC will result in displacements of only a few microns.
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Fig. 3 First vibrational mode of a disk.

Measured thickness and flatness – Nigel.
2.2 Services – Ian to check
Each disk is instrumented with its own services which terminate at the outer radius of the disk at a set of patch-panels denoted PPF0. This allows disks to be tested before and after the modules are mounted – after modules are mounted, repairs to the services become very difficult. The services for a disk with all module Rings is shown in Fig. 4.
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Fig. 4. Services for Disk 6 front (left) and rear (right).
There are variations in the services required for each disk depending on which rings of modules it carries. The stereo rotations of the modules (described in Section 1.2) also cause differences between even-numbered and odd-numbered disks. Fortunately, this only affects the cooling circuits which are rigid, the other services are flexible and can accommodate small movements in the location of the module hybrids O(1) mm.
Will optoharness and Wiggly Power Tapes be discussed in an other paper ?
2.2.1 Cooling Circuits

2.2.1.1 Design

The circuits are required to keep the silicon of the SCT modules at 7oC. They are manufactured from copper nickel (Cu-Ni) tubing 70 m wall thickness and 3.74 mm outer diameter. Cu-Ni was chosen since it is fairly resilient to corrosion and easily joined by standard soldering techniques. 
The cooling circuits are modular to provide redundancy: there is a separate circuit for each quadrant of each Ring, so there are either 13 (Outer Ring) or 10 (Middle & Inner Rings) modules per circuit. Because the choice was made to have rigidly fixed cooling circuits, stress-relief was incorporated by making the circuits “wiggly”, as illustrated in Fig. 5. Cooling is supplied to the module in the region of the hybrid by a section of the circuit which is approximately radial. In the case of the outer and middle modules, cooling is also supplied at the far end by a circumferential section of the circuit (for the inner modules, the heat path to the cooling at the hybrid is not so great, and additional cooling was deemed unnecessary). 
Fig. 5 Cooling circuit for outer modules (left) and a cooling block (right).
Cooling is supplied to the modules via cooling blocks. These blocks are rigidly attached to the cooling circuit and screwed down to the CFRP Disc. In turn, the modules are attached firmly to the blocks. The blocks are made from carbon-carbon – a form of graphite with high thermal conductivity in one plane (~100 W/m.K) and poorer conductivity out of the plane (~XXX W/m.K). The blocks have an aluminium threaded pin over which the module is passed and secured by a Belleville washer (a conical washer, capable of providing a small spring force) and small nut. The module hybrids generate more heat than the silicon detectors and the module design has attempted to isolate thermally the two sections of the module. To minimise heat transfer between the hybrid and the silicon, the cooling block is designed with a PEEK split separating two sections of carbon-carbon: the larger section of the block being available to cool the hybrid, while the smaller section is in contact with the “spine” supporting the silicon [REF]. The plane of thermal conductivity of the carbon-carbon is chosen to be parallel to the split. Thermal contact is ensured by pressure from the module nut and a controlled layer of thermal grease O(20) m (DCXXX, manufactured by Dow-Coning). 
The capillaries carrying the coolant to the disks terminate at the cooling PPF0 – each associated with a single circuit. However, the exhausts from all the circuits in one quadrant of a disc are connected at the PPF0, implying that a significant leak in a single circuit could cause the cooling for up to 33 modules to be lost. Both the inlets and exhausts are connected by Helicoflex ® seals manufactured by Garlock XXX. These are small rings with a metal jacket containing a spring. The seals are intended to be compressed in such a way that the metal jacket become conformant with the surfaces of the housing, while the spring keeps the jacket pressed against the housing despite any movement due to thermal effects.
FEA calculations [10] using CFX [8] indicate that in the gas between the wheels, the temperature difference between the top and bottom will be up to 14oC. However because of poor heat exchange, the difference in the heat load on the modules is negligible. (Look more carefully at this.) The simulations were broadly confirmed by a mock-up [9] which found heat-flows into the outer and middle module rings of 0.7 W and 0.5 W for the inner modules (which only have one cooling point). This extra heat load can be accommodated by the module cooling system.
2.2.1.2 Prototyping – Steve & Ian to check
What did we do about circumferential design ? Why did we give up on it ? I think because it was too many changes in too short a time … but why did we go “wiggly in first place ? (other than for stress relief)
The original intention had been to manufacture aluminium cooling circuits with aluminium cooling blocks. This worked well using tubing of 200 m wall thickness and the cooling blocks were easy to manufacture using CNC machining. The problem was how to connect the blocks to the pipes with a low thermal resistance. Soldering worked well, but produced an interface of two metals of very different electrochemical potential which was shown to be susceptible to corrosion in the presence of moisture. For this reason, this solution was dropped and replaced with Cu-Ni. Because the radiation length of Cu-Ni is much higher, a much thinner wall thickness of 70 m was chosen to minimise material effects. Unfortunately the Cu-Ni proved much harder to bend into “wiggles”. In retrospect, it would be worth pursuing more vigorously welding techniques with aluminium which did not involve dissimilar metals (such as solder). The move to carbon-carbon cooling blocks benefited from a factor of three increase in radiation length, but due to the difficult of machining complicated shapes, the actual improvement in material was more like a factor of two.

Cooling tests were undertaken using irradiated modules (which will exhibit greater heating effects). The modules were connected to a section of Cu-Ni tube via a carbon-carbon cooling block. The coolant was supplied at an inlet temperature of XXXoC and the module was powered in a small thermal enclosure at 7oC. The measured silicon temperature was XXX while the hybrid was at XXX. This is in good agreement with the simulation which predicts XXX. Say something about heat transfer coefficient ?
The original design for the cooling connections at PPF0 involved aluminium seals. These were subjected to a qualification procedure comparable with that described in Section 2.2.1.3 and were accepted on the basis of 10 of them passing. To avoid possible corrosion problems associated with moisture, copper seals of a comparable design were considered. This solution was abandoned in the light of difficulties in compressing the stiffer seals so as to cause the rims of the housings to come together forming a stable connection; however, given more time, it would have been better to redesign the housing to accommodate the stiffer seals. Nevertheless, the requirements of low-mass connections and the limited space available makes it difficult to have housings capable of supplying substantial compression forces.
2.2.1.3 Manufacture

Bending the Cu-Ni tube to form wiggles of the required bend-radius proved to be difficult because of the tendency of the tube to either crease on the inner side or rip on the outer side. Test were made using fillers consisting of ice, “sand” (very small glass beads) and low-melting-point metals (Cerabend ®). The first two were not successful; the Cerabend worked well but left residues inside the pipe, giving concern that the material might flake off and subsequently cause blocks in the cooling system. The solution adopted was to bend the tubing in air using carefully designed tooling with suitable torques. After much testing, this resulted in efficiencies around 80%. (prototyping?) Due to small differences associated with the stereo, some portions of the circuit were different for the different orientations. Completed pipes were checked in a go-no-go jig with a tolerance of 100 m (this was what Corijn’s document ATL-IS-EA-0004 required) – this tolerance ensures that the stresses on the disk are not too great. Pipes which did not drop naturally into the jig were adjusted if possible to ensure conformance.
The carbon-carbon blocks were difficult to machine – the material has an appearance and texture comparable to a hard-wood. This resulted in a simplification in the design. To prevent the absorption of the thermal grease, the blocks were coated with XXX m layer of gold (and nickel). The module location pin was inserted through a hole, located by shoulders on the base of the pin and fixed in place by solder. The blocks were located relative to the pipe by an accurate jig and soldered in place. Different sections of the pipe were connected by soldering them together with enlarged sleaves to create complete circuits.
Since the cooling circuits are critical and failure can lead to the loss of operability of up to 33 modules, many checks were undertaken:

· Thermal cycles and leak tests ?
· Test of blocks – none ?

· Visual inspection of circuits to ensure that the solder had flowed without leaving voids, especially important around blocks to ensure good heat flow.

· Helium leak test, followed by pressure tests up to 25 bar.

2.2.2 Other Services

2.2.2.1 Power Tapes – Val to check
Power is supplied to the modules via “wiggly” power tapes. These consist of three layers of Kapton ® with 36 mm thick copper tracks sandwiched between. There are XXX tracks each O(1) mm wide carrying HV and control signals. The LV power (higher current) is carried by a twisted pair made of 0.5 mm aluminium wire coated with 14 m copper (to facilitate soldering at the ends) and an insulating lacquer. To reduce the numbers of flavours of tapes, power for up to three modules is incorporated in a single tape – the three modules sharing a common tape will have similar azimuthal position but not necessarily be in the same rings. The ends are rigidised for stress-relief and are terminated with Samtec ® connectors for connection to the module hybrids at one end and the PPF0 at the other. Due to the mismatch in the number of modules in the different rings causing the modules not to line up in azimuth and the absence of inner modules on four disks, the only replication which occurs is by quadrant and 21 different “flavours” of tapes are required. A typical tape is shown in Fig. 6.
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Fig. 6. A typical “wiggly” power tape to power two modules. The module connectors are at left and middle; the PPF0 PCB is at right. The LV twisted pairs can be seen above the Kapton ® flex circuit.
2.2.2.2 OptoHarnesses – Tony to check
Digital information is transferred from the modules by fibre-optic cables. Each module hybrid has a plugin for three fibres (SH: See Pippa mail). The fibres have glass-cores with a cladding of XXX and are enclosed by furcation tubing of diameter 1.1 mm. Wasn’t there an issue with yellow vs black tubing ? After typically XXX cm, fibres are spliced to a 6-way ribbon supported by a small ceramic stiffener and encased in heat shrink. Two ribbons are combined into a harness which is wrapped in aluminised Kapton ® to minimise light interference. The harness is terminated with an MT connector to plug into the PPF0. Each harness supplies 6 modules and the routing was done by hand. The fibres are delicate, so to minimise damage and to reduce light leakage, the bend radius along the fibre length is never less than XXX mm. To accommodate the different geometries, minimising fibre lengths, seven different flavours of harness were required.
2.2.2.3 FSI – Pawel to check
The ATLAS FSI alignment system is documented elsewhere [REF]. Within the End-cap, it consists of a grid of laser lines crossing disks and between disks. The length of the lines can be measured to better than 1 m using interferometry by varying the frequency of the light. Variations in the measured lengths indicate distortions of the wheels or relative movements of the wheels. Only relative motion (potentially caused by thermal effects or the relaxation of the support structures) can be determined, since the absolute positions of end-points of the light paths are not readily determined. 
The laser paths are formed by a combination of “jewels” and reflectors. The jewels contain several mono-mode fibres whose ends have been cut and polished. Each fibre emits a cone of infra-red light (opening angle O(1)o) directed towards a corner-cube reflector. The reflectors are made from small aluminium cylinders O(2) mm into whose surface is punched an accurate cube corner. The reflected light is received by a second fibre right next to the first one and subsequently subjected to interferometric analysis with respect to a stable reference length. For the method to work, it is important to measure the temperature of the nitrogen gas in the vicinity of the light path and to ensure the gas purity.
The grid is complicated and the location of the nodes varies from disk to disk to adapt to varying disk spacing. Typically there are three jewels at the outer wheel radius which also incorporate reflectors and three or six reflectors on the inner radius. Light paths are formed between the outer points, from the outer to the inner points and between the outer points and the inner points of the neighbouring disk. The jewels and reflectors have housings which are predominately made from glass-filled Torlon ® which is a plastic stable to moisture and temperature variations. To have lines of sight above the rest of the services, the housing are mounted on a thin pair of quartz rods and mounted on a peek base which is fixed to the disk. The jewels and reflectors need to be mounted with a spatial precision of better than 1 mm and angular precision of better than 1o. A typical jewel and a typical reflector are shown in Fig. 7.
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Fig. 7. Typical FSI jewel (left) and reflector (right). Note the thermistor mounted to the right of the jewel.

The fibres from the jewels run to the PPF1 patch panels (or further?) (see Section 10.1) with no break at PPF0 in order to minimise light loss.
2.2.2.4 DCS

Sensors for the Detector Control System (DCS) were placed all over the wheels. Up to 30 thermistors were placed on the disks, and in particular on the FSI Jewels. These consist of flat 1 k thermistors encased in Kapton ® and read out with twisted pairs. Each disk was instrumented with a single humidity sensor consisting of a three-wire package in a carbon-fibre housing.
2.2.2.5 Patch Panels (PPF0)
There are patch panels for most of the services at the outer radius of each disk on the rear side. 
There are four cooling patch panels per disk consisting of the inlet and exhaust connections described in Section 2.2.1.2 along with the associated support bracket.

There are 16 electrical patch panels per disk. These consist of the rigidised ends of the “wiggly” power tapes held in brackets. Each patch panel corresponds to up to 9 (3x3?) tapes. There are 8 optical patch panels per wheel and four for DCS.

The Patch panels for Disk 9 are on the front side, since the wheel has been rotated back-to-front (see Section 1.2). This requires some modified circuitry on the ends of the “wiggly” power tapes to cope with the swap to the order of the power lines.
2.2.2.6 Miscellany

To ensure that the wheels and associated services are grounded, aluminium-Kapton foils are placed on the wheels and connected to the ATLAS ground via the ground sheet on the Support Cylinder (See Section 4.2). The foil is plated to allow good solder connections to be made: Kapton ® (25 m), glue (25 m), Al (50 m), Ni (12 m), Au (2 m).

There are two foils; one on the front & one on the back of the wheels which cover approximately 6% and 19% of the surface area respectively – see Fig. 8. The foils are connected to the ground pads on the CFRP disc and to the cooling circuits by soldered tabs. In turn the cooling circuits are connected 
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Fig. 8. Front ground foil for a disk.

2.2.3 Services Assembly and Testing
The assembly of all the services to each CFRP disk took 3-4 months, including testing. Services were added one layer at a time: grounding foils, wiggly power tapes, cooling circuits, optoharnesses and DCS. Following an initial assembly, extensive testing was undertaken of the power tapes, the optoharnesses and the cooling circuits. Any problems with the services resulted in the services either being fixed in situ or replaced, so that on completion every disk was fully functional. 
After this, the cooling blocks, which until this point were only loosely placed, were positioned accurately. By design the screw holes in the blocks were 300 m oversized allowing the blocks to be moved and located accurately within tolerance by reference to the module location pins. For EC-C, a rotary table was used and the pins were located in a precision-machined arm; for EC-A, a precision-machined plate was used. Once located, the blocks were screwed firmly into the pads on the CFRP disc. At the same time, the base-pads for the FSI jewels and reflectors were placed. The tolerances for the pin placement to ensure that all the modules overlapped without gaps were: XXX, YYY, ZZZ m for the Outer, Middle and Inner Rings respectively.
Finally the FSI components were added. It proved important that this was the last step, since the quartz rod in the jewels and reflectors were very prone to breakages. Final tests ? 
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Fig. 9. Disc 6 with services, ready for modules: front (top) and rear (bottom).
3. Module Mounting – Tim to write 
Grease application to cooling blocks
4. Support Structures – Jason & Chris to check
4.1 Design
The End-cap Support Structures support the disks within the Inner Detector. Each End-cap has a Support Cylinder, a Front Support, a Rear Support and an Inner Thermal Enclosure (ITE) Cylinder. The Support Cylinder locates and supports the disks, while the Front and Rear Supports hold the Cylinder on the TRT Rails (the TRT is in turn supported by rails fixed to the inner bore of the Cryostat). The Support Cylinder also carries services to and from the disks. The Front and Rear Supports along with the ITE Cylinder form essential components of the Thermal Enclosure, discussed in Section 8.
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Fig. 10 End-cap Support Structures, showing the main components. Need a cleaner drawing.
May wish to move some of the following details (which are common with the Discs) to the Discs section.

The Support Cylinder and Front and Rear Supports are sandwich structures using skins of high-modulus graphite fibres and cyanate-ester resin (YSH-50A/RS-3, supplied by YLA Inc.) with a high-performance aramid/phenolic honeycomb core (Korex-5/32-2.4, supplied by Hexcel Composites). The skins and core were co-cured in an autoclave using RS4 (for the Support Cylinder) and FM73U (for the Front and Rear Support) film adhesives. Where necessary, sections of the honeycomb core were spliced together using an expanding syntactic film (SynSpand 9899.1CF). All edges are sealed to prevent the ingress of moisture. All these materials have been used in order to create structures which are stiff and low mass, with close to zero CTE (coefficient of thermal expansion) and low CME (coefficient of moisture expansion).
4.1.1 Support Cylinder
Each Support Cylinder is a CFRP sandwich cylinder 1940 mm long, and 1140 mm outer diameter. The sandwich consists of two skins, each 0.2 mm thick, and a honeycomb core of 9 mm thickness. The CFRP skins are arranged in 3 layers, one along the axis and the other two at (60o, as for the disks. The cylinder wall is perforated with a number of apertures: the larger apertures are for services; the smaller apertures, with their associated bolt holes, are for the Disc Fixations. The larger apertures are sealed by moulded CFRP closeouts (T300/RS-3, supplied by YLA Inc.). The ends of the Cylinders have embedded graphite inserts (check) to support the bolts which attach the Front and Rear Supports and are held in place by CFRP flanges.
4.1.2 Front and Rear Supports
The Front are Rear Supports are both flat, single pieces of CFRP sandwich panel consisting of a central circular section of 1220 mm diameter and two support arms extending from this central section to a width of 2240 mm. All parts of the Support Panels have integral inserts and the mid-section has a central aperture cut-out. The edges and aperture are sealed by Kapton ® tape. At the ends of the arms are integral metal fastenings which allow attachment to the TRT Rails.

The Front Support has three separate sections: a horizontal central part with the arms and two in-fill panels (top and bottom) which complete the central circular section. The in-fill panels are essential for the integration – see Section 9.2. The sandwich consists of two 0.45 mm thick skins and a core of 8 mm thickness. The Rear Support needs to support approximately two-thirds of the End-cap weight and consequently is thicker: the sandwich consists of two 0.9 mm thick skins and a core of 26 mm thickness. 
4.1.3 ITE Cylinder

The ITE Cylinder is a single CFRP laminate cylinder 1970 mm long, 502 mm diameter and 0.45 mm thick. The front end of the cylinder is fitted with a 0.45 mm thick CFRP flange, while the other end is attached to Rear Support by CFRP brackets.

4.1.4 FEA
A detailed model [ATL-IS-EA-0001] of the End-cap using ANSYS [Ref] was constructed to study the support structure. This consisted of 37,000 elements and included the disks supported by stiff (in lateral direction) springs and allowing for the services on the cylinder The overall CTE was found to be 1.4×106/oC, similar to that estimated for the disks, while the CME was estimated to be 1.0×104 (units?). The maximum skin stresses due to cooling to the operating temperature and the effects of gravity are estimated to be 35 MPa at the “wing-tips” of the front support, compared to a maximum allowed stress of 200 MPa. This does not allow for the strengthening incorporated in this region. The maximum deflections under these conditions correspond to a sag of the cylinder and discs around the position of disks 4 and 5 of about 0.5 mm, as shown in Fig. 11. When CME effects are considered, due to the drying out of the Korex, stresses of up to 50 MPa may be encountered at the end of the Support Cylinder. The safety margin is 30% … but … Temperature variations of 2oC are expected to result in movements at the position of the disks of no more than 8 m transversely and 15 m longitudinally – well within the tolerances. The fundamental mode is an axial movement at 6 Hz, while the second mode is at 24 Hz and corresponds to a transverse motion of the end of the Support Cylinder at the front.
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Fig. 11. FEA Showing effect of gravity and CTE.

The displacements of the End-cap when subjected to vibrations was studied [ATL-IS-EA-0002, not public yet]. The power spectral density (PSD) measured at the LEP accelerator (CERN) has a maximum value of 1(1011 g2/Hz at 5Hz. Using the complete PSD yields displacements of the End-cap which are less than 1 (4) m perpendicular (parallel) to the axis. Even taking a much harder PSD measured at the Daresbury SRS where the maximum value is 1(108 g2/Hz, the maximum displacements are only 3 (40) m perpendicular (parallel) to the axis. These would not affect the statistical precision of the SCT.
4.2 Manufacture and Testing
The Support Structures were manufactured by Programmed Composites Inc (PCI). In a qualification step, a one-third length prototype of the Support Cylinder, including apertures, was constructed along with a number of test panels. The test panels were subjected to ultrasonic examination to check for delamination, thermal cycling and CTE/CME tests as well as bend tests and flatwise-tensile tests (FWT). 

The Cylinder was co-cured in an autoclave on a cylindrical steel mandrel whose dimensions were calculated to allow for expansion. The apertures were machined in quadrants using a template which ran along the length of the cylinder. Finally the closeouts were applied and the various inserts tapped. The ITE was made on a smaller steel mandrel while the Front and Rear Support Panels were assembled on a surface table.
The completed structures were subjected to laser metrology as well as a “coin-tap” tests to ensure the integrity of the sandwich structure, and in particular the adhesion of the face sheets. Furthermore, test samples were extracted from the same panels from which the Front and Rear Supports were cut. These samples were subjected to bend and FWT tests.

Preliminary tests by PCI led to the understanding that the core needed to be dried to avoid moisture contaminating the film adhesives. The first flat panels produced failed the FWT tests (require > 2.5 MPa), with bond failure in the film adhesive. This was attributed to moisture egress from the Ultem ® inserts which were subsequently replaced with graphite. A second failure was attributed to the cyanate-ester based RS-4A film adhesive because of its sensitivity to moisture. This was subsequently replaced with FM73U with successful results.

While at the manufacturer’s premises, the complete sets of structures for each End-cap were tested to ensure that they fitted together and could support a load corresponding to the estimated weight of all of the disks and associated services. The load was applied by draping lead blankets over the cylinder vertically and the measured deflections (how much, Chris?) were in good agreement with the FEA predictions.
The most important features on the Support Cylinder are the holes which hold the fixings which position the disks. These were required to be located to 0.25 mm. It proved difficult to measure these positions on a large and somewhat flexible structure. Ultimately this was achieved by surveying the Cylinder on a rotary table. It was found that the holes were displaced by up to 2 mm – a fact attributed to the difficulty of machining the Cylinders in quadrants, location of the axis and small imperfections in the structure. Rectification was achieved by enlarging the holes and then precisely placing the fixings using the rotary table, theodolite and an accurate tooling bar.

As a final step, a sheet of 18 m copper and 25 m Kapton ® sheet was placed over the cylinder to provide a solid electrical ground.
5. Cylinder Services – Jason, Tim, Richard & Paul to check

[image: image14]
Fig. 12 Services on the End-cap Support Cylinder. The picture shows the service apertures for Disks 1, 2, 3 and 4. The copper-Kapton® ground sheet can be seen on the CFRP Support Cylinder. Above and below the apertures are the disk fixations springs; to the side of these are the nitrogen extraction pipes, and to the side of these are the low-mass power tapes (LMTs) with their associated cooling structures. Running along the centre are the module cooling pipes and the associated inlet capillaries, over which runs a rail for the Outer Thermal Enclosure.
5.1 Cooling Interconnects

These run from the PPF0s located on the disks to the feedthrough (STFT) at the end of the Support Cylinder. The inlets are Cu-Ni capillaries of inner (outer) diameter of XXX (YYY) mm and length ZZZ m. These are fairly flexible and the excess length is lost by coiling the capillaries on the Support Cylinder as can be seen in Fig. 12. The exhausts are Cu-Ni tubes of inner diameter XXX mm and wall thickness 200 m. The thicker pipe was chosen because the exhausts were at risk of damage from all the assembly activities. The pipes have bends to provide stress relief.
5.2 Low-mass Tapes

The low-mass power tapes (LMTs) like the “wiggly” tapes on the disks are made from a sandwich of Kapton ® with copper tracks. Originally aluminium tracks were used to reduce the radiation lengths but these proved too brittle and small cracks appeared where the tapes were bent, breaking the tracks. The low-voltage conductor is provided by a thick track. From each azimuthal position, up to 3 tapes emerge from a wheel, these build up going along the Support Cylinder into a “stack” so that there may be up to 27 tapes in a single stack (due to variations with numbers of modules on wheels, the actual maximum is XXX).

Simulations associated with the Thermal Enclosure studies (see Section 8.4.6) indicated that without cooling, the centre of the stack of LMTs could rise to 50oC. While this is not problematic for the tapes themselves, since they are bonded together at 90oC, it would represent a significant heat-load within the SCT. 
A set of three tape stacks (from one PPF0 patch panel) is cooled by a set of 150 m foils along most of their length. The foils are kept cold by contact with some dedicated cooling pipes. These pipes correspond to the cooling circuits which are associated with the cooling of Disks 7, 8 and 9 but for the fact that these wheels have missing rings of modules. Each set of 3 LMT stacks has a pipe on either side: one side is associated with a pipe from the Disk 9 cooling, while the other side is associated with Disk 7 or 8. In this way, a failure of the cooling associated with one of the Disks 7, 8 or 9 will not jeopardise the operation of all the modules in a azimuthal slice along the length of the End-cap. The pipes are fed directly with their own capillaries. The foils which wrap around the tapes are held tightly to the pipes by means of a copper-beryllium spring which also serves to compress the tape stack (otherwise air-gaps between the tapes would reduce the thermal conductivity across the stack and raise the internal temperature). The edges of the foils are covered with Kapton ® tape to avoid sharp edges which might rub on the LMTs if there is any movement (possibly from thermal effects) and potentially damage them. Each foil covers of the order of 10 cm along the stacks – this means that any trapped moisture will have diffusion time-constants of the order of an hour, so that it is not expected that any water will become trapped near the power lines.
Fig. 13 shows measurements across a set of three LMT stacks from a mock-up representing the thickest part of the stacks at the end of the Support Cylinder. The sections of LMTs were powered with the maximum power density expected. The cooling was provided by room temperature water. To minimise the effect of the surroundings, the test was undertaken in an insulated box. With cooling on two sides (rather than one), the temperatures across the three stacks was fairly uniform and about 13oC warmer than the coolant. 
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Fig. 13. Measurements across a set of three LMT stacks.

5.3 Remaining Services
Optoharnesses and DCS services also run from the wheel PPF0s to PPF1. All the services are held in place by suitable low-mass clips. The nitrogen-purge exhaust pipes are also attached to the Support Cylinder. There are eight PEEK tubes with drilled holes along their length which draw in the nitrogen from the End-cap volume. The gas then flows to a circumferential tube at the front end and then back along the Support Cylinder and out of the End-cap.
Once all the services were attached, the cooling circuits were tested for blockages and the modules were powered and read out to check (and repair as appropriate) all the electrical and optical circuits.

6. End-cap Assembly

The End-caps were assembled at The University of Liverpool (UK) and NIKHEF (Amsterdam, The Netherlands). The End-caps were held on heavy frames constructed from extruded aluminium beams.
6.1 Support of the End-caps
Frames
6.2 Disk Insertion – Patrick or Craig to write
Fig. 14. Disk Insertion.

6.2.1 Mechanics 

6.2.2 Alignment

Use of holes & Taylor Hobson

6.2.3 Location of the Disks

Z positions and acceptance.

Disc fixation springs
6.3 Addition of Cylinder Services

Use of Techsil vs Templfex – rubberised sealant.
6.4 Testing

Disk Testing

Cold Tests etc
7. Transportation of the End-caps

7.1 Requirements
The End-caps, when held in the assembly frames, weighed around one tonne and occupied volumes of the order of 3 m length, 2 m width and 2 m height. Because of the delicacy of the silicon modules, it was important that the End-caps should be transported very carefully to CERN.
It was required that the transportation should take place in an air-sprung, temperature-controlled, humidity-controlled lorry. The acceleration experienced by the transport box was required to be less than 3 g (where g is the acceleration due to gravity) to avoid damage to the silicon modules and shaking loose connectors. The tilt was required to be less than 10o. The temperature was to be held at 20 ( 3oC to avoid thermal stresses and the humidity kept at around 40% and less than 80% to avoid condensation forming on the modules. These requirements are summarised in Tab. 4.
	Feature
	Requirement

	Acceleration
	< 3 g

	Tilt
	< 10o

	Temperature
	20 ( 3oC

	Humidity 
	< 80% RH


Tab. 4. Requirements for End-cap transportation.
7.2 Designs of the Transportation Boxes
At the University of Liverpool, a transportation framework was constructed around the assembly framework. To this, sturdy side-panels were attached and the whole assembly was bolted to a large steel “pallet”, designed so that the End-cap could be picked up by a fork-lift truck. This enabled the End-cap to be lifted into the waiting lorry in one operation. The completed transport box was 3.7 m (l) ( 2.2 m (w) ( 2.6 m (h), and with the pallet weighed 2.8 tonnes. The transportation box is shown in Fig. 15.
At Nikhef, the transport box was formed by the thermally insulating panels which had been used for testing. Again a transportation Frame was constructed, and slings were attached under the beams enabling the End-cap to be lifted by a crane onto a platform, from which it was then rolled into the lorry.

For both the End-caps, the assembly frames were supported from the transportation frames by wire-rope isolators obtained from Enidine Gmbh. These look like large springs, but have high damping coefficients in order to reduce vibrations.
Both End-caps were instrumented with “shocklogs” to record acceleration in all three directions, as well as temperature and humidity. These were attached directly to the assembly frame as well as the outer box.
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Fig. 15. Cutaway showing the UK End-cap (green), the assembly framework (blue), the transportation framework (red) and the pallet (pink).

7.3 Transportation
As a prelude to the actual transportation, dummy loads were constructed to simulate the mass of the End-caps and even contained a few silicon modules. These loads were instrumented and attached to the transportation frameworks. They were tloaded into a lorry using exactly the same procedures foreseen for the End-caps. Test were undertaken on various road surfaces, at various speeds, on inclines and as a part of emergency breaking. The results from the shocklogs indicated that the procedure would be safe.
For the transportation of the End-caps, the wheels of the transportation frames were raised and the boxes were held in position by load-lock bars fixed to the sides of the lorries. For the Nikhef End-cap, additional balast was added to the lorry to ensure the load carried was at the mid-point of its specified range. Just before departure, the shocklog instrumentation was checked. The transportation proceeded to Geneva along main roads, avoiding the Jura mountains. In the case of the UK, the End-cap was required to travel by the Channel Tunnel, where the pitch of the ramps to the train is of the order of 6o.
The journeys were carried out at maximum speeds of 80 km/h, taking around two days. On arrival at CERN, the shocklogs were checked, the End-caps unloaded using the reversed procedures and the subjected to extensive physical inspection. During the journeys, no damage was sustained. Once the lorry was sealed up, the UK End-cap temperature remained between 17oC and 19oC, while the humidity did not exceed 60% RH. The largest acceleration experienced by the inner shocklog (see Fig. Fig. 16) was 1.2 g, while the outer one experienced 1.8 g.
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Fig. 16. Accelerations in three directions experienced by UK End-cap during Transportation. Inner or outer shocklogs ?
8. Thermal Enclosures – Peter & John & Luis to check
8.1 Requirements
The End-cap Thermal Enclosures must be consistent with the requirements set out in Section 1.3. The Thermal Enclosure must:

· Contain the SCT End-cap environmental gas and prevent significant flow of different types of gas in and ourt. The leak rate should be less than XXX. In this role, the Thermal Enclosure will also provide a moisture barrier.

· Provide a thermal barrier such that the heat flow between the SCT and the surrounds is a small fraction of the heat generated within the SCT so that the cooling of the modules is not compromised and there is no exchange of heat with the Pixel detector.

· Ensure that the SCT environmental gas is at 7(4(C while the external temperature is 22.5(2.5(C.

· Prevent the formation of ice or condensation on the external surfaces of the SCT in the case of moist gases around the apparatus. This requires that the external surfaces should be maintained above the ambient dew point of 12ºC. Moist air will be present during access or maintenance or as a fault condition during operation.

· Provide a Faraday Shield.

· Not affect the stability of the internal supports and hence the modules.

The original concept for the Thermal Enclosures was based on active cooling, whereby the inner surfaces would be cooled and the outer surfaces heated to maintain a thermal gradient over a short distance. This was abandoned for reasons of cost and engineering complexity and it was found that passive cooling through insulation would suffice, albeit complemented by heaters to maintain the external temperature above the dew point.
8.2 Design Overview
The End-cap thermal Enclosure design consists of 

· Outer Thermal Enclosure (OTE) – a cylinder surrounding the Support Cylinder and its associated services.

· Front Support – since most of the front of the End-cap faces the SCT Barrel, which will be cold, no significant heat flow is expected and hence no significant insulation beyond that provided by the sandwich construction is needed.

· Rear Support Pad – to complement the insulation of the Rear Support, and insulated pad was constructed.

· Inner Thermal Enclosure (ITE) – since the inner bore of the SCT End-cap faces the warmer Pixel services inside the Pixel Support Tube, the ITE Cylinder (see Section 4.1.3) was insulated.

To cope with the presence of moist air, most of the external surface of the End-cap is covered with heater pads (see Section 8.4.4) and heat-spreaders. The volume between the ITE Cylinder and the Pixel Support Tube will be flushed with dry gas and hence does not need heaters.

The layout of one End-cap Thermal Enclosure Assembly is shown in Fig. 17. The thermal insulation is provided by Airex ® R82.60 foam (manufactured by Alcan). This is a closed-cell polyetherimide (PEI) foam which has low thermal conductivity (0.036 W/mK), low moisture absorption (a few grammes per m2 when in high humidity) and low density (60 kg/m3). To seal the foam against gas and moisture exchange and provide structural strength, composites with films of either aluminised Kapton ® (<1 m layer of aluminium) or Cu-Kapton ® (18 m copper, 25 m Kapton ®) have been applied using Aralidite 2011 ®. The aluminised Kapton ® reduces heat transfer as a result of its low emissivity and the Cu-Kapton ® provides excellent electrical shielding.

[image: image18.wmf]Fig. 17 End-cap Thermal Enclosure Assembly, showing the main components. Need an up-to-date drawing.
Dry nitrogen gas is circulated at a rate of 850 litre/hour at 15oC. To ensure no ingress of carbon dioxide, an overpressure is maintained which will be around 1 mbar, but with a limit of 4 mbar, ensured by a mechanical valve.
8.3 Prototyping

8.3.1 Glue Applications

The glue used was the two-component Aralidite ® 2011. It is important that there is good adhesion between the Kapton ® films and the Airex ®. In applying the glue to the Kapton®, it was difficult to obtain a uniform layer of sufficient thickness. Instead better adhesion was obtained by “dabbing” the Airex ® with the glue rather than painting it. Because of the rough surface of the foam resulting from cutting the cells, the Airex had the potential to absorb large quantities of glue. It was found that the peel strength did not vary greatly with glue density, provided a minimum of around 0.01 g/cm2 was applied – this corresponds to an average thickness of 100 m. To reduce the viscosity of the glue, it was found easier to keep the components around 30oC and to work with a room temperature of 25oC. The elevated temperatures increased the cure rate, and this could be reduced by placing the glue in a wide flat tray, since the curing process is exothermic.
8.3.2 Small Cylinders

Several small 30 cm diameter prototypes were made – being smaller made the handling of the glue easier but corresponded to a much smaller bend radius and more problems with creasing. The best results for adhesion between the Kapton ® films and the Airex ® foam was obtained using vacuum-bagging. This worked well for the application of the foam to a layer of Kapton® held on a stiff mandrel. However, in applying an outer Kapton ® layer separately, creases were introduced. Hence it was found to be best to glue the outer layer of Cu-Kapton ® to the Airex ® and then when dry, to apply the composite sheet to the inner layer of aluminised Kapton ®.
8.4 Design and Manufacture

8.4.1 OTE

Each OTE is a cylinder of 8 mm thickness of Airex ® with an inner skin of aluminised Kapton ® and an outer skin of Cu-Kapton®. There is an integrated flange in the region of the feedthrough constructed in the same way, albeit with 5 mm foam.
Both OTEs were constructed in the Instituto de Fisica Corpuscular (IFIC), Valencia. Several sheets of Airex ® were glued edge-ways to form one large sheet, to which Cu-Kapton was glued using a vacuum-bagging technique. Aluminised Kapton ® was wrapped on a mandrel formed from a 3 mm steel sheet held by accurate circular ribs. The foam was then coated with glue and wrapped on the mandrel. The foam was 0.6% longer than the design circumference of the OTE, allowing it to be compressed using vacuum-bagging. When the glue dried, this resulted in a very stiff structure. The circular flange was made on a surface table and glued to the cylinder. The inner sheets of aluminised Kapton ® were connected to each other by Cu-Kapton tabs using a silver-loaded glue (what) while the outer Cu-Kapton sheets were connected by applying a thin layer of solder covered by a thin strip of copper foil to form a smooth, flat solder-joint of low resistance. One completed OTE is shown in Fig. 18.


[image: image19]
Fig. 18 Outer Thermal Enclosure. Prefer photo which is more square-on.
Each OTE is held on the Support Cylinders by eight composite rails made of CFRP face-skins with Airex ® cores. These are very stiff but light. All sharp edges were removed, allowing the OTE to be slid easily onto the End-cap.
8.4.2 Rear Pad

The Rear Pad was a simple disk of 12 mm Airex® foam with skins of aluminised Kapton ®. Its design is such as to result in a radial gap of about 1 mm between the inner radius of the Support Cylinder and the outer radius of the ITE. The pad was cut from a flat sheet with a water jet and the edges were sealed with strips of aluminised Kapton ®.
8.4.3 ITE

Each ITE consists of a CFRP cylinder (see Section 4.1.3) covered in 5 mm of Airex ® foam. The foam is then covered in Cu-Kapton ® to complete the Faraday shield surrounding the End-cap. The foam includes eight longitudinal channels which supply dry nitrogen gas though 200 m (check) apertures in between each disk. The environmental gas is supplied by a pipe which is external to the End-cap and attached to the ITE at a filter which is intended to avoid the small apertures being blocked.
Both ITEs were completed at CERN. The foam was machined with a router to form the gas channels which were lined with aluminised Kapton ®. Then the foam was covered with Cu-Kapton®. Holes were made in the Cu-Kapton ® over the channels corresponding to the gaps between the disks and small copper discs with precision 200 m apertures were soldered in place. The complete sheet was then glued onto the CRFP cylinder and compressed with a vacuum-bagging technique. To avoid crushing the thin cylinder, it was supported on the mandrel used for its manufacture. (Did we use any PTFE release sheets or packing?) Gas was flowed through the channels before the filter was added to ensure there were no blockages in the apertures. One completed ITE is shown in Fig. 19.

[image: image20]
Fig. 19 Inner Thermal Enclosure being inserted into one End-cap.
8.4.4 Heater Pads

To maintain the external temperature of the SCT End-caps, they are covered in thin heater pads. These are formed from copper tracks sandwiched between two sheets of Kapton ®. The copper tracks wind back and forth filling the surface area. The tracks are etched from 8 m (check) foil with track widths between 0.2 and 2 mm and separations between parallel lines of the order of a few millimetres. There are two tracks in parallel to provide some redundancy against failures. Each circuit is designed to produce at least 150 W/m2 or 300 W/m2 depending on where it is located. The temperature of the pads is monitored by embedded thermistors which feed-back to the power supplies. The pad temperature is regulated by switching the power with a frequency of the order of (Richard) and a rise/fall time of 1 ms. Because of the complicated shapes of components of the End-caps, in particular around the feedthrough, a total of 40 heaters are needed for each End-cap, each capable of producing a maximum of the order 100 W power. An example showing the design of one type of heater pad is shown in Fig. 20.
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Fig. 20 Heater pad for one of the Front Support Infill panels (see Section 4.1.2). Need a blow-up in addition
8.4.5 Membranes

The membranes at the front and rear of the Support Cylinder (just inside the Front and Rear Supports) serve to complete the Faraday shield and provide a gas seal.

The Rear Membrane consists of a large sheet of Cu-Kapton ® extending from the ITE to the STFT, where it wraps over the flange on the OTE. Where the membranes have to bend round corners, tabs are formed by slitting the sheet at intervals of a few cm. To prevent tears, the ends of the slits are terminated with small holes. Contact between the tabs and the other Cu-Kapton ® surfaces is made by solder bonds. The holes to allow the Rear Support to be bolted to the Support Cylinder are sealed with Templflex ®. These holes were created using a circular punch in association with a large template. 

It is expected that when the SCT cools from room temperature to operating temperature, the membranes will contract by around 300 m. To avoid the substantial stresses which will be created in the membranes (around 1000 N per metre of circumference), “V” creases were placed in the tabs to accommodate the contractions.
At the front, for assembly reasons, there are two membranes: a gas membrane made of plain Kapton ® and a grounding-and-shielding membrane made of Cu-Kapton® (see Fig. 21).


[image: image22]
Fig. 21 Front grounding-and-shielding membrane ready to be soldered to the OTE. The “V” creases in the tabs can be seen at the outer radii.

8.4.6 FEA Studies
FEA of the Mechanical properties of the OTE [6] shows that the effect of a 4 mbar overpressure would be less than 10 m increase on the radius, while the effects of cooling from room temperature to operating temperature will result in a contraction of a few hundreds of microns. (Calculation for Al foil, rather than Cu-Kapton.)
Extensive studies of the design concepts were undertaken using analytic calculations and FEA (Ansys) [7]. It was found that the heat exchange with the nitrogen purge will be negligible however the gas is responsible for increasing heat flow into the End-cap by convection at the 10% level. By using high-performance insulating materials such as Pyrogel ® or Nanopore ® respectively, the heat flow could be reduced further by ~25% or ~50% respectively. However, these materials were not used because they are more difficult to handle, would need to be encapsulated and the performance of the Airex ® was considered sufficient.

Fig. 22 shows a schematic summary of the heat flows associated with sources of heat (heater pads and services) and sources of cooling (LMT cooling and cooling interconnects). The net cooling power (~100 W) means that less cooling power is required from the module cooling system. (true?)


[image: image23.wmf]
Fig. 22 Schematic of heat flows in the End-cap. Red (light grey) arrows show the flow of heat; blue (dark grey) arrows show the flow of “cold”.
9. Final Assembly and TRT Integration – Brian, Paul & Patrick to check
9.1 Final Assembly of the SCT
At CERN, the first additions to the End-caps were two shunt-shields, one at each end of each End-cap. These shields were fabricated as a composite of 4 mm Airex ® foam sandwiched between two layers of Cu-Kapton ® foil. The shields were in the forms of annuli which covered the outer modules, supported on the module placement pins by insulating caps. The shields served to protect the modules (at the front) from movements of the gas membrane and to shield the modules from electronic noise. To achieve this, the copper facing the modules was connected by a tab to the grounding ring on the disc, while the outer surface was connected to the ground sheet on the Support Cylinder. 

At the rear, the End-cap was supported by an invar ring to the assembly frame. While the rear of each End-cap was supported by a temporary external circumferential ring, the invar ring was removed and the rear support (including its associated thermal pad and membrane) was inserted and bolted to the Support Cylinder. At this stage, the feed-though region, where the services exit from the End-cap, was sealed and the front-half of the radial cable tray (RCT) was bolted to the rear support. The RCT is a segmented aluminium annulus extending between the STFT and the cryostat to support the services as they leave the End-cap.
Then the End-cap, still on the assembly frame, was wheeled over a cantilever beam, where a sturdy beam went through the centre of the End-cap and was fixed to a “yoke” holding the rear support. The inner thermal enclosure was inserted and clamped to the rear support. At the front, the End-cap was supported by another invar ring which bolted to the Support Cylinder at the top and bottom, leaving the sides clear. The gas and grounding-and-shielding membranes were attached to the ITE at the inner radius and the sides of the Support Cylinder at the outer radius. Then an invar plate was attached to the cantilever beam and the sides of the Support Cylinder to support the load and hold the ITE, allowing the invar ring to be removed. The membranes were attached to the top and bottom rims of the Support Cylinder. Finally the assembly frame to be removed, leaving the end-cap supported solely by the beam with no obstructions, as viewed from the front and as illustrated in the sketch of Fig. 23.
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Fig. 23 Sketch showing the End-cap held solely on the cantilever beam.
With the End-cap supported on the beam, it was easy to slide the OTE over – see Fig. 24. The OTE was located on the rails fixed to the Support Cylinder. These rails were adjustable, allowing them to match the actual radius of the OTE. The tabs on the outer circumference of the rear membranes were bent over and soldered to the flange of the OTE. At the front, the gas membrane was sealed to a flange on the inside of the OTE and the ground-and-shielding membrane was soldered to the OTE to complete the Faraday cage.
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Fig. 24 The OTE being added to the End-cap.

At this point, the End-cap was tested for leak-tightness and the remaining gaps were sealed with Tempflex ®. Leak rates of XXX were achieved, which was deemed acceptable. The modules in one complete quadrant were then powered and cooled enabling tests of cross-talk to be made. True ? Results ?
9.2 TRT Integration – Brian, Heinz & Andrea to check
To integrate the SCT and the TRT, rails were positioned in front of the SCT and the trolley carrying the TRT was placed on these. The two detectors were carefully aligned; the cantilever stand having adjustment capabilities in the range of 50 mm. Then the TRT was carefully pushed over the SCT: the alignment was continually monitored (how?) since the radial gap between the two detectors was less than 6 mm – see Fig. 25. After this, the weight of the frame supporting the SCT patch panels and services was transferred to the TRT trolley.
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Fig. 25 Integration of the TRT and SCT End-caps.

Once inside the TRT, the SCT Support Cylinder was held at the top and bottom by a “bridge plate”, allowing the front support to be added. Then aluminium brackets were attached to the ends of the front and rear supports to enable the SCT to be supported from the rails on which the TRT was mounted. (not quite true; rear mechanisms added earlier … but that is a bit of a detail) Once the front of the SCT was supported, the bridge plate was removed and the infill pieces were added. 
The following may still be work to do: My understanding here of what has been done or is being done is quite sketchy !

The rear sections of the RCT were added to support the radial services. 

The heat-exchangers (see Fig. ) were added to the connectors at the end of the on-cylinder cooling circuits at the point where they leave the End-cap. These connections were enclosed by insulating boxes and the heat-exchanges were lagged with Armaflex ® insulation.
10. Integration into ATLAS – Jason & Patrick to check
Movement into the Cryostat

This may still be work to do: My understanding here of what has been done or is being done is quite sketchy !

The complete End-cap (SCT and TRT) was supported on a frame and enclosed in a box. The box was transported from the SR1 assembly area at CERN to the ATLAS surface building (a few hundred metres). Here it was lowered into the pit and slide from its cradle onto the rails fixed to the inside of the cryostat.
To prevent each End-cap damaging services on the Barrel, a thin copper sheet was placed on the end of the Barrel. This sheet was connected in an electrical circuit with conductors placed on the End-cap to detect whether the assemblies were in contact and hence avoid additional forces which might lead to damage. How was the End-cap fixed in position ?
Cable trays were subsequently fixed to the cryostat and patch panels (PPF1) were attached to a plate supported on the corner of the cryostat. The services were then anchored into the cable trays and connected to the patch panels. The cooling of the LMTs outside the SCT is achieved by monophase cooling using liquid C4F10??
What on earth happens to heaters ?
Fig. 26 Cooling system outside the End-cap – showing the heat-exchangers and heaters.

10.1 PPF1

For each End-cap, there are the following sets of patch panels:

· 8 electrical panels, where the LMTs connect to coaxial cables
· 8 combined electrical and optical panels

· 4 cooling panels
· 4 combined cooling and DCS panels

· 2 heater-pad wire panels.

The FSI fibres are continuous to PP2 to avoid signal lose at junctions. (check)
Fig. 27 Schematic showing the PPF1 patch panels.

11. Grounding and Shielding – Jason & Tim & Didier to check
The strategy for the grounding and shielding is that all conductors are connected to the ATLAS main ground through a tree-like network of connections. Where possible, loops are avoided to reduce the noise picked up on signal lines. 
The modules are referenced to the cooling pipes on the disks while the hybrids are connected to the grounds on the power tapes. The pipes are connected to the grounding foils on the disks which in turn are connected to the ground sheet on the Support Cylinder. Likewise all the components inside the OTE are connected to the ground sheet which provided the principle grounding path out of the End-cap to the radial cable tray (RCT).
To shield the modules from external noise, the End-cap is enclosed in a Faraday shield formed from the Cu-Kapton ® foil on the OTE and ITE and the front and rear membranes. This shield also connects to the RCT. Originally it had been hoped to use aluminium skins to reduce the radiation lengths, however because of the difficulties of making reliable low-resistance connections with aluminium, copper was chosen since this allows strong physical bonds of low resistance to be made very easily. Sheets of Cu-Kapton ® were connected using a “bridging” technique explained in Section 8.4.1 and illustrated in Fig. 28. To facilitate the handling of the copper foil strip (4 mm wide) used to form the “bridge”, the foil was cut into sections O(1) cm long and joints were made with O(1) cm gaps between each length of foil along the joint. At the services feedthrough (STFT), gaps allow services to pass through. As a rule of thumb, an attempt was made to limit apertures to less than 1 cm ×10 cm. 
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Fig. 28 “Bridging” technique for solder connection between two sheets of Cu-Kapton ®.

The RCT is electrically connected to the cryostat cable trays. To ensure good connections, the cable trays were treated with Alochrome XXX and fingerstock (supplied by Laird) was inserted in the gaps to ensure penetration of surface oxide layers. All services, including the monophase LMT cooling pipes are referenced to the cryostat cable trays, which are connected in turn to the PPF1s. Finally the PPF1s are bolted to the segmented plate located at the flange of the cryostat – this plate is robustly connected to the main ATLAS ground. To avoid noise transmission from outside to the End-cap, the module cooling circuits were isolated at the STFT, while the monophase cooling was isolated in the vicinity of the PPF1s.
To check the correct implementation of the grounding scheme, extensive measurements were made to ensure that intended connections were indeed of low resistances and no unwanted electrical paths had been created inadvertently. 
Measurements – Didier
12. Status of the End-caps

From arrival at CERN to readiness to be installed in ATLAS took around one year.

12.1 Status of the Hardware – Tim ?
Chips

Modules

Readout etc 
12.2 Mass Estimates – Jason & Chris to check
It is important to estimate the mass of the detector to ensure that it conforms well to the expectations and does not exceed the limits calculated for the support structure. The original design estimate of the mass was XXX kg, to be compared with a bottom-up estimate using the masses weighed components of around 200 kg. It is calculated that 30% of the load is on the front supports, while the rest is on the rear supports. These estimates are to be compared with the safe-limit which is conservatively estimated as XXX kg. When the support structure was manufactured, it was subjected to a load test of about 300 kg and then later the front and rear supports were tested with a load of XXX kg.
Furthermore, it is important to estimate the mass distributions accurately to understand the effects of multiple-scattering, nuclear interactions, bremsstrahlung and pair creation in the detector and to ensure the correct representation in the Monte Carlo simulation. To ensure an accurate transfer of the energy scale from the inner detector to the electromagnetic calorimeter, it is desirable to understand the material distribution at the level of 1% (of its value). This is very challenging, although is most critical at the inner radii. Components of the End-cap have been systematically weighed, although this has been harder for those components at higher radii, where significant amounts of Tempflex ® sealant have been required, additional fastenings have been added and the masses of cables and their wrappings have been less easy to control. Nevertheless, the estimates for the disks before the addition of modules (which are well described themselves) from the bottom-up approach agree with the weighed values to 1.4%, and then the simulated values are adjusted to reproduce the total weights. At the same time, care has been taken to understand the composition of the materials used to estimate correctly the radiation lengths. The estimates of the various components are given in Tab. 5. Distributions of the numbers of radiation lengths can be found in [11].
Compare with measured End-cap weight.
	Components
	Mass (kg)

	Modules
	23.7

	Discs
	30.3

	Support cylinder and associated services and OTE 
	57.4

	Other support structures (front and rear supports, ITE)
	21.8

	Services between STFT and cryostat, including RCT
	42.4

	Services on cryostat, including cryostat cable trays
	29.4

	PPF1s
	27.9

	Total
	232.9


Tab. 5 Bottom-estimates of masses of End-cap components.

12.3 Expected Tracking Performance
The expected tracking performance for the Inner Detector is documented in [11]. When collision data has been collected, analysed and understood, more complete performance studies will be documented.
13. Things To Do Differently

In designing the SCT End-cap, various decisions needed to be made. In retrospect, and in particular in the light of problems constructing the SCT, it might have been better to consider different approaches. In this section, some of these areas are highlighted; nevertheless, it is not obvious that there alternatives would necessarily be better.

13.1 Layout

To improve the track parameter resolution and reduce correlations between the parameters, the stereo orientation alternated from disk to disk. This lead to a large number of “flavours” of disks and their services. This makes the design and assembly more complicated, requiring more drawings and the unit cost of components is higher. This configuration actually lead to a design error for the Barrel power tapes.

The last disk, Disk 9, was rotated to place the silicon at the largest rapidity. This complicated the design of the patch panels.

In general, it would be worth trying to keep all the discs as similar as possible to minimise design effort, cost and minimise the possibility for mistakes.

The modularity of 52, 40 and 40 modules for the outer, middle and inner rings arose from the desire to extract silicon detectors from the round 4-inch wafers which maximised the use of the surface area and reduced the cost. This resulted in very many “flavours” of services being required, each of fairly complicated design. Some of the costs savings on silicon may have been lost in the complexity of the services and its is probable that the mass of services was greater than it might have otherwise been. It would be worth considering a design which had a much higher degree of rotation symmetry for the discs – the current design only has 4-fold rotation symmetry
. It would be attractive to consider a “pointing” geometry with equal numbers of modules in each ring.
13.2 Disk Services

Originally it was hoped to use aluminium cooling pipes with aluminium cooling blocks. The pipes would have been much easy to bend and the circuits could have had fewer radiation lengths. This solution was abandoned due to the difficulty of connecting the blocks to the pipes in a way which would not have created metallic joints with metals having large differences between their galvanic potentials, potentially leading to corrosion. It would be worth investigating all-aluminium welding techniques to avoid this. Nevertheless, there is always a risk of corrosion arising further downstream at the junction between dissimilar metals. 

Carbon-carbon was chosen for the cooling blocks. While this material potential has good thermal conductivity in certain directions, the conductivity is variable and it proved difficult to envisage simple QA procedures to select good material. Furthermore, the material was quite difficult to machine because of its softness and intrinsic fault lines. The resultant blocks were quite delicate and prone to breakages during assembly to the pads on the disks.

The FSI system proved to be very delicate and there was no way envisaged during assembly to check its integrity. The quartz rods in the jewels were chosen to reduce thermal distortions, however they were exceptionally fragile and prone to shattering. In retrospect, some other low-CTE material should have been chosen.
It was unfortunate that stress-relief for the cooling circuits required excessive bends adding to the material. While some consideration was given to circumferential cooling, this would benefit from further investigation.

More comments on assembly and testing ?
13.3 Large Structures

The flexible gas and grounding-and-shielding membranes were conceptually simple and low mass. However, in the event of access being required to the insides of the End-cap, the membranes will undoubtedly be destroyed, requiring spares to be made. While the soldering technique for connecting the outside of the Faraday shield has proved very adaptable and straightforward, it is time consuming to seal or unseal the components. The use of copper adds to the number of radiation lengths – it would be worthwhile to investigate welding techniques for aluminium foil which could be used in situ without risk to the other components.
13.4 Assembly

The concept for sealing the End-cap relied heavily on the application of Templflex ® and Techsil ® sealants. These are messy and required in poorly defined amounts. Nevertheless, the approach was flexible and there is some inevitability that loose sealant will be required to block all sources of leaks.

There is a conflict between the requirements of building low-mass, thin-walled cooling circuits and the rigidity needed to provide firm seals. This would benefit from much greater investigation and every effort should be made to keep crucial connections outside relatively inaccessible regions: it is not good to have the connectors at the end of the cooling interconnects on the Support Cylinder buried inside the STFT.

A lot of effort went into designing low-mass cooling connectors. Several of the prototypes proved inadequate. Instead there is sense in using off-the-shelf connectors where ever possible.
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� This is not quite true for the cooling circuits for the outer modules.
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