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ABSTRACT. The ATLAS SemiConductor Tracker (SCT) is a silicon-strip tracking deteghich
forms part of the ATLAS inner detector. The SCT is designed to traclgelugrarticles produced in
proton-proton collisions at the Large Hadron Collider (LHC) at CERNnat@ergy of 14 TeV. The
tracker is made up of a central barrel and two identical end-caps. arnel lsontains 2112 silicon
modules, while each end-cap contains 988 modules. The overall tragkifogrpance depends not
only on the intrinsic measurement precision of the modules but also on thectdvéstics of the
whole assembly, in particular, the stability and the total material budget.

This paper describes the engineering design and construction of the®{=daps, which are re-
quired to support mechanically the silicon modules, supply services to theépravide a suitable
environment within the inner detector. Critical engineering choices are higbticand innovative
solutions are presented — these will be of interest to other builders of¢aggje tracking detectors.
The SCT end-caps will be fully connected at the start of 2008. Furttrandssioning will con-
tinue, to be ready for proton-proton collision data in 2008.

KeEYwoORDS:. Particle tracking detectors; Large detector systems for particle anghadtote

physics; Detector design and construction technologies and materialgili®rechanics design
(support structures and materials, vibration analysis etc).

(© 2008 I0OP Publishing Ltd and SISSA http://ww.iop.org/EJjinst/
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1. Introduction

1.1 The ATLAS inner detector

The ATLAS inner detectofJ1[] 2] is designed to track charged particledymed in proton-proton
collisions at the LHC at an energy of 14 TeV. In doing so, it measures tih@inentum, direction
and impact parameters as well as providing some particle identification usisitioa radiation.
The detector is also needed to resolve multiple vertices from the overlapooll&3ons per bunch
crossing expected at design luminosity and the measurement of secoadarys.

The inner detector consists of the pixel detector with 80 million pixels at thenmosrradii,
a silicon strip detector (SemiConductor Tracker, SCT) with 6 million strips arnsidmithese a
transition radiation tracker (TRT) which contains 400 000 straws forggtiparticle tracking and
transition radiation detection to distinguish between electrons and hadrbasletector sits in a
solenoid magnef] 3], which provides at its centre a 2 T field. The soleno@higined in a cryostat
which also holds the barrel electromagnetic calorimeter. The inner deted®signed to provide
precise tracking up tgy| = 2.5, wheren is the pseudorapidity, defined in terms of the polar angle:
n = —In(tan(6/2)). The layout of the inner detector is shown in figfjre 1 and figlre 2.

The SCT provides precise tracking at a lower cost per unit area thgrxbledetector. The
SCT is instrumented with 2112 silicon modules in the barrel and 988 modules iroedwhtwo
end-caps[[4] (see figuré 3). Most modules consist of 4 silicon waéersh of the order of 6 cm
by 6 cm. Two wafers are bonded together to form strips which are eféd¢ti2 cm long. The
innermost modules on the end-cap disks are shorter, being made of jusafers. The strip pitch
is 80 um in the barrel; the end-cap modules have a key-stone (radial geonweitty)an average
strip pitch around 8um. The front and back pairs of wafers are rotated by 40 mrad with respec
to each other to provide a stereo measurement. The effective precis@nesbwith a module is
around 17um in the transverse directions and 58 along the stripg]5].

The SCT consists of four instrumented cylinders in the central barriglregnd a set of nine
instrumented disks in each end-cap. Modules are arranged on the cylamtk disks so that a
charged particle originating from the beam-spot envelope crossestaidaalayers of SCT mod-
ules: the pseudorapidity coverage of the disks starts where the cevafrétie cylinders finishes.
By design, the two end-caps are intended to be identical.

The parts for the SCT end-caps, such as the modyles [4], suppatusesiand services were
made in the collaborating institutes. One end-cap (EC-C) was then assemlilel UK by a
collaboration of the universities of Glasgow, Lancaster, Liverpoolndhester, Oxford, Sheffield
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Figure 1. Cutaway view of the ATLAS inner detector.

and the Rutherford Appleton Laboratory (RAL) (part of STFC); theosel end-cap (EC-A) was
assembled in NIKHEF (Amsterdam, The Netherlands). The end-capshipped to CERN where
the thermal enclosures and final support mechanisms were added,eaB€1hend-caps were
integrated with the TRT end-caps before being installed in the ATLAS expetime

Note on coordinate systems. The z-axis is along the axis of the experiment (in the direction of
the colliding beams). In the transverse plane, the x-axis is horizontal ang dbis is vertical.
Cylindrical coordinates (FH,z) are used and the measurements needed to determine the momen-
tum, denoted by R, are made in the transverse plane, normal to the radial direction.

1.2 The SCT end-caps

Each disk has up to three rings of modules: outer, middle and inner. Thelesddueach ring
overlap to avoid gaps in azimuth, and the rings overlap in radius, as saenttie interaction
region. The SCT is designed to be hermetic for charged particlgs of 1 GeV. Nevertheless,
there are small gaps in the acceptance; in particular, there are only thesenements made in
a small transition region between the barrel and each end-cap. The nsimhkdeare designed to
optimise the size of silicon detectors cut from circular wafers. This resub® imodules being
required for the outer rings, but only 40 modules for the middle and inngs.rin

In each end-cap, the disks are numbered 1 to 9, starting nearest to ttaetiote region.
It is not necessary for all disks to have outer, middle and inner rings ofufes to ensure full
coverage. Since a complete middle module is not required on disk 8 to prawdeage up ton|
= 2.5, modules denoted as “short-middles” are used — these only have tvem sitefers. The
association of module rings with disks is indicated in tdble 1, along with the posititie centre
of the disk as measured from the nominal beam-spot position [6]. The middiésrrotated by
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Figure 2. Schematic view of one quarter of the ATLAS inner detectore BCT disk z-positions are the
nominal values for the disk centres; the radii are the rawieced by the silicon modules.

Figure 3. Exploded view of an end-cap outer module.

half a module with respect to the inner ring to avoid the material associated withlencabling
blocks lining up in azimuth.



Disk number

1 2 3 4 5 6 7 8 9
Nominal z position (mm) | 853.8 | 934 | 1091.5| 1299.9| 1399.7 | 1771.4| 2115.2 | 2505 | 2720.2
Stereo angle (mrad) +40 -40 | +40 -40 +40 -40 +40 -40 +40
Outer 52 52 | 52 52 52 52 52 52 52
Middle 40 40 | 40 40 40 40 40
Short-Middle 40
Inner 40 | 40 40 40 40

Table 1. Nominal disk positions, stereo angles and the number of tesdn each ring.

All the modules in a given ring are exactly the same. To reduce correlatiahe imeasured
track parameters and minimise asymmetries, the orientation of the modules alteOratdisk 1,
all the modules are rotated by +20 mrad (clockwise, as viewed from thegtitargooint), so that
the strips of the front layer of silicon are rotated by +40 mrad, while thoseeafecond layer are ra-
dial [[q]. On disk 2, the rotations are reversed, so that the strips ofahelfryer of silicon are radial,
while those of the second layer are rotated by -40 mrad. For disk 9, whikhmbdules only on one
side, the disk is inserted back-to-front to maximise the rapidity coveragéaling the modules
further from the interaction point. This requires that it is built with the samestegtations as the
even-numbered disks, while the orientation encountered by chargéd tsags if it were an odd-
numbered disk. The alternating stereo configurations is realised by rothérgocks on which
the modules are mounted B20 mrad from the radial direction for alternately numbered disks.

The disks are held in a large support cylinder which in turn is held by paméisth the front
(end nearest to the interaction point) and the rear; these panels attachctydbgt rails. The
end-cap is surrounded by a light-weight thermal enclosure which coespais outer (OTE) and
an inner (ITE) cylinder along with two end panels. The services suppthi@gnodules run on the
surface of the disks and along the support cylinder, exiting at the ssrthermal feed-through and
then running in cable trays until they leave the inner detector volume at tleea#dbe cryostat
which holds the solenoid and the electromagnetic calorimeter.

Connections to services are made at the hybrids which are incorporatetiénmodules, at
the PPFO’s (forward patch panels) on the outer radius of the diskstahd BPF1's at the end of
the cryostat bore.

1.3 Requirements

The SCT is designed to provide four space-point measurements fotideariginating from the
beam-spot envelope witlp| < 2.5. This provides stand-alone track reconstruction capability with
some redundancy.

Placement Precision. The modules are built with internal precisions O(10%, and with a tol-
erance of 5um in the most critical dimension in the transverse measurement direfftion [} Th
are capable of measuring space points tqubh7 and so if the uncertainty in the position of the
module is not to degrade the track parameter resolution by more than 20%gsitierpmust be
understood to better than 12m in the transverse directiofi[8]. For precise electroweak mea-
surements, precisions more likeuin are desirable. The actual position of the modules can be



Placement of modules in Rp (see section 2.2.3)
Module type | Module placement um) | Mounting pin location (um)
Inner 67 37
Middle 90 60
Outer 220 190
Placement of disks
X-y (um) z(um)
100 1000

Table 2. Placement tolerances. The difference between the moddimannting pin tolerances arises from
the tolerances on the location of the mounting washer on tictule.

determined during operation from the off-line alignment using particle tradkshigh precision
O(1) um [B]. This reduces the need for very precise placement of the modutetha support
structures. Nevertheless, the better the placement, the more readily the aligmotedures will
converge and the easier it will be to understand systematic uncertainteesadih requirement for
placement comes from ensuring sufficient overlaps between moduleswopaticise module-to-
module alignment and to minimise holes seen by particles coming from the interaciidnThis
requirement is most stringent in the transvergeditection. Another constraint arises from the re-
quirement to cope with the nominal beam-spot envelope along the axis. Tdes@at tolerances
are summarised in tabfe R ]10].

Stability. If the module position can be monitored using charged tracks with a freguéonce
per day, then um/day stabilities are desirable. This may be difficult to achieve for large stasctu
and so the inherent stability will be complemented by internal length measuremigmitsthe SCT,
determined by a frequency scanning interferometer (FSJ) [1]L — 13}.FB1 system will measure
lengths to O(1um precision several times per hour.

Thermal management. Each module after irradiation will produce up to 10 W of powjér [4],
resulting in 10 kW generated in each end-cap. The modules have to bel codileat the reverse
current in the silicon is reduced to a level at which it does not increaselée&onic noise. The
other important design issue is to avoid thermal runaway which imposesa&iotston the thermal
impedance between the silicon and the coolant and on the temperature.tifimenopemperature
to minimise the effects of reverse annealing after irradiationd€ {fll]. The evaporative cooling
system has been designed to keep the SCT at a constant temperature witH teimipeaature gra-
dients along the cooling pipes. To minimise the effects of thermal variations in tisgace, ma-
terials with low coefficient of thermal expansion (CTE) have been usetthéosupport structures.

Coolant. The coolant should be electrically non-conducting and chemically inersmtteere are
leaks. The fluid should be non-corrosive, non-toxic and non-flamnaatulestable to the irradiation
experienced by the inner detector.

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 bécsaifit to remove most of



the stored moisture. To minimise the effects of any out-gassing of water vapaterials with low
coefficient of moisture expansion (CME) have been used for the sugipoctures.

Environmental Gas. The SCT detectors will be surrounded by dry nitrogen. Care will be taken
to exclude carbon-dioxide (the environmental gas of the TRT and inrtectde), which in the
presence of water vapour, could form carbonic acid.

Radiation. The materials used must be able to withstand hadron fluences13% cm 2 1 MeV
neutron equivalent and an ionising dose of BY(Si), over a period of 10 years. The materials
used (or ones like them) have all been qualified for exposure to theselas@tion [14]. To allow
safe access to the detector during interventions, nuclear activation enashimised [1p]. Silver

is particularly troublesome, so local concentrations should be kept to belbg in a volume
corresponding roughly to one moddie.

Electrical Shielding. To minimise electrical noise pickup from external sources (other compo-
nents of the inner detector or the LHC machine) and the emission of electpisal which might
affect other detectors, the SCT needs to be shielded by a conductvetaynected to ground; any
apertures in the shield should not be more than a few square centirhetres.

Materials. All materials must satisfy CERN fire standardis|[17]; dispensations argreggfor
materials which do not. Magnetic materials which would distort the measuredogid¢rield
should be avoided. Most magnetic material will saturate in the 2 T field with a rtiagtien of
UoMsat. The requirement is that the sum p§Mgy: x Vol for all magnetic materials should not

exceed 20 Tem® [[Lg].

Mass. To reduce the multiple scattering of charged particles, nuclear interadsi@mssstrahlung
of electrons and photon conversions, material must be reduced amd pdssible, materials with
longer radiation lengths should be used. Reducing the mass of comporamtspossible allows
the material in the supports to be reduced.

Solenoid quench. The design must be able to cope with quenches of the ATLAS solenoid which
produce a peak rate of change of the magnetic field of 0.1 T/s. To preigriticant forces in

the longitudinal direction due to the interaction of transverse eddy curvétiighe radial field
components, conductive loops perpendicular to the field must be avoided.

1.4 Interfaces

The SCT end-cap has a defined geometric envelope, with no direct nieadhalectrical or thermal
connections to the SCT barrel, the pixels or the TRT. The SCT end-cappeiad by the same
rails which support the TRT end-cap, which in turn are supported byfredd to the cryostat. To
this extent, each SCT end-cap is integrated into a TRT end-cap to proviaesambly which is
then installed in the ATLAS detector (see sections 9 & 10). The pixel detantbits services are

1A module contains 0.2 g of silver in the conducting gIE [15].

2The front-end electronics is most sensitive to pick-up in the range 1-4@. M5o0d practice|E6] suggests that
apertures should be less thayﬁZﬂ)‘h of the corresponding wavelengths, giving dimensions no greater tighm)
multiple apertures will degrade the performance.



held within a carbon-fibre reinforced plastic (CFRP) cylinder: the pixebsrt tube (PST). The
PST is supported by the SCT barrel in the central region and is conntecthd inner detector
end-plate at the ends.

The SCT has an internal environment of nitrogen, while the inner detecsoirisunded by
carbon dioxide. The silicon of the SCT barrel is at a similar low temperatuw&6f while the PST
facing the inside of the SCT end-caps will be at arou?d and the TRT will be around 22°6.

Originally, it was expected to have a set of TRT wheels behind the SCTa&psl-however
these have been dropped from the design; hence this volume will be psetiyty the SCT ser-
vices.

1.5 Cooling

SCT modules (and pixel modules) are cooled by evaporatykg @uid in cooling pipes which
are in good thermal contact with the moduleg [19]. Liquid is supplied to the deteithe ambient
cavern temperature and 14 bar. Capillaries are used as expansion tpelttiments, leading to an
evaporation temperature of around 225n the cooling pipes. In contrast to a pure liquid cooling
system, the temperature along the pipes is approximately isothermal, with a snpatifdr@°C
associated with a reduction in vapour pressure along the pipe.

To make the system more efficient, heat exchangers outside the SCT lerivgrtm incoming
liquid and the cold outgoing vapour into close contact to pre-cool the liquidrbéf reaches the
detector. The system is passive in so far as there is no regulation ofiwhestie of liquid. To ensure
that all modules along the cooling circuit can be cooled, there must besdliapeisl coolant left at
the cooling exhausts. To avoid needing to insulate the exhaust pipesevmhpirost formation,
after they exit the controlled, dry volume of the inner detector, heatexeioethe SCT boil off the
remaining liquid and bring the pipes to ambient temperature.

2. Disks

2.1 Bare disks

The end-cap modules are supported on CFRP composite disks comprisigf-f facesheets
and a honeycomb core. These disks also

e Support the module services — see section 2.2.

¢ Allow handling of the disk, complete with modules, during assembly and integratiothe
support cylinder.

e Provide attachments to the support cylinder.

The disks are as thin as possible while retaining adequate stiffness. This remiimsgaps
between the rings of modules on alternate sides of the disks as seen Isycwatkg from a range
of collision points within the beam-spot enveloe € 5.6 cm).

The dimensional requirements are summarised in section 2.1.1; other requseime

clude [21]:



Dimension Value (mm) | Tolerance (mm)

Flatness 0.5

Thickness 8.7 +0.2
Inner radius 267 +0.2
Outer radius | 567 +0.2

Concentricity | 0.3

Table 3. Disk design dimensions.

e Dimensional changes in going from assembly conditions {€2&nd 50% relative humidity
(RH)) to running conditions (-1% and<2% RH) should be less than 2%0n/m.

e Dimensional changes in the plane of the disk inducedH2§)C and+0.5% RH changes
should be less than J@m/m in normal running conditions so as not to degrade the alignment.

e The first natural frequency of the bare disk should be higher thanz@rd greater than
15 Hz for the fully assembled disk.

o Static stiffness (out of plane) should be at least 30 N/mm.

e The maximum displacement on the statically loaded disk should be less than kOplane
and less than 10Qm out of plane so as not to invalidate the disk surveys.

e The electrical resistance across the surface of the disk should bedaeds. 5.

2.1.1 Design

The bare disks were made of 180n thick CFRP facesheets and a 8.3 mm thick honeycomb
core. The facesheets comprised three plies of high-modulus graphis filbd cyanate-ester
resir’ set at+60° to each other. The honeycomb core used was KBrex a high-performance
aramid/phenolic honeycomb céreith a cell size of 5/32 inch. The disks were sealed with annu-
lar U-profile ring$ at the inner and outer radii. The dimensions are summarised in[{able 3. The
tolerances were proposed following the manufacture of several ppe®tsnd corresponded to
what was considered reasonable, while maintaining the stiffness and witticoeéising the mate-

rial. The disk thickness and flathess were constrained by the requirethantise disks should be
hermetic, given that the module dimensions were already defined.

2.1.2 Choice of Korex®)

Extensive studies were undertaken to choose an optimal core for tree@k In particular, the
relative merits of ultra-high-modulus carbon-fibre (UCF) honeycombkaoréx®R) were consid-
ered. Kore®) is made of aramid fibres bonded with phenolic resins resulting in a material with

3YSH-50A graphite fibres in an RS-3 cyanate-ester resin matrix, meinuéal by YLA Inc..
4Korex-5/32-2.4, manufactured by Hexcel Composite Materials.

5T300/RS-3, manufactured by YLA Inc..

6See tabl¢]5 for definition.
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reduced moisture absorption and hence better dimensional stability thardiésessor, NomeR).
A requirement was a composite capable of withstanding machining forcegyduanufacture as
well as peel, sheer and tensile loadings during use. To compare difeen@posites, the flatwise
tensile strength (FWT) was measured. This is a measure of the forceagtmipull apart a panel
laterally: ideally the failure should be in the core, not the glue layers.

The glue used is based on cyanate essince it has low water absorption, typically 0.5% by
mass compared with 6% for epoxies. As cyanate esters are very settsitioésture when curing,
and since Kore® has a high water content on delivery, it was found necessary to dryotige
before use.

The FWT's for UCF cores with different glues and different prefiars were quite variable:
between 0.4 and 1.7 MPa, whereas 2.6 MPa was achieved for Rorveith RS4 and 3.6 MPa
for NomexR with epoxy. The effects of shrinkage due to loss of moisture when in tpere
expected to cause radial movements with K@&erf 70 um for the middle modules (the ones
with their mounting points at the highest radii) — this is much less than the toler&288€ gim.
Since the stiffness depends on the complete composite, the ®otexposites were found to be
comparable in stiffness to UCF, despite the lower shear modules of {®orex

Because of the better bonding achieved with K&eand the fact that it was 60% of the cost
of a UCF core (a significant fraction of the total cost), KarRewas chosen for use in the disks and,
to ensure consistent physical properties throughout the end-capsitlso used for the support
structure. Since the Koré came in larger sheets, this resulted in less splicing of sheets to cover
the required areas.

2.1.3 Manufacture

The disks were manufactured in an autoclave by Programmed Compositg®@i¢. The main
difficulty was in keeping the flatness tolerance of 0.5 mm. The disks had to Héhlms 8.7 mm
thick to maintain a radial overlap between middle and outer modules to maintain hétynaftic
coverage. The disks have low out-of-plane stiffness, so that smatirasyries in the manufacture
(e.g. thermal gradients during curing, or non-flatness of the closg-emtkl potentially cause large
deformations in disk flatness. The tolerance of 0.5 mm was necessarydadia that there would
always be adequate clearances between modules and serviceshie@@a typical flatness over
the whole disc of 0.3 mm. To help reference the disks in angle, a yellow aramédvéds embedded
in the surface.

The disks were delivered to NIKHEF where they were made ready fouraarvices|[[23].
Firstly two reference alignment holes were added at the inner radii. Terlmserts were em-
bedded at 12 points around the outer circumference to allow the disks teldénhthe support
cylinder — these were tested to 100 N. Next apertures and through boiesérts were machined
using a large reference plate. This plate was used to clamp the disk onto thimenaied limit the
break-out of the stiff carbon fibres. The apertures, which allowisesvo cross from one side to
the other, were subsequently sealed with moulded CrRReouts.

"RS4 cyanate-ester adhesive film, manufactured by YLA Inc..
87300 graphite fibres in an RS3 cyanate-ester resin matrix, manufddiyréLA Inc..

—-11 -



Dimension Value | Tolerance
Width between insert outer surfaces 15mm| +0.1 mm
Flatness of insert surfaces Oum | £50um
Slope of insert surfaces relative to disk plané mrad| +1 mrad

Table 4. Tolerances for the machined disks.

Figure 4. Completed machined disk being measured on a CMM.

Various inserts and pads to provide the attachments for the cooling circuitsadded. Jigs
were used to place the pads with a tolerance of @80 The pads were made of Tori@gnbecause
it is easily machined and very stable against creep. These were gluedabraued disk surface
using epoxy. To ensure the modules are parallel to the disk surfaceagadtifficient separation
between neighbouring modules (the minimum separation between adjacenemmdbeight is
1 mm — wirebond to wirebond) and to avoid distorting or stressing the modulepathsurfaces
need to be planar. To achieve the tolerances set out in bIe 4, the disamgsed to a stiff,
flat metal plate at-50 points across the surface. This was done in the vertical position to avoid
bending the disk under its own weight and the temperature of the plate wefsllyacontrolled.
The machining was undertaken with the disk horizontal and after each sislenachined it was
checked on a coordinate measuring machine (CMM) (see fiure 4), iagairertical position.

2.1.4 Quality control

The bare disks were checked at NIKHEF for stiffness, resonaquéncy, weight, and geometrical
tolerances. Geometrical tolerances were measured with a 3D CMM. Tteevdisk held vertically
during measurement so that they did not deform under their own weigletefigurg . They were
mounted kinematically by three points and then an additional three suppots poéne added
without distorting the disk. Tablg 5 summarises the measured properties aékise Many of the
envelope dimensions were just outside the tolerances; however, simm@teelure for making the
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Property Mean | R.m.s.
Mass (g) 1210 | 30
Natural frequency (Hz) 42 2
Static stiffness (N/mm) 32 1
Flatness (front and rearj(n) 350 85
Thickness (mm) 8.82 0.04
Width between insert outer surfaces (mm}5.05 | 0.07
Inner radius (mm) 266.97| 0.07
Outer radius (mm) 567.09| 0.03
Inner circularity’ (mm) 0.10 |0.05
Outer circularity (mm) 0.13 0.08
Concentricity® (mm) 0.08 | 0.06
Resistance) 0.5 0.1

Table 5. Properties of the machined disks.

disks flat was complex and further machining risked damage, the accematecia were relaxed
slightly. The insert flatness and slopes were inspected during the messuseand found to be
good.

The positions of the mounting pads were measured for all disks. Thesemeants were
repeated at RAL[[24] for the first two disks to ensure there had beelefoomations during trans-
portation. All the pads measured were well within tolerance300 um). An example of the
displacements of the pads is shown in figlire 5. For the example of didk &f&r allowing for
global rotation of all the pad positions with respect to the dowel holes, tiadian of the main
(secondary) pads had an r.m.s. of 49 (4#) and maximum values of 100 (15Qjn.

2.1.5 Properties of the disks

A number of prototype disks were made to test the manufacturing technigdesafirm the finite
element analysis (FEA) modelg [25]. Initial calculations of the frequeneseviound to be 20%
higher than the measured values. Adapting the model then gave a gooiptisof the mea-
sured stiffness. The FEA model of the final disk design included thdwapsr closeouts, inserts
and services and modules. The first natural frequency is a “conicalerab@2 Hz, shown in
figure[§. In-plane displacements are mostly due to the CTE and CME efiesting to expected
movements of 23@m/m. When going from room temperature and a relative humidity of 50% to
the cold and dry environment for operation, out-of-plane distortiongxcteding 4m [2§] are
expected to arise from the force of the cooling pipes (see section 2.iadg,the circuits are as-
sembled at room temperature and yet operate arouf€-2@riations in the operating conditions
of 2°C will result in displacements of only a few microns and the in-plane displadsnoéithe
statically loaded disk will be only a couple of microns.

11The “C” indicates that this disk belongs to EC-C rather than EC-A.
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Figure 5. Displacements of pads from their nominal position for maid aecondary pads (outer modules)
for disk 9C. The positions are in mm, and the displacememtsrgnified by 1000.
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Figure 6. First vibrational mode of a disk.

2.2 Services

The modules are held on the disks by means of the blocks which are cosdesb(dion 2.2.1). Each
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module has electrical power supplied by a “wiggly” power tape (see se2tihf.1); it receives
timing, trigger and control (TTC) information from one optical fibre (TX)dais read out by 2
optical fibres (RX) — 2 fibres increase the band-width and providengaiuocy.

Each disk is instrumented with its own servicgg [27] which terminate at the @atiersrof the
disk at a set of patch-panels denoted generically as PPFO. This alldwsalise tested before and
after the modules are mounted, since repairs to the services become frewt@ifter modules are
mounted. The services for a disk with all module rings are shown in flukes & general rule for
most components (including the CFRP disks), 10-20% spares weredrethis approach worked
very well.

There are variations in the services required for each disk deperndimfgioh rings of modules
it carries. The stereo rotations of the modules (described in section lo2alse differences in
the services layout between even-numbered and odd-numberedrbskmately, this only affects
the cooling circuits which are rigid; the other services are flexible and ceonamodate small
movements in the location of the module hybrids O(1) mm.

2.2.1 Cooling circuits
2.2.1.1 Design

The circuits are required to keep the silicon of the SCT modules®at. -They are manufactured
from copper-nickel (Cu-Ni) 70:30 tubing with 70m wall thickness and 3.74 mm outer diameter.
Cu-Ni was chosen since it is fairly resilient to corrosion and easily joinedtindard soldering
techniques.

There is a separate circuit for each quadrant of each ring, givingreith (outer ring) or 10
(middle & inner rings) modules per circuit. The circuits are manifolded togethahe exhaust
side at PPFO, resulting in quadrant modularity on each disk. Becau$ingcowcuits are fixed
rigidly to the disks, they are stress-relieved by making them “wiggly”, as iestt in figure[]8.
Cooling is supplied to the module in the region of the hybrid by a section of theitcitbich is
approximately radial. In the case of the outer and middle modules, cooling iswgtplied at the
far end by a circumferential section of the circuit. For the inner modulesamend cooling is
provided due to the modules having approximately half the area of silicon@amidapoint break,
hence additional cooling was deemed unnecessary.

Cooling is supplied to the modules via cooling blocks: “main” cooling blocks in thiaiyc
of the hybrids, and “secondary” cooling blocks at the far end of the hesdurhese blocks are
attached to the cooling circuit by soft soléfeand screwed down to the CFRP disk. In turn,
the modules are attached firmly to the blocks. The blocks are made fromneeaboon® — a
form of graphite with high thermal conductivity in one plane (typicall$00 W/mK) and poorer
conductivity out of the plane~{50 W/mK). The blocks have an aluminium threaded pin over which
the module is placed and secured by a Belleville waéhend small nut. The module hybrids
generate more heat than the silicon detectors and the module design has dttenmpéximise
the thermal isolation of the two sections of the module. This isolation is ensureé rotiing

12Castolin 197 flux, 70:30 lead-tin.
BMmanufactured by Dunlop.
1Conical washer, capable of providing a small spring force.

—15—



o Tape
x,,:.-——'-"‘" aperture

Inner
Module

OptoHarness

FSl Jewel

Tape PPFO

Opto PPFO ___——%. ' -

y| Middle

a Yy Module
'Cooling

e i ‘ +Circuit

Figure 7. Services for disk 6 front (top) and rear (bottom).

block by a PEEK split separating two sections of carbon-carbon (visibligime [9): the larger
section of the block being available to cool the hybrid, while the smaller sectiarcentact with
the “spine” (see figurf] 3) supporting the silicdh [4]. The plane of higmtlaé conductivity of the
carbon-carbon is chosen to be parallel to the split. Thermal contactuseehby pressure from
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Figure 9. Cooling blocks: main (left) and secondary (right).

the module nut and a controlled layer of thermal gr&x26 um thick. To ensure that the modules

do not violate their envelope, potentially risking mechanical contact or &atttischarges with
neighbours, and to avoid distorting the modules, the blocks were requinedéa height variation

of no more than 2@m and the height variation between the blocks at either end of a module should
be no more than 100m.

The capillaries carrying the coolant to the disks (each associated withla sirgit) termi-
nate at the cooling PPFO. However, the exhausts from all the circuits imueddrant of a disk
merge at PPFO, implying that a significant leak in a single circuit could caasmtiling for up to
33 modules to be lost. Both the inlets and exhausts are connected using aluséaiisti These
are small rings with a metal jacket containing a spring. The seals are intémtdedcompressed
in such a way that the metal jacket conforms to the surfaces of the houdiilg the spring keeps
the jacket pressed against the housing despite any movement due to thiéeatal

15DC340, manufactured by Dow Corning.
16Helicoflex® HN120 and HN100 seals, manufactured by Garlock Sealing Technslogie
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Initial FEA calculations [[27] using CFX[]28] indicated that in the gas betwtendisks,
convection would give a temperature difference between the top and boftamto 14C. The
simulations were broadly confirmed by a mock-ig [29] which found sigmifibaat-flows into the
outer and middle module rings at the top of the end-cap and into the inner mguitibglow the
ITE. This convective heat load on the front face of the modules, pluaddo the back face from
the power tapes, plus a factor to account for uncertainties, amountedW fdr8middle and outer
modules and 0.4 W for inner modules. The modules have been designed &tetdherse loads
from their environment without over heating.

2.2.1.2 Prototyping

The original intention had been to manufacture aluminium cooling circuits with alumioooling
blocks. Because of concerns about corrosion, this solution wapeldagnd replaced with Cu-Ni.
Because the radiation length of Cu-Ni is much higher, a reduced wall #mskaf 70um was
chosen to minimise material effects. Unfortunately the Cu-Ni proved significharder to bend
into “wiggles”. The move to carbon-carbon cooling blocks benefited fdattor of three increase
in radiation length of the material, but due to the difficulty of machining complicateges, the
actual improvement in material was more like a factor of two. This partially cosgted for the
increased material coming from the Cu-Ni pipes.

Several prototype cooling blocks were tested witfr§&evaporative coolant operating around
-18°C. It was found that the dominant thermal impedance was between the pibandathe
coolant itself. This was determined by measuring the heat transfer ¢eeff{eiTC) for some
simplified blocks. The HTC is a function of the coolant flow rate, vapouctiva and power
density. It was found that in the expected regime, with a flow rate arouvslghg vapour fractions
in the range 10% to 85%, the HTC is mainly a function of power density, P (#}/camd can
be conservatively represented B C = 330x P+1800 (W/K/m?). The result for the final block
design with a 1 mm PEEK split was that at maximum module power, the detectorydnid h
halves of the block ran at 8 and A3 respectively above the coolant temperature. Finally, an
irradiated inner module was tested on a prototype of the final block desthwas stable against
thermal runaway up to a coolant temperature 8G5

The original design for the cooling connections at PPFO involved alumingats sThese were
subjected to a qualification procedure comparable to that described ims2@&id.3 and the seals
were accepted on the basis of testing 10 of them and all 10 passing. itop@gsible corrosion
problems associated with moisture, copper seals of a comparable desgcansidered. This
solution was abandoned in the light of difficulties in compressing the stiftds se as to cause the
rims of the housings to come together forming a stable connection. The maguiteof low-mass
connections and the limited space available makes it difficult to have housipaisleaf supplying
substantial compression forces.

2.2.1.3 Manufacture

The cooling circuits were made in several parts: in particular the sectioribdlanain and sec-
ondary cooling were manufactured separately and denoted by the “mmar{fvani” wiggle pipes

respectively. Bending the Cu-Ni tube to form wiggles of the requireddbradius proved to be
difficult because of the tendency of the tube to either crease on the ideesfshe bend or rip on
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the outer side. In the case of the mini wiggles, the design called for a lbelnasrof 4< diameter.
Tests were made using fillers consisting of ice, “sand” (very small glaadshend low-melting-
point metals (Cerrober®!’). Ice proved unsuccessful and the Cerrol@naorked well but left
residues inside the pipe, giving concern that the material might flake dfsabsequently cause
blocks in the cooling system. After many trails, the best results were obtaineehojng the main
wiggles from fully annealed tube with a sand fifitand the mini wiggles from half-hard tube in
air® Resulting from the bending, the typical reductions in cross-sectionaveezee 12% and 4%
respectively.

Cu-Ni tubes were supplied by High Tech Tubes Ltd. and Uniform Tubes [(UTI). The
tubes were fully annealed to start with, and then hardened as requiregtdrgwing from the
fully annealed condition. Since it was difficult to harden or soften the mpalbly, care had to be
taken that none of the processes changed the pipe temper: this regsisduefere and after every
thermal step in the process to ensure temper was maintained. It was fotiodytigenic thermal
shock and soft solder temperatures had no perceivable effect eantiper. Once bent, the pipes
were stress-relieved in an oven.

The 70um wall thickness was selected as the minimum wall thickness to have sufficiently
many grains to ensure integrity at all levels of temper. This was measureda® liide as four
grains in one fully annealed sample; however, even in this state, the pipeckis leak tightness.
A more significant cause of leaks was found to be inclusions in the materialeiitfy these, the
pipes were thermally shocked several times and then leak tested. Thigdetiecyield to about
95%. The pipes were leak tested before and after bending and no lea&saund due to the
bending process; this meant that the only possible source of leaksipespp was in the solder
joints between pipes.

Due to small differences associated with the stereo module geometry, sotieaparf the
circuit were different for the different orientations. The completediges of pipes corresponding
to the main cooling blocks were checked in a go-no-go jig with tolerancasloD um to ensure
that the stresses on the disk would not be too great. Pipes which did mpobaiarally into the jig
were adjusted if possible to ensure conformance.

The carbon-carbon blocks were difficult to machine — the material happ@asance and
texture comparable to balsa-wood. Since the blocks are critical to the locdtibe silicon mod-
ules, a 10% sample was measured and found to be well within specificationyrtaemapper and
lower surfaces should be parallel to ith and the height within 2(m of the nominal value. To
prevent the absorption of the thermal grease, the blocks were coated Wjtm layer of gold on
top of 12um of copper. The module location pin was inserted through a hole, locatgubloyders
on the base of the pin and fixed in place by solder. The blocks were loadédite to the pipe by
an accurate jig and soldered in place. Different sections of the pipeasarected by soldering
them together with enlarged sleeves to create complete circuits.

Once the circuits were assembled, they were then cleaned and testethgeoittact with
water at all times. The first step was to clean the internal surface of thebpifleishing and

"Manufactured by Cerro Metal Products, also knows as Wood’s metal.
18Undertaken by Newtown Engineering.
Byndertaken at the Daresbury Laboratory (part of STFC).
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soaking the system overnight using a commercial cleaningfluidh a dedicated cleaning rig with
removable filters and a fume extraction system. Any leaks which developedodhe removal
of flux by the liquid, meant that the system had to be drained and dried wittgeiirbefore any
repairs could be undertaken. After successful cleaning (establishedual examination of the
removable filter), the pipes were flushed with nitrogen to dry the surfaces.

The circuits were then loosely mounted on the disks where they were pretestied to
25 bar?! with helium. With the disk inside a sealed enclosure, a helium leak-detectorseds u
to sample the volume and check for leaks. The pipe was then vented arettethto a vacuum
pumping system to ensure that a pre-defined vacuum pressure cadtibeed. Helium was then
introduced into the sealed enclosure and the helium leak-rate checlexd ot considered neces-
sary to thermally cycle the circuit, since this was done when testing the modudese@Eion 3.2).

2.2.2 Other services
2.2.2.1 Power tapes

Power is supplied to the modules and opto-packages via “wiggly” powes @& The design
was based on double-sided Cu-polyimide flexible circuits for the low-ntipewer lines, temper-
ature monitoring and control lines, and copper-clad aluminium (CCA) twisaéd fior the main
current-carrying conductors. For the Cu-polyimide tapes, the copd&rfisn thick and the poly-
imide is 25um. The lines are 15@m wide with a 150um gap between traces, except for the
high-voltage (HV) line which has a separation of 80 to the nearest line in order to minimise
leakage current& In addition, a polyimide cover-layer was used to provide isolation. In the re-
gion near the connectors where there was no cover-layer, the sepdratween the HV line and
the neighbour lines was increased to 2.5 mm. The first tapes were proditbea 50 um thick
photo-imageable cover-layer. However, the resulting tapes were tounel rather fragile; so for
the rest of the production, a conventional polyimide cover-layer wad. uBkee low-voltage (LV)
digital and analogue power for the module (higher current) is carried stetev pairs made of
0.55 mm diameter CCA with an insulating lacquer coating and with 2 turns per inch.wire
composition by volume is 90% aluminium and 10% copper. The CCA twisted paissati&ached
to the Cu-polyimide tapes with sticky polyimide tapeAs the CCA is much more rigid than the
Cu-polyimide, this tended to cause breaks in the narrow copper tracesthd¢apes were bent
into the required 3D shape. In retrospect, a more robust design wouddkbat the CCA twisted
pairs and Cu-polyimide tape mechanically separated.

To reduce the numbers of flavours of tapes, power for up to three maduteorporated in
a single tape — the three modules sharing a common tape will have similar azimutharpbut
not necessarily be in the same rings. The ends were rigidised for sttefsand terminated with
connector§* for connection to the module hybrids at one end and the PPFO at the otige€JA
twisted pairs were soldered to pads on the tape near the connectors. theemgsmatch in the

20swansolv ionic cleaner, manufactured by Swan Tek.

21The operating pressure is 7 bar. The maximum overpressure expeaefault condition is 16 bar; so a safety
factor of 50% has been added to this for testing.

22gpecification IPCC 2221.

23The sticky tape was purely an assembly aid. After assembly, the povesraagheld in place by the cooling circuits.

24Samtec FTM-114-03-L-DV and CLP-115-02-L-DV.
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Figure 10. A typical “wiggly” power tape to power two modules. The moewonnectors are at left and
middle; the PPFO PCB is at right. The LV twisted pairs can Emsibove the polyimide flex circuit.

number of modules in the different rings causing the modules not to line ugrimutizand the
absence of inner modules on four disks, the only replication which ocsimg quadrant and 21
different “flavours” of tapes are required. A typical tape is showngori@[1.

2.2.2.2 OptoHarnesses

Data from the detector is transferred to the off-detector electronics tigabfibres. Timing, trig-
ger and control (TTC) data are also transferred from the off-datettotronics to the detector by
optical fibres. Two data and one TTC fibre serve one detector moduke ddta and TTC fibres
from between 4 and 6 modules are spliced into 12-way ribbon fibres toddiione harness. To al-
low for broken fibres, both for readout and TTC, redundancy limksracorporated into the design.
More information on the fibre harnesses is available[ih [31]. One criticakifsr the harnesses
associated with the engineering was that the fibres have to be light-tight&entoravoid generating
noise in the silicon detectors. This meant that the individual fibres were m@.@D black furca-
tion tubing and the ribbons were wrapped with aluminium foil. Unfortunately thekifurcation
tubing was difficult to see next to the carbon fiBPeBecause the fibre routing was complicated, it
had to be performed by hand. Very thin furcation tubing was requiredusecof the tight clear-
ances, consequently it provided little protection for the delicate fibres @ne there several fibres
damaged during the assembly which required the harnesses to be remoowadd disk.

2.2.2.3 FSI (Frequency scanning interferometry)

The ATLAS FSI alignment system is documented elsewHele [11]. EacheB@TEap is equipped
with 165 grid line interferometers (GLI'S) in the disk planes and connectitjigcant disks. Al-
together, they make an over-constrained grid. Details of the end-cat lego be found in[[13].
The length of the GLI's can be measured to better thamilby virtue of interferometry with vari-
able wavelength light. Variations in the measured GLI lengths indicate distodfahg disks or

25Yellow furcation tubing had been tested; however, this was transparaitaered light and therefore useless.
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Figure 11. Typical FSI jewel (left) and reflector (right). Note the thestor (yellow) mounted on its own
stand, to the right of the jewel.

relative movements of the disks. Only relative motion (potentially caused bym#heffects or the
relaxation of the support structures) can be determined, since the &bgositions of end-points
of the light paths are not known accurately. The FSI system provideamation on correlated
displacements of modules and hence is very important for determining leateeereformations of
the detector — this is highly complementary to the information provided by the offligpment
using reconstructed charged tracks.

Each GLI is formed by a pair of a “quill” and a retro-reflector. Quills areessblies of a
delivery and a return single-mode opto-fibres attached to a glass béditer-siach quill emits a
cone of infra-red light (opening angle approximately®? directed towards the retro-reflector. The
reflectors are made from small aluminium cylinders, 2 mm in diameter, into whofee was
punched an accurate cube corner; each cylinder was subsequadtiylated. The reflected light
is received by the same quill into its return fibre, detected by an avalahcie-giode (APD) at the
other end and subsequently subjected to interferometric analysis witlctésestable reference
length. For the method to be accurate, it is important to monitor the temperature arhtsient
gas in the vicinity of the light-path and to ensure a stable gas composition sirseedfiect the
refractive index of the gas and hence the optical path length.

Grid nodes which contain end-points of several GLI's are made int@Beec‘jewels” which
hold individual quills or retro-reflectors. The grid is complicated and thatloa of the nodes
varies from disk to disk to adapt to changing disk spacing. Typically thexehaee jewels at
the outer disk radius and three or six on the inner radius. One side of thesdiguipped with
jewels holding mostly quills while the other side contains jewels with retro-reflectoly. GLI's
are formed between the outer points, between the outer and the inner pairistaveen the outer
points and the inner points of the neighbouring disk. The jewels are predmtyirmade from
glass-filled Torlo(R) which is a plastic stable to moisture and temperature variations. To have lines
of sight above the rest of the services, the jewels are supported dn@f gan quartz rods and
mounted on a PEEK base which is fixed to the disk. The jewels need to be maovititedspatial
precision of better than 1 mm and angular precision of better tRadample jewel assemblies
are shown in figurg 11.

The optical ribbons from individual jewels run to the dedicated splice $ax@ached to the
electromagnetic calorimeter cryostat with no break at PPFO, in order to minimigddigs and
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back reflections. There, they are spliced into multi-ribbon cables whicte rine light to the
readout crates.

2.2.2.4 Detector Control System (DCS)

Sensors for the DCY [B2] were placed all over the disks (sge [26hfme details). Up to 30
thermistors were placed on each disk: on the exhausts of the cooling Gicmugeme locations in

the middle of the circuits, on the CFRP disks and on the FSI Jewels (seeur‘éhbse consist

of flat 1 kQ thermistors encased in polyimide and read out with twisted pairs. Each disk was
instrumented with a single humidity sengbconsisting of a three-wire package in a carbon-fibre

housing [3B].

2.2.2.5 Patch Panels (PPFO0)

There are patch panels for most of the services at the outer radiustodis& on the rear side.

There are four cooling patch panels per disk consisting of the inlet amalisk 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 thiseigiends of the “wig-
gly” power tapes held in brackets. Each patch panel serves up to 9 readhul® 3-way tapes (note:
not all positions are used). There are 8 optical patch panels per diskfan DCS.

The patch panels for disk 9 are on the front side, since the disk hasdteérd back-to-front
(see section 1.2). This requires some modified circuitry on the ends of tggl{fvpower tapes to
cope with the swap to the order of the power lines.

2.2.2.6 Miscellany

To ensure that the disks and associated services are grounded, alamoiyimide foils are placed
on the disks. The foil is plated to allow good solder connections to be matiembe (25 um),
glue (25um), Al (50 um), Ni (12 um), Au (2 um). There are two foils; one on the front and one on
the back of the disk which cover approximately 6% and 19% of the surfeegraspectively — see
figure[I2. The foils are connected to the ground pads on the CFRP disk #me cooling circuits
by soldered tabs. In turn, the cooling circuits are connected to the ATA&d via connections
to the ground sheet on the support cylinder (see section 4.2).

2.2.3 Services assembly and testing

The assembly of all the services to each CFRP disk took place at the RANIKHEF. Each
disk required 3-4 months, including testing. Services were added onedagdime: grounding
foils, wiggly power tapes and optoharnesses. These were testee tieégrwere trapped by the
rest of the services: cooling circuits, DCS and FSI jewels. Extensitiegesas undertaken of the
power tapes, the optoharnesdes [31] and the cooling circuits. Any sagrtilamage of the tapes
or harnesses required that the cooling circuits were removed to allovcesptat — this was time
consuming. The result was that every completed disk was fully functional.

After this, the cooling blocks, which until this point were only loosely placeete positioned
accurately. By design the screw holes in the blocks were(88Qoversized allowing the blocks

26xeritron™ XN1018 sensors, manufactured by Hygrometrix Inc..
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ATLAS GROUNDING
FOIL

Figure 12. Front ground foil for a disk.

to be moved and located accurately. For EC-C, the disk was placed on d ditary table and
centralised using the two central alignment holes in the disk by viewing thraugiptical system.
Custom made targets were placed over the pins in the blocks and the blockadjested by
hand’ to their defined positions, again by viewing under the same optical systene |Guated,
the block retaining screws were tightened to a pre-defined torque. Aathe sme, the base-pads
for the FSI jewels and reflectors were placed. For EC-A, a precisiafimed plate was used. The
tolerances for the pin placement to ensure that all the modules overlapipedivgaps were: 37,
60 and 19Qum (see tabl@]2) for the outer, middle and inner rings respectively.

The final FSI components, which were above the silicon modules on thedfdhe disks,
could only be placed once the module mounting (see section 3) was compteted.rot possible
to test the FSI components, but from careful inspection of the fibregamds, there are no known
problems.

2TThe design of the “wiggly” circuits permitted easy movement of the blo¢kkeorder of 1 mm.
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Figure 13. Disk 6C with services, ready for modules: front (top) and (battom).
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Figure 14. Tooling for module mounting.

3. Module mounting

3.1 Module mounting

Modules [4] from the module construction sites were delivered to Theedsity of Liverpool
and NIKHEF as needed for mounting on to the disks. At both sites, modules meunted on
to disks using similar techniques designed primarily to accomplish the task with miriskal r
to the modules. This required the design and manufacture of tooling to allowiskeodrotate
and modules to be mounted onto the cooling blocks, as well as the develophpEotedures
to dispense thermal grease, fasten down the modules and attach thessemlieemodules are
staggered in height on the disk to ensure that there is an overlap betae®emedule and its
neighbour. At the start of the build, all lower modules of all ring-types vdne mounted in
groups of about six; the disk was tested and then module mounting resumeithevaddition of
the upper modules, after which the disk was tested again. However, exgrgdfective modules
were found in testing, and the later disks were built without the intermediate tests

The basic concept of the tooling is shown in figlire 14. The disk was mowmtedrotating
ring mounted in a frame which allowed the disk to be positioned at precisely theaimgle so
that the mounting points for all modules could be brought to exactly the sant@paslative to
the module mounting jigs. Modules were then mounted on the module transfer mibgetaacted
from their frames before being located on to the cooling block pins on theudisk) the module
mounting jig.
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Figure 15. Module mounting jig.

The module mounting jigs consisted of a base and an interchangeable tevwsmwan in
figure[15. The base was mounted on precision rails running perpendioutze disk. Left-right
and up-down translation stages were used to position the tower relative tliskheThe tower
supported a module grabber which allowed the module’s angle and positithre (@irection of the
rails supporting the base) to be adjusted. Miniature CCD cameras werd¢ougiedy the relative
positions of the module’s precision mounting holes with the correspondingopirtee cooling
blocks to allow the operator to correctly position the module before it was sligiong the grabber.

The thermal requirements dictate that the amount of thermal grease makimglimg contact
between the modules and their cooling blocks be carefully controlled. ThHisaeldeved using a
precision liquid dispenser and a syringe as shown in fijdre 16. Therewd€f was applied to the
main-point blocks using a 10-dot pattern, whilst 6 dots were applied fosebend-point blocks.
The mass of grease applied was adjusted by varying the air pressuag-gudse duration on the
dispenser. The mass of grease dispensed was checked beforgaffive or six modules was
mounted by applying grease to the sample block. The typical grease gevarar a block was
checked by mounting a clear plastic plate on the sample block and applying due tosed for
module mounting.

Module mounting began with the preparation of a list of modules for each nregdglected us-
ing the performance parameters obtained during module testing at the asséghlyhe selected
modules were moved to storage near the module mounting station. Typically, modulding
proceeded by ring type, block height and quadrant. For example théofis modules in the
top right quadrant (TR) of the middle ring would be mounted sequentially. dibi@ preliminary

28DC340, manufactured by Dow Corning.
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Figure 16. Tooling for grease application to module cooling blocks.

module lists, the five required modules were identified and laid out in mounting. oFtden, the
grease dispenser was set up, adjusting the parameters to get the rigit afigrease, and grease
was dispensed on each of the five pairs of cooling blocks (main and da&gdn The disk was
positioned using the indexing holes in the rotation ring such that the blockbddirst module
were at the bottom.

The first module, still held in its frame, was then mounted on the module transfer plae
plate was slid and locked in a position immediately in front of the module mounting jig.jigh
was then slid forward and locked in position. The lever to open the moduld@ridws was
activated and, using the CCD cameras for feedback, the position ofahbagrwas adjusted using
the translation and rotation stages and the grabber plunger. The gjabkerere closed and a
check was made to ensure that the module was being held properly. The maduteen released
from its frame, the module mounting jig was withdrawn and the module transferspigteack.

With the module now on the end of the grabber, the module mounting jig was ast/and
positioned just in front of the disk. Again the position of the module was adjustang the CCD
image of the module mounting pins in the two cooling blocks as a reference.t@moedule was
correctly aligned, it was pushed onto the blocks using the plunger of thelengdabber.

The module was released from the grabber and the module mounting jig wasawithdl he
module would remain in its proper position due to the slight stickiness of the thgneade. The
far-end nut was loaded into its driver. The far-end washer was locatto the pin using tweezers
and the nut was screwed on until the module was just being held. This pesteel with the main-
point pin but with the added complication of the “grounding finger” which stécd over the pin
before the washer and nut. When both nuts were on their respectivaorgue driver was used
for the final tightening.
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Figure 17. Distance from the top of the main-point nut to the top of thempint pin — an example of
66 modules on disk 6C.

As a final check, the distance from the top of the main-point nut to the topeahtin-point
pin was measured. As an example, the graph in figyre 17 shows the vhtagsed for the 66 lower
modules on disk 6C. Any modules with distances greater than 1.9 mm wereckech Typical
problems were associated with the washer or grounding finger catching thrésads of the pin
causing the torque threshold to be reached before the module waslpsgmrred.

The positions in the plane of all of the mounting pins relative to the refereales ln the
disks were measured on a CMM with a precision of(ifi and incorporated into the alignment
database in order to provide an initial estimate of the position of each moduleisk [84]. The
resultant mean offset deduced for all modules wag!B6in Re with r.m.s.’s for EC-A and EC-C
of 58 um and 53um respectively. For the radial displacements, the corresponding narater
41 um, 38 um and 43um. The alignment accuracy which was achieved was comparable for all
rings of modules; however the specifications are tightest for the innes where it was proposed
that module pins should be placed to Bih (see tablg]2). This specification was not met since
there were often global rotations of all of the pin positions in a given rimgcesthe specification is
intended to ensure that there is a sufficiently large overlap between twiboeigng modules in a
ring, a more useful requirement is that the overlap should not be rddhyamore than 74tm (even
then, this is not a hard limit, since the nominal overlaps are 0.4-1.4 mm). This was atlcases
except one overlap which was 7#n. So in conclusion, the pin placement should be considered to
be very satisfactory.

The mounting of modules at Liverpool began on September 2004 with diskn@iCGhe last
module on disk 1C was mounted on July 2005. The graph in figjre 18 shewsdhress made.

In NIKHEF, the mounting began on May 2005 and was completed on Ja@086; A completed
disk is show in figuré¢ 39.
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Figure 19. Completed discs: front, disk 6A (left) and rear disk 1A (tigh

3.2 Testing
After the disks were assembled, they were electrically teftéd [35] to chatkdhe of the modules
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Figure 20. The input noise for each of the modules on both end-capsmafidule mounting.

had been damaged during the assembly procedure. The disks wer ipkide a test-box which
sat inside an environment chamber where the air humidity and temperatddebeoaontrolled.
The dew-point in the chamber was kept around®€0Trhe modules were cooled to their nominal
operating temperature using the SCT evaporative cooling system for EQ@-EC-A, modules
were cooled to just below°C). The modules were powered [36] using the custom-made SCT
power-supply system and read out optically using the SCT ROD’s (teattiver), BOC's (back-
of-crate card) and TIM (TTC interface modul€)][$7} 38]. The maximumber of modules which
could be readout simultaneously corresponded to one quadrant &f. a dis

The measured input noise for each module type is shown in figlire 20 aadetage for each
of the module types is shown in taffle 6. The numbers of problematic stripsawe st figure[2]L.
There are a total of 8000 problematic strips in the two end-caps (4040 i@ & 3960 in EC-A,
including one dead chip) — 0.26% of the total number. The electronically steipd are 79% of
the problems, the rest correspond to noisy or unbonded strips. Thegaveumber of defects per
module is 4.0 — well below the specification of a maximum of 15 (1%). By iteratingtbeesses
of mounting and testing, no net additional defects were introduced dugngstfembly process.

4. Support structures

4.1 Design

The SCT end-cap support structurgd [39] support the disks within tieg detector. Each end-cap
has a support cylinder, a front support panel, a rear suppod pad an inner thermal enclosure
(ITE) cylinder. The support cylinder locates and supports the diskdewhe front and rear sup-
ports hold the cylinder on the TRT rails so that the SCT end-cap and TRTamdre coaxial (the
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Module Type | Noise (ENC)
EC-C | EC-A
Outer 1577 | 1605
Middle 1530 | 1525
Short Middle | 922 914
Inner 1074 | 1065

Table 6. The average input noise corrected &Cdor each module type.
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Figure 21. The number of modules having a given number of problematigsstfor both end-caps.

TRT is in turn supported by rails fixed to the inner bore of the cryostat).stipgort cylinder also
carries services to and from the disks. The front supports, in-fiklsaipart of the front support)
and rear supports along with the ITE cylinder form essential componétite thermal enclosure,
discussed in section 8.

The support cylinder, front supports and rear supports are coteEandwich structures us-
ing CFRP facesheets. The core of the sandwich panels is a high-performance aramid/phenolic
honeycomb coré® For the support cylinder, the facesheets and core were co-curadirtaclave
using an adhesive filff For the front and rear support, an epoxy film adhe¥ivweas used to bond
together pre-cured facesheets and the K@&ore. Due to the large size of the panels and cylinder
compared to the stock honeycomb sheets size, the honeycomb core wed gujiether using an
expanding syntactic filr®> All edges were sealed to prevent the ingress of moisture: CFRP close-

29YSH-50A graphite fibres in an RS-3 cyanate-ester resin matrix, meiuuéal by YLA Inc..
30Korex-5/32-2.4, manufactured by Hexcel Composites.

31RS4 cyanate-ester adhesive film, manufactured by YLA Inc..

32 EM73U, manufactured by Cytec Engineered Materials.

33synSpand 9899.1CF, manufactured by Loctite Aerospace.
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Figure 22. End-cap support structures, showing the main components.

outs were used for the support cylinder and aluminised polyimide films on gpospanels. All
these materials, especially the YSH-50A fibres and cyanate-ester, é@vaibed in order to create
structures which are stiff and low mass, with close to zero CTE (coeffiofethiermal expansion)
and low CME (coefficient of moisture expansion).

4.1.1 Support cylinder

Each support cylinder (see figufe] 23 and figlire 35) is a CFRP samdwlmder, nominally
1943.3 mm long and 1165 mm outer diameter. The sandwich consists of tvebiéste, 0.225 mm
thick, and a honeycomb core of 9 mm thickness. The CFRP facesheatsarged in three layers:
for the outermost layer of the cylinder, the direction of the fibres lies alom@xis of the cylinder;
in the other two layers of each facesheet, the fibres are arrangegDato the axis. This results
in a quasi-isotropic lay-up, as used for the disks. The cylinder wall ioed with a number of
apertures; the larger rectangular apertures are for services tm@ass$ out from the patch panels
(PPFO0) on the edge of the disks (or directly from the disks in the case &3heptical fibre rib-
bons). These rectangular apertures are edge-sealed with mouldé‘CBRshaped closeouts.
The ends of the cylinder are also closed-out with similar CFRP “U” sectidhsre are smaller,
round apertures for the disk fixings (the aluminium alloy inserts, visible inéig$) and through-
holes which have been fitted with Ulte®n (polyetherimide) 2-part threaded inserts. The ends of

34T300 graphite fibres in an RS-3 cyanate-ester resin matrix, manufddiyrYLA Inc..
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Figure 23. Support cylinder fitted with Cu-polyimide ground sheet.

Figure 24. Front support during load testing.

the cylinders have embedded aluminium alloy inserts to support the screnifags which attach
the front and rear supports.

4.1.2 Front and rear supports

The front and rear supports are both flat CFRP sandwich panelsstingf a central circular
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Figure 25. Rear support during load testing.

section of 1213 mm diameter and two support arms extending from this ceattédn to a width
of 2190 mm at the tips of the aluminium alloy mounts for the support mechanismdbéaw).
The support panels have integral inserts to strengthen locally the sdmgariel where it is bolted
to the support cylinder. Another feature of both panels is the centralumee this, along with
the inner diameter of the ITE, creates space for insertion of the pixeltdetuad its services at
the centre of the inner detector. The edges and apertures of the pamnstsabed with aluminised
polyimide tape®® The front support is split into three separate sections: a horizontabt@art
with the arms and two in-fill panels (top and bottom) which complete the centralairsection.
The split design is essential for integration, where a mix of temporary stgppnd final parts
are interchanged to transfer the SCT end-cap load from the tooling to theefidRcap rails, see
section 9.2. The front support sandwich consists of two 0.45 mm thicklieets with six plies in
the quasi-isotropic lay-up oGnd+-60°, as with the support cylinder and disks. The front support
has a core of 8 mm thickness making the overall panel thickness nominally 9 hemear support
needs to support approximately two-thirds of the end-cap weight argkqaently is thicker: the
sandwich consists of two 0.9 mm thick facesheets (twelve plfean6+60°) and a core of 25 mm
thickness, giving a nominal panel thickness of 27 mm.

The support structure is sensitive to vibrational excitation which may ogithin the exper-
iment. This is especially significant in the axial (z) direction of the experimémdre/volumetric
constraints within the inner detector only allowed for support using thinlpaibe extra thickness
of the rear support core significantly stiffens the panel, raising theftinslamental frequency of

35Supplied by Sheldahl.
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Figure 26. One support mechanism attached to a front support paneigliaédd testing.

the support system. It was found during analysis of the system, as walireeg testing, that for
lower modes, the amplitude of oscillations is insignificant in relation to the stabilityinesd

4.1.3 Support mechanisms

The support mechanisms (see fighie 26) are mounted on the end of thelimg arms of the front
and rear support panels. The mechanism assemblies (mainly aluminium adogponate plain
bearings which allow different degrees of freedom of the structuri@gleontraction or expansion
— these dimensional changes are caused by temperature or moisturecf@ggacclimatisation
to operational temperature in the dry gas environment). The mechanisnwtsingofull mass of
the end-cap including all the internal services and thermal enclosuyeetba support a proportion
of the external services and services management (cable trays) upio PRe end-cap mass is
distributed at four points in the horizontal plane. The support constriintsach end-cap are
shown in figurg 2]7.

4.1.4 ITE cylinder

The ITE cylinder is a single CFRP laminatthere are five plies in the laminate giving a total
thickness of 0.58 mm. The dimensions of the bare cylinder are nominally 2009 mgryBld7.6 mm
inside diameter. As part of the thermal enclosure, its outer surface isetbwith a layer thermal
insulation, the gas purge inlet system and finally a ground sheet — semns®d.3. The front end
of the cylinder is fitted with a 1.5 mm thick CFRP flange (13 plies of the T300 plaave) while
the other end is attached to the rear support by the ITE brackets.

36T300 graphite fibres in an RS-3 cyanate-ester resin matrix, manugadmyrYLA Inc..
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4.1.5 FEA

A detailed model of the end-cap J40] using ANS¥YSvas constructed to study the support struc-
ture. This consisted of 37 000 elements and included the disks supporstiff iy lateral direc-
tion) springs and allowed for the services on the cylinder. Simulations wergroom temperature
and at operating temperature — the differences were small due to the highapence low-CTE
materials used. The effect of irradiation was not analysed, but praiation hard materials were
used for the construction, and a large safety-factor of two was usdidwofar any degradation in
the structural properties of the material.

The overall CTE was found to be %40-8/°C, similar to that estimated for the disks; while
the strain (CME) was estimated to be $10~* for a 50% increase in relative humidity at room
temperature. It is expected that when the SCT is cooled and dried to tregingeronditions, the
shrinkage of the support cylinder will be around 30®. The maximum facesheet stresses due to
cooling to the operating temperature and the effects of gravity were estimated3tMPa at the
“wing-tips” of the front support, compared to a maximum allowed stress &fiiP@. This does not
allow for the additional strengthening incorporated in this region. The maxideftactions under
these conditions correspond to a sag of the cylinder and disks aroupdshi®n of disks 4 and
5 of about 0.5 mm, as shown in figufgd 28. When CME effects are conedideéue to the drying
out of the KorexR), stresses of up to 50 MPa in the skin (compared to the allowable of 70 MPa)
and 0.26 MPa in the core (compared to the allowable of 0.36 MPa) may bergacsi at the
end of the support cylinder. The allowables have a further factorfetysaf two before failure.
Temperature variations o€ are expected to result in movements of the disks of no more than
8 um transversely and 18m longitudinally — well within the tolerances. The fundamental mode
is an axial movement at 6 Hz, while the second mode is at 24 Hz and condssfa transverse
motion of the end of the support cylinder at the front.

The displacements of the end-cap when subjected to vibrations were Sififiedihe power
spectral density (PSD) measured at the LEP accelerator (CERN) #2% tmaximum value of
1x10 1 g?/Hz at 5 Hz. Using the complete PSD vyields displacements of the end-cap which a
less than 1 (4um perpendicular (parallel) to the axis. Even taking a much harder PSD radasu

37A trademark of SASIP Inc., supplied by ANSYS Inc..
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Figure 28. FEA showing the effect of gravity and CTE.

the Daresbury SRS where the maximum valuexd.@ 8 g?/Hz, the maximum displacements are
only 3 (40)um perpendicular (parallel) to the axis. These would not affect the statigtiezision
of the SCT.

4.2 Manufacture and testing

The support structures were manufactured by Programmed Compositd®@l). In a qualifica-
tion step, a one-third length prototype of the support cylinder, includiegtages, was constructed
along with a number of test panels. The one-third length cylinder undémetnology to qualify
the tooling and manufacturing process. The test panels were subjectiisonic examination
(to check for delamination), thermal cycling and CTE/CME tests as well attests and flatwise-
tensile tests (FWT).

The support cylinder sandwich was co-cured in an autoclave on a dghhdteel mandrel
whose dimensions were chosen to compensate for thermal expansion ttherco-curing process
at 17%C. The apertures and insert holes were machined one quadrant at astigeauemplate
which ran along the length of the cylinder. The cylinder was indexed auadry quadrant in
a step-and-repeat machining process. Finally the closeouts were aploliegdwith the various
threaded inserts. The laminate ITE was made in a similar way on a smaller steekemartie
front and rear support panel facesheets were pre-cured aechbied with the core and epoxy film
adhesive on a surface table. All of the structures had copper pad=idetbin their surface during
curing to allow electrical connection to the conductive CFRP facesheeagsdonding purposes.

The completed structures underwent laser metrology as well as a “cditetfo test the
integrity of the sandwich structure, and in particular the adhesion of tlesltieets. Furthermore,
test samples were cut from the same panels from which the front ansugaorts were produced,
and these samples were subjected to bend and FWT tests.
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Preliminary tests by PCI led to the understanding that the core needed teetidalavoid
moisture contaminating the film adhesives. The first flat panels prodaded the FWT tests
(require> 2.5 MPa), with bond failure in the film adhesive. This was attributed to moistgnese
from the Ulten® inserts which were subsequently replaced with graphite. A second faiase
attributed to the cyanate-ester based RS4 film adhesive because obitwisgho moisture. For
the front and rear supports, this was subsequently replaced with FMitBlduccessful results.

While at the manufacturer’'s premises, the complete sets of structurescfoerd-cap were
tested to ensure that they fitted together and could support a load aordésp to the estimated
weight of all of the disks and associated services plus a margin of safhgyload was applied
by draping flexible lead blankets over the cylinder. The lead blanketgeshsioe load remained
evenly distributed over the cylinder as it deformed and that it was notceljéo point loading. A
proof load of more than 1.5 times working-load was applied. During the loadiager tracker was
used to measure deflections. Maximum deflections of 0.74 mm and 0.87 mm faotk&uctures
were measured, in reasonable agreement with the FEA prediction of 0.63 mm.

The most important features on the support cylinder are the holes fokihgsfisee figurg B5)
which position the disks. These were required to be located to 0.25 mm. kguifficult to
measure these positions on a large structure which would only be rigid ssemnaly of the support
panels. Ultimately this measurement was achieved by surveying the cylindemteratable in
a naturally relaxed state, namely standing vertically on its end. It was foatdhé holes were
displaced by up to 2 mm. This was attributed to the difficulty of machining aperaum@dixing
holes in quadrants using the step-and-repeat process — the main E#us@mblems being the
location of the cylinder’s axis. Rectification was achieved by enlargingalestand then precisely
placing the fixings using the rotary table, a theodolite and an accurate toaling b

As a final step, a Cu-polyimide (1}8m copper, 25um polyimide)*® ground sheet was placed
over the cylinder to provide a solid electrical ground (see fifjufe 23)e @as taken to ensure that
this had some slack so that when the SCT is cooled to its operating temperaigiee#tt does not
stress the support cylinder or rip.

5. Cylinder services

Figure[2P shows the service apertures for disks 1, 2, 3 and 4 (fromo léght). The Cu-polyimide
ground sheet can be seen on the CFRP support cylinder. Abovekmwdthe apertures are the disk
fixing springs of which there are 12 per disk. Their design allows the@tipglinder diameter to
change by a few microns whilst keeping the disks coaxial. Outside the disgdiare the nitrogen
exhaust-circuit pipes (transparent PEEK tubes with an aluminium alloy nénifoich can be
seen on the left of the picture), and outside those are the low-mass ppesi(kaMT’s) with their
associated cooling pipes and heat transfer foils. Running along the dativeen the disk fixings
are the small-diameter inlet capillaries for the evaporative cooling and theiatesd large diameter
exhaust pipes. The rails for the outer thermal enclosure pass overdieilaries and pipes.

38Cu-polyimide foil (18um copper, 25um polyimide), manufactured by GTS Flexible Materials Ltd..
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Figure 29. Services on the end-cap support cylinder (see text forldgtai

5.1 Evaporative cooling interconnects

The evaporative cooling interconnects run from the PPFO’s locatedeodisks to the services
thermal feedthrough (STFT) at the end of the support cylinder. Thésiale Cu-Ni capillaries
of inner diameter 0.68 mm for inner and middle module circuits and 0.76 mm for mddule
circuits; both types have 0.2 mm wall-thickness. The capillary lengths weed torensure that the
pressure drops (and corresponding mass flows) were the samedapidifiries of a given nominal
diameter. To ensure the stable operation of the heat exchangers, draliargeter capillaries were
also used for the middle module circuits of disk 1. Excess capillary lengthsagetanmodated
by coiling the capillaries on the surface of the support cylinder, as caedrein figurg 29.

The exhaust circuits are made up of Cu-Ni tubes of two different inizeneters: 6 mm (with
a 200um wall thickness) and 8.1 mm (with a 1%0n wall thickness). The circuits include a large
“wiggle” (see figurg 2P) to minimize the forces transferred onto the diskgwei@PFO patch panel
when the tubes contract during operation. The smaller diameter pipessaréoushe wiggles; the
thicker wall is a manufacturing requirement to cope with the production of thehignds without
collapse. The larger diameter pipes were used for the straight runsrglee tlameter maximises
fluid throughput, minimises pressure drops and reduces material by thef tise thinned pipe
walls.
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5.2 Low-mass tapes

The low-mass tapes (LMTSs) provide the power and control signals for the modules. They connect
the external cables at the PPF1 patch panels at the end of the inner detector to the PPFO patch panels
at the outer radius of the disks. The LMTs were fabricated from polyimide with aluminium tracks

in order to minimize the radiation length. However, after mounting the LMTs on the cylinder,
there were many cases of cracks forming in the nickel-plated regions at the end of thg thpes [43].
Therefore it was decided to change to copper LMTs. These were made from an adhesiveless
polyimide material® with a 36 um copper layer — these turned out to be very robust. The tracks
used for the high current LV lines were 4.5 mm wide; 0.5 mm wide tracks were used for the HV and

all the low current lines. The voltage drop for the longest LMT with the maximum 1.3 A current

will be 83 mV.

From each azimuthal PPFO position, up to three tapes are connected to a disk; these build up as
they are joined by tapes from successive disks going along the support cylinder, forming a “stack”,
with up to 27 tapes in a each stack .

Simulations associated with the thermal enclosure (see section 8.4.6) indicated that without
cooling, the centre of the stack of LMT’s could rise to°&0 While this is not problematic for
the tapes themselves, since they were bonded togethef@t RGvould represent a significant
heat-load within the SCT. To avoid this, a dedicated cooling system was devised.

Each set of three LMT stacks running the length of the cylinder is cooled by dedicated cooling
pipes which are fed from the module evaporative cooling circuit. The heat transfer from the LMTs
to the cooling pipes is aided by a set of 15 foils clipped on along most of the pipe length.

The pipes are fed from the cooling circuits of disks 7, 8 and 9 where the missing rings of modules
on each disk provide the additional capacity for cooling the LMTs. Each set of three 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 an azimuthal slice
along the length of the end-cap. The 1@ foils which wrap around the tapes are held tightly to

the pipes by means of Cu-Be spring clips which also serve to compress the tape stack (otherwise
air-gaps between the tapes would increase the thermal impedance across the stack and raise the
internal temperature). The edges of the foils are covered with a self-adhesive polyimide tape to
avoid sharp edges which might rub on the LMTs (because of thermal motion) causing damage
over time. There are a number of foils placed longitudinally along each run of tapes, each foil is
around 5 cm wide with a small gap between to allow any trapped moisture to escape. It is essential
that no moisture forms and becomes trapped near the power track on the LMTSs, since the high
voltage combined with the presence of moisture can lead to a surface breakdown of the electrical
insulation and damaging short-circuits could occur to low-voltage lines.

Figure[3D shows measurements across a set of three LMT stacks from a trial 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 and 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, the temperatures across the three stacks were fairly uniform and only

39Espane®), manufactured by Nipon Steel Chemical Co., Ltd..
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Figure 30. Temperature measurements across a set of three LMT stacks.

about 18C warmer than the coolant. These measurements are indicative rather fimétivele
since the heat-transfer coefficient under real operating conditionprosg to be different.

5.3 Remaining services

Short ribbon fibres[[31] and detector control system (DCS) servitsasrun from the disk PPFQ’s
to PPF1. All the services are held in place by low-mass polycarbonateromélum alloy clips.

The nitrogen-purge exhaust pipes are also attached to the suppodetylirhere are twelve
PEEK tubes with holes drilled along their length which draw in the nitrogen frenStBT end-cap
volume. The gas then flows to a circumferential manifold at the front endhemdback along the
support cylinder and out of the end-cap.

Once all the services were attached, the cooling circuits were tested fikalgles and the
modules were powered, their electrical and optical circuits read outketieand repaired as ap-
propriate. The completed assembly is shown in figufe 31.

6. End-cap assembly

The end-caps were assembled at The University of Liverpool (WM KHEF (Amsterdam, The
Netherlands).

6.1 Support of the end-caps

The end-caps were supported on an assembly frame made from alumirdtiomse Two invar

rings, the stub supports, were attached to the ends of the support cylisidg the same screw
holes to which the final front and rear supports would later be attachdtelabsence of the final
supports, these rings ensured that the support cylinder remainedrimdirathd provided mounting
points to the assembly frame. These rings were in several sections, withitside as not to cover
the complete end of the cylinder — this was essential for the integration deddnikection 9. The
support cylinder was mounted onto an assembly frame supported by theugiodrts. Using four
quasi-kinematic mounting points on the assembly frame, the cylinder was aligtieat $ts centre
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Figure 31. Services on the support cylinder before the outer thermelbsare was added. (Note this
photograph was taken at CERN at the stages described ins&cti, but it is used here for its clarity.)

coincided with the top of the central beam. A tool to position the disks, the did¥bgr, was then
assembled onto the central beam and a blank disk (before servicesdraddided) was placed in
the tool which was then run along the length of the cylinder to provide thedlig@iment of the
cylinder with respect to the central beam — see figute 32.

6.2 Disk insertion

A sturdy beam was located coaxially with the support cylinder, supported the rear support
frame. The beam supported the disk grabber, a carriage which allosiesitd be moved into
position inside the support cylinder by use of a manual belt drive. Thegtabber consisted of
three brass fingers which were machined to fit into the groove on the ionfacs of the disk.
The fingers were mounted on two micrometers which allowed the disk to be movizdrtally
and vertically, and an additional mounting was used to rotate the disk abocetire line of the
cylinder — see figurg 33.

To insert a disk, each disk, mounted in a support ring in the test box, reagltt to the front
of the support cylinder. The disk was then removed from the test boxtensgupport ring hold-
ing the disk was then connected by locating pins to the stub support. The diskamsferred to
the disk grabber and the support ring removed. The disk was then texhblathe micrometers
until its centre was concentric with the centre of the cylinder. Next it was thal@ng the cen-

— 43—



Figure 32. A blank disk mounted in the disk grabber to align the cylingled beam. The front stub support
can be seen at the outer radius — it connects by kinematic tmtaithe assembly frame at the lower corners.

Figure 33. A disk supported by the disk grabber.

tral beam until it was located at its correct aperture by observing fido@aks on the disk rim
through a microscope mounted on a precisely machined bar. Then it watetrad onto a set of
kinematic mounts located at 6 o’clock (weight compensator), 12 o’clockqzement and weight
compensator), 3 o’clock (xyz-movement) and 9 o’clock (yz-movementpe-figurd 34.

The disk was required to be positioned with an accuracy of better thapmda x and y and
500um in z from its nominal position with respect to the cylinder. These are naigtronstraints,
since the module positions will be corrected by the track-based alignmerdgrtNeless, it helps to
have a good starting point for these positions, especially in the x-y plareeveystematic twists
are more difficult to constrain with charged tracks.

The disk was aligned in the x-y plane using two sets of optical targets whidhmeunted on
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Figure 34. One of the kinematic mounts for capturing a disk

precision-machined frames attached to the front and rear stub supfiwetiargets were positioned
relative to dowels located in fiducial holes on the end of the cylinder, gitvia position relative
to the cylinder with a precision of a few tens of microns. A survey telesc@sahen aligned along
the lines defined by the targets. This ensured that the telescope and #ie veege aligned along
a straight line parallel to the axis of the cylinder and the position of the line in thelane was
fixed to an accuracy of 5Qm relative to the cylinder. The targets were located in the x-y plane
to provide a line of sight through the alignment holes in each disk when thevdisln its correct
position. This was achieved by moving the disk on the kinematic mounts until the mothe
disk were located on the line between the telescope and the far target. ctinagcwas limited to
25 um by the markings on the target, allowing the disks to be aligned in x and y to withimb0
for disk 9 (nearest to the telescope) and L@ for disk 1 relative to the line defined by the targets.

The alignment in z was carried out by placing three precision-machinedddumirs (the same
bars as used to locate the fixings discussed in section 4.2) on the cylinceindgpthem with
precisely placed pads at the end of the cylinder. The holes in the baesponded to the apertures
in the cylinder used for the fixings. These holes held a microscope, allottmige located relative
to the cylinder with a precision in z of around 22én. To ensure the accurate placement of a disk,
it was adjusted via the kinematic mounts so that its centre line was aligned with tine oéthe
microscope.

After each disk was positioned inside the cylinder using the kinematic mountss itaptured
by inserting screws into the inserts in the disks — there are 12 of these gerTdlie screws are
held in position by springs which were designed to ensure that the stréise disk is minimised.
These springs, which are flat and made from copper-beryllium, werghatiao the fixings on the
cylinder by screws — see figufe] 35. The screw holes in the springvaresized to accommodate
small misplacements of the fixings relative to the aligned disk position.

During the alignment of the disks, most of the external services on theduppinder were
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Figure 35. Disk fixing.

absent. Since these are relatively massive, the alignment of the disks would be lost when the
services would be added later due to changes in shape of the cylinder. To compensate for the
absence of the services, weights were draped along the cylinder to simulate the missing mass.

A final survey of the disks showed that the majority were within aroundi®f the line of
sight in x-y, with the most extreme case being 4080.

6.3 Services assembly

The disks were inserted from the front of the end-cap, starting with disk 9 and working back to
disk 1. As each disk was added, so the corresponding services (described in section 5) were added
to the support cylinder and connected to the PPFO patch panels on the disk and temporary PPF1's
at the rear of the end-cap. The services were held by custom clips (as described in section 5.3) to
the cylinder and were potted into the STFT by means of Teghsitlhesivé’® The silicone-based
adhesive was intended to hold the services in place and yet allow them to be removed if necessary.
It turned out that when the end-caps arrived at CERN, many of the services needed to be re-laid
to ensure that they respected the geometrical envelopes and accurately followed the appropriate
paths through the STFT in order to connect to PPF1. It was found that the TRdlagitéd to set
sufficiently and so was subsequently replaced with Tem@lék

Both the LMTs and optical fibres were required to underg®@nhds at the exit from PPFO
on the disk onto the cylinder and at the STFT at the end of the cylinder, where services exit the end-
cap onto external cable trays. The LMTs and optical fibres had well defined minimum bend radii
to avoid micro-cracking and these had to be respected at both points. For the LMTs, the geometry
of the exit at PPFO led to a natural bend that conformed to the minimum bend-radius but, at the
STFT, a jig with correct bend-radius was required to ensure that each LMT in the stack conformed
to the minimum bend-radius, otherwise the envelope would have been violated and it would have
been difficult to seal the STFT to make it gas-tight. For the fibres, the same considerations were
true. In addition, at PPFO, the fibres were wrapped in aluminium foil at the bend (seg[fipure 36) to
avoid light leakage at the bend.

40Techsil 6166 RTV silicone rubber, manufactured by Techsil Ltd..
“ITempflex 5145, manufactured by Loctite.
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Figure 36. Services at the disk aperture on the support cylinder. Note the optical fibres wrapped in
aluminium foil as they exit the cylinder aperture.

Once all the LMTs were laid, they were wrapped in the aluminium foil, as described in sec-
tion 5.2.

6.4 Testing during macro-assembly

As the end-cap cylinders were being populated with fully tested disks, further testing was under-
taken to verify the continued excellent module electrical performance. At NIKHEF, the end-cap
support cylinder was mounted into a test enclosure. This allowed the performance of individual
disks to be checked after each had been installed into the cylinder. At Liverpool, the cylinder was
periodically moved into a cold room, allowing disks to be tested in batches rather than one-at-a-
time.

The testing focussed on checking the integrity of the connections at PPFO between the disks
and the power tapes, fibres and cooling pipes, and then on verifying that the additional components
did not cause deterioration in the module electrical performance. In particular, this latter part of
the testing was crucial in demonstrating that whole end-cap system design was robust with respect
to inter-module pick-up and external interferences. No significant differences were seen compared
to the results from the testing of the individual disks. If anything, the noise was slightly better —

a fact attributed to the use of the LMTs (greater capacitive coupling) and the ground sheet on the
support cylinder.

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
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modules, it was important that the end-caps should be transported vefyliyato CERN [44].

It was required that the transportation should take place in an air-sptentperature-
controlled, humidity-controlled lorry. The acceleration experienced byrdresport box was re-
quired to be less than 3g (where g is the acceleration due to gravity) to awialge to the silicon
modules and shaking loose connectors. The tilt was required to be lesitharhe temperature
was required to be 2@ 3°C to avoid thermal stresses and the humidity kept at around 40% and
certainly less than 80% to avoid condensation forming on the modules.

7.2 Designs of the transportation boxes

At The University of Liverpool, a transportation framework was canged around the assembly
framework. To this, sturdy side-panels were attached and the wholallyseas bolted to a large
steel “pallet”, designed so that the end-cap could be picked up by difiorkick. This enabled
the end-cap to be lifted into the waiting lorry in one operation. The completespoainbox was
3.7m(I)x 2.2 m (w)x 2.6 m (h), and including the pallet weighed 2.8 tonnes. The transportation
box is shown in figur¢ 37.

At NIKHEF, the transport box was formed by the thermally insulating panbisiwhad been
used for testing. Again a transportation frame was constructed, and wsl@rgsattached under the
beams enabling the end-cap to be lifted by a crane onto a platform, from wiels then rolled
into the lorry.

For both the end-caps, the assembly frames were supported from thedrtation frames by
wire-rope isolatoré? These look like large springs, but have high damping coefficients in twder
reduce vibrations.

Both end-caps were instrumented with accelerom&tdesrecord acceleration in all three
directions, as well as temperature and humidity. These were attached dicettly assembly
frame as well as the outer box.

7.3 Transportation

As a prelude to the actual transportation, dummy loads were constructed tatsithe mass of the
end-caps. These even contained a few silicon modules. The loads w&trianted and attached
to the transportation frameworks. They were loaded into a lorry usinglgxhe same procedures
foreseen for the end-caps. Tests were undertaken on variousudades, at various speeds, on
inclines and as a part of emergency braking. The results from the emoeters indicated that the
procedure would be safe.

For the transportation of the end-caps, the wheels of the transportagimedrwere raised
and the boxes were held in position by load-lock bars fixed to the sides airties. For EC-A,
additional ballast was added to the lorry to ensure the load carried was atithpoint of its
specified load range. Just before departure, the accelerometerehamked. The transportation
proceeded to Geneva along main roads, avoiding the Jura mountains. dasth@f EC-C, the
transportation was handled from Liverpool to CERN by Danzas-DHie &nd-cap was required
to travel by the Channel Tunnel, where the pitch of the ramps to the train i oftter of 6.

42Manufactured by Enidine Gmbh..
43shockwatch shocklog micro accelerometers, manufactured by hameElectronics Ltd..
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Figure 37. Cutaway showing EC-C (green), the assembly framework Yptbe transportation framework
(red) and the pallet (pink).
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Figure 38. Accelerations in three directions experienced by EC-Crdutiansportation from Liverpool to
CERN.

The journeys were carried out at maximum speeds of 80 km/hr, taking@tew days. On
arrival at CERN, the accelerometers were checked, the end-clyasled using the reversed proce-
dures and then they were subjected to extensive visual inspection gRieifourneys, no damage
was sustained. Once the lorry was sealed up, the temperature of EC-Dedrhatween 1°C
and 19C, while the humidity did not exceed 60% RH. The largest accelerationiexged by the
inner accelerometers (see figirg 38) was 1.2 g, while the outer onéesqeat 1.8 g.

8. Thermal enclosures

8.1 Requirements

The end-cap thermal enclosurgs|[45] must be consistent with the regauite set out in section 1.3,
The thermal enclosure must:
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Contain the SCT end-cap environmental gas (dfyashd prevent significant flow of different
types of gas in and out. The leak rate for each end-cap should be laszitliar in order to
avoid contaminating the TRT. In this role, the thermal enclosure will also peavithoisture
barrier.

This is a very conservative limit on the leak rate, intended to have no effidbie TRT. If the
leak rate is exceeded, steps will have to be taken to ensure the TRT isvecselgl affected.
Provided an overpressure can be maintained, the ingress of moistube gmavented and
the SCT will dry out.

Provide a thermal barrier such that the heat flow between the SCT andrisstdings is a
small fraction of the heat generated within the SCT so that the cooling of thelesadunot
compromised.

If the heat flow is larger than expected, the module cooling will need to remmave heat;
since there is excess capacity, this should not be a problem.

Ensure that the SCT environmental gas is @t4%C while the external temperature is 22.5
2.5°C.

If the temperature of the silicon increases, then the radiation damage exeeriby the
silicon will be greater. Also the leakage current of the SCT increases witpdgature,
therefore any temperature increase in the silicon temperature will redusaféty margin
against thermal runaway.

Prevent the formation of ice or condensation on the external surfddbe &GCT in the
case of moist gases around the apparatus. This requires that theakgtefaces should be
maintained above the ambient dew-point of@2Moist air will be present during access or
maintenance or as a fault condition during operation.

The role of the heater pads (see following sections) in maintaining the etermgerature
is critical. If they fail and moist air is present, then it will be impossible to opeteeSCT.

Provide a Faraday Shield to shield the SCT from outside, and other dstéciorthe SCT.

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

The original concept for the thermal enclosures was based on actliag, whereby the inner

surfaces would be cooled and the outer surfaces heated to maintain al therdient over a short
radial distance. This was abandoned for reasons of cost and eriggtneomplexity and it was
found that passive cooling through insulation would suffice in the light@fttoling provided by
the evaporative cooling exhausts running along the support cylinlibesit &his would need to be
complemented by heaters to maintain the external temperature above theidew-po

8.2 Design overview

The end-cap thermal enclosure design [45] consists of

Outer thermal enclosure (OTE) — a cylinder surrounding the suppbnidey and its asso-
ciated services.
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e Front support — since most of the front of the end-cap faces the SEEIbwhich will
be cold, no significant heat flow is expected and hence no significanaiion beyond that
provided by the sandwich construction is needed.

e Rear thermal pad — to complement the insulation of the rear support, an imsp&devas
constructed.

e Inner thermal enclosure (ITE) — since the inner bore of the SCT epdac®s the warmer
pixel services inside the pixel support tube (PST), the ITE cylindex ¢setion 4.1.4) was
insulated.

To cope with the possible presence of moist air, most of the externatsusfahe end-cap
is covered with heater pads (see section 8.4.4) and heat-spreadersoliliime between the ITE
cylinder and the PST will be flushed with dry gas and the PST is instrumented @athripads.

The layout of one end-cap thermal enclosure assembly is shown in i§ur@he thermal
insulation is provided by Aire® foam?* This is a closed-cell polyetherimide (PEI) foam which
has low thermal conductivity (0.036 W/K), low moisture absorption (a few grammes pef m
when in high humidity) and low density (60 kgfn To seal the foam against gas and moisture
exchange and provide structural strength, composites with films of eitheiraéed polyimide
(<1 pm layer of aluminium) or Cu-polyimide (1@&m copper, 25um polyimide) were applied
using AralditeR) 2011. The aluminised polyimide reduces the radiative heat transfer asltok
its low emissivity and the Cu-polyimide provides excellent electrical shielding.

It was proposed to circulate dry nitrogen gas at a rate of up to 1700 |/hmsiore that the
end-cap can be dried in a few days. To ensure no ingress of carbxide] an overpressure is
maintained which will be around 1 mbar, but with a limit of 4 mbar, ensured bynataly located
liquid bubbler overpressure device.

8.3 Prototyping
8.3.1 Glue applications

The glue used was the two-component Aral@t@011. It is important that there is good adhe-
sion between the polyimide films and the Ai@x In applying the glue to the polyimide, it was
difficult to obtain a uniform layer of sufficient thickness. Instead, betthresion was obtained by
“dabbing” the AirexR) 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 taugntities of glue.

It was found that the peel strength did not vary greatly with glue densibyigied a minimum of
around 100 g/rhwas applied — this corresponds to an average thickness ofiff@0To reduce

the viscosity of the glue, it was found easier to keep the components ad86R@end to work with

a room temperature of 26. The elevated temperatures increased the cure rate, and this could be
reduced by placing the glue in a wide flat tray, since the curing proceszstisegmic.

8.3.2 Small cylinders

Several small 30 cm diameter prototypes were made — being smaller made thedar the
glue easier but corresponded to a much smaller bend radius and motenmsobith creasing.

4pirex® R82.60 foam, manufactured by Alcan.
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Rear Support STFT Rear ThermalPad OTE ITE Front Support

Rear Membrane OTE Heater Pad Front Gas Membrane Front G&S Membrane

Figure 39. End-cap thermal enclosure assembly, showing the main coemts.

Several prototypes with the correct diameter but shorter length wergaiddoced, and a 0.5 m
length prototype was assembled in order to evaluate all the assembly stapbeSthesults for
adhesion between the polyimide films and the A@®efoam were obtained using vacuum-bagging.
This worked well for the application of the foam to a layer of polyimide held @tifamandrel.
However, in applying an outer polyimide layer separately, creases weoeuiced. Hence it was
found best to glue the outer layer of Cu-polyimide to the A@®eand then when dry, to apply the
composite sheet to the inner layer of aluminised polyimide already on the mandrel.

8.4 Design and manufacture
8.4.1 OTE

Each OTE is a cylinder of 8 mm thick Airég with an inner skin of aluminised polyimide and
an outer skin of Cu-polyimide. There is an integrated flange in the regioneofeidthrough
constructed in the same way, albeit with 5 mm foam, and a 3 mm wide CFRP ringattdrenost
radius where precision holes are located. A second ring made by gluing8®cCFRP pieces
was added on the inside of the cylinder.

Both OTE’s were constructed in the Instituto de Fisica Corpuscular (JM&gncia. Several
sheets of Aire® were glued edge-ways to form one large sheet, to which Cu-polyimide lwed g
using a vacuum-bagging technigue. Aluminised polyimide was wrapped on drehdarmed
from a 3 mm steel sheet held by accurate circular ribs. The foam wastatad with glue and
wrapped on the mandrel. The foam was 0.6% longer than the design ciremcdeof the OTE,
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Figure 40. Outer thermal enclosure in its transport frame.

allowing it to be compressed using vacuum-bagging. When the glue driedeshiked in a very
stiff structure. The circular flange was made on a surface table and tgitieel cylinder. The inner
sheets of aluminised polyimide were connected to each other by Cu-polyimiladaily a silver-
loaded glue and jagged chromium strips glued to the cylinder. The outeolgumjde sheets were
connected by applying a thin layer of solder covered by a thin strip ofexdjpj to form a smooth,
flat solder-joint of low resistance (discussed further in section 11.4¢ cd®@mpleted OTE is shown
in figure[40.

Each OTE is held on the support cylinder by eight adjustable composite rails afi&CFRP
face-skins with Aire® cores. These are very stiff but light. All sharp edges were removed,
allowing the OTE to be slid easily onto the end-cap.

c0050d € 1SN IC 800c¢

8.4.2 Rear thermal pad

The rear thermal pad was a simple disk of 12 mm thick ARefoam with skins of aluminised

polyimide. Its design is such as to result in a radial gap of about 1 mm betiveémer radius of

the support cylinder and the outer radius of the ITE. The pad wasamtdrflat sheet with a water
jet and the edges were sealed with strips of aluminised polyimide.

8.4.3 ITE

Each ITE consists of a CFRP cylinder (see section 4.1.4) covered with 5 icknAinex® foam.
The foam is covered in Cu-polyimide to complete the Faraday shield suirmuthe: end-cap. The

— 53—



Figure 41. Inner thermal enclosure being inserted into one end-cap.

foam includes eight longitudinal channels which supply the dry nitrogein@mental gas through
small apertures. The gas is supplied by a pipe which is external to theagraiad attached to the
ITE at a filter which is intended to prevent the apertures from being btbcke

Both ITE's were completed at CERN. The foam was machined with a routesrio the
gas channels which were lined with aluminised polyimide. Then the foam wasexbwith Cu-
polyimide. Holes were made in the Cu-polyimide in line with the channels corrdsppito the
gaps between the disks and small copper disks with precisiopuB808pertures were soldered in
place. The aperture size was chosen to ensure a sufficient andaven dry nitrogen so as to cope
with the initial out-gassing of the support structures, avoiding condemsf@. The complete
sheet was then glued onto the CRFP cylinder and compressed with a vaagging technique. To
avoid crushing the thin cylinder, it was supported on the mandrel usétd fomnufacture. Because
the mandrel was slightly smaller in diameter than the cylifderhen the sheet was applied to the
first cylinder, a small bump 1.5 mm high and 4 cm long was produced along gtlefhis was
avoided for the second cylinder by wrapping the mandrel with thin sheptspar. Gas was flowed
through the channels before the filter was added to ensure there welachages in the apertures.
The measured flow was 750 I/hr — less than the specification of 1700 I/hr.riNeless, this is
adequate to dry the end-cap and ensure overpressure (see s@@iansl 12.1). One completed
ITE is shown in figurg 41.

8.4.4 Heater pads

To maintain the external temperature of the SCT end-caps, they are ddwenin heater pad®

45The diameter of the CFRP cylinder was defined by the diameter of the elahding the autoclaving process. By
design, this corresponded to the nominal diameter, and due to therpzadstan, was larger than the room-temperature
value.

46Manufactured by Elgoline (Slovenia).
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Figure 42. Heater pad for one of the front support in-fill panels (se¢igeel.1.2) and an enlargement.

These are formed from copper tracks sandwiched between two sligetlyimide. The copper
tracks wind back and forth filling the surface area. The tracks arecfob@ 8 um foil with track
widths between 0.2 and 2 mm and separations between parallel lines of g#ne@badew millime-
tres. There are two separate tracks in parallel to provide some redynagainst failures. Each
circuit is designed to produce at least 150 W/on 300 W/nf depending on where it is located.
The temperature of the pads is monitored by embedded thermistors whichdekeds the power
supplies. The pad temperature is regulated by switching the power withuefreg of the order
of 1 Hz and a rise/fall time of 1 ms. Because of the complicated shapes of oemigoof the
end-caps, in particular around the feedthroughs, twelve differeestgpheater pads are needed,
giving a total of 40 heaters for each end-cap, each capable of girada maximum of the order
100 W power. An example showing the design of one type of heater padvsish figure[4p.

8.4.5 Membranes

Membranes at the front and rear of the support cylinder (just insidérané and rear supports)
serve to complete the Faraday shield and provide a gas seal.

The rear membrane consists of a large sheet of Cu-polyimide extendmgheITE to the
STFT, where it wraps over the flange on the OTE. Where the membrarestddend round
corners, tabs are formed by slitting radially the sheet at intervals of arfewTo prevent tears,
the ends of the slits are terminated with small holes. Contact between the tatheayter Cu-
polyimide surfaces is made by solder bonds. The holes to allow the reasrstppe bolted to the
support cylinder are sealed with Tempfi@x 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 its opetatimgerature,
the membranes will contract by around 306. To avoid the substantial stresses which will be
created in the membranes (around 1000 N per metre of circumferenceyedses were placed in
the tabs to accommodate the contractions.

At the front, for assembly reasons, there are two membranes: a gas memfade of plain
polyimide and a grounding-and-shielding membrane made of Cu-polyimidéigsee[43).
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Figure 43. Front grounding-and-shielding membrane ready to be settherthe OTE. The “V” creases in
the tabs can be seen at the outer radii.

8.4.6 FEA studies

Early*” FEA studies of the mechanical properties of the OTE [47] showed thatftbet f a
4 mbar overpressure would produce an increase on the radius ofd@ssdam, while the effects
of cooling from room temperature to the operating temperature would resaltamtraction of a
few hundreds of microns.

Extensive studieq[48] of the design concepts were undertaken usahgia calculations and
FEA (using ANSYS). It was found that the heat exchange with the nitrqgege gas will be
negligible; however the gas is responsible for increasing heat flow inenth&ap by convection at
the 10% level. By using high-performance insulating materials such as &@ay Nanopor®),
the heat flow could be reduced further 825% or~50% respectively. However, these materials
were not used because they are more difficult to handle, would needendapsulated and the
performance of the AirgR) was considered sufficient.

Figure[4} shows a schematic summary of the heat flows associated witesotiheat (heater
pads and services) and sources of cooling (LMT cooling and coolingornaects). The net flow is

an inward flux of~200 W — this additional heat load will be absorbed by the module evaporative

cooling (since this is rated at 10 kW, the additional 200 W is a small perturbation

9. Final assembly and integration with the TRT

9.1 Final assembly of the SCT

The two partial end-cap assemblies were shipped to CERN from their aysstab, one from The
University of Liverpool in the UK and the other from NIKHEF in the Netlagxds. By shipping
the end-caps before they were inserted into their thermal enclosurbswitd the end-caps to be
supported more robustly. In addition, the same tooling required for thidimsevas also used for

47Corresponding to an aluminium foil outer facesheet rather than Ctirpioky.
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Figure 44. Schematic of heat flows in the end-cap. Thin red arrows shewldiwv of heat; thick blue arrows
show the flow of “cold”.

the integration with the TRT. On arrival at the ATLAS surface assembly imgj|&SR1, a thorough
reception test was carried out. This included a visual inspection, atrep#dze disk alignment
survey as described in section 6.2 and a full electrical connectivity telitwkng this, the services
were sealed into the STFT using Temp{@»silicone sealant and polyimide straps were wrapped
around the services on the cylinder to ensure they did not protrude &he¥TE rails.

The final assembly continued in SR1, starting with the addition of the shuihdshime at each
end of each support cylinder. The shunt shields are annular, campasdwich panels with a core
of 4 mm Airex® foam, to which were bonded two layers of Cu-polyimide foil using Aral@jte
2011 epoxy adhesive. The shunt shields cover the outer modulesksridiad 9, and are supported
on these disks by fixing them to the module placement pins with electrically insutaiisg The
shunt shields physically protect the modules from movements of the neighpgas membranes,
as well as shielding the modules from electronic noise. To achieve this slgieldancopper face
adjacent to the modules was connected by a tab to the grounding ring onkheliie the outer
copper surface was connected to the ground sheet on the suplpatecy

At this stage each SCT end-cap was still supported by its front and tidasepports (see
section 6.1) on the framework used for the transportation. The first stereparing for the in-
tegration with the TRT[[50] was to replace the invar rear stub supportgsetion 6.1) by the
CFRP-composite rear support panel. For this, the weight of the endresipransferred to a tem-
porary support ring with adjustable pads resting at twelve points on theogugylinder — see
figure[4b. This ring eliminated any movement of the support cylinder duriaghtiangeover as
well as preventing any deformation of the shape of the cylinder. Ongeostgul, the stub sup-
port was slid out on rails and the rear support, preassembled with thgroeerding-and-shielding
(G&S) membrane and the rear thermal pad, was assembled to the suppakecylin

For integration with the TRT end-cap, the SCT end-cap and its servicast@mediate sup-
ports) had to be transferred from the original assembly support fraraehtgher position on a
cantilever beam. To achieve this, a jacking system was employed to enabliewtode fitted
underneath the support frame. The complete system was then slowly megwalong precision
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Figure 45. Removal of the rear stub support, during which the end-cap supported by a temporary
support ring.

guide-rails so that the end-cap passed over the cantilever beam. Fiegvadjts of the trolley and
the beam were undertaken for accurate alignment. The weight of tHeesewas then transferred
to the rear of the cantilever beam, allowing some of the support framewokkgtripped away.

To insert the ITE, a temporary roller frame was inserted along its inner bbbogving it to be
rolled along the cantilever beam into position. At the rear, the ITE was clatogbe rear support
by means of a 4-piece CFRP ring (ITE clamps) and the gas seal (usinglée@®p as well as
the grounding and shielding connections were made between the ITE amdithreembrane. The
load of the end-cap at the rear support was transferred to the béagraugke on the beam which
hooked under the protruding “arms” of the rear support.

At the front of the end-cap, the gas and G&S membranes were attachezkaled (using
TempflexR) ), and the seals were made to the ITE at the inner radius of the membrantseand
sides of the support cylinder at its outer radius. A temporary front@tgpFS) made from invar
was attached between the cantilever beam and the front of the suploadiecythe annular front
stub support (FSS) had gaps exposing 10 of the 32 support fixintspmirthe support cylinder (5
on each side) for this operation. As the FSS and TFS used differerd fixisitions on the support
cylinder, it meant the FSS could be removed, leaving the TFS to take the load.

With the full end-cap mass on the cantilever beam, the remainder of the asdeanidywas
carefully dismantled and the trolley was retracted, leaving the outer circantferof the end-cap
clear of obstructions (see figurg] 46 and also figufe 31) in readinefs=f@TE, and later the TRT
end-cap, to be slid over the SCT. In preparation for the latter, the positibie ®PF1 tray holders
had to be adjusted to fit inside the envelope of the TRT cable trays.

Before adding the OTE, a further electrical connectivity test was mae# thife modules and
final inspections and fault finding performed for all the services. ThE @self was designed to
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Figure 47. OTE being added to one end-cap.

be located on the rails fixed to the support cylinder. These rails weretedjosor to mounting the
OTE to match the actual inner diameter of the OTE. A simple table-mounted swpp®tsed to
align coaxially the OTE and SCT EC assembly before sliding on the OTE — see[i§. Once
the OTE was in place, the tabs on the outer edge of the rear G&S membranbemé@/er and
soldered to the flange of the OTE. At the front, the front gas membranseesd to a flange on
the inside of the OTE using Tempfi@x then the front G&S membrane was soldered to the OTE
to complete the Faraday cage.

The final addition before the integration stage was of the front sectioneofatiial cable
tray (RCT). This segmented aluminium annular plate was fastened to theimgersand extends
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Figure 48. Integration of the TRT and SCT end-caps.

between the STFT and the cryostat, with lidded channels to support atadrctire services. In
ATLAS, the RCT is used in conjunction with the cryostat cable trays (also witleticchannels) to
contain and protect the services up to PPFL1.

Following the final sealing of the thermal enclosure, the end-cap was festedk-tightness
and any remaining gaps were sealed with Tem@exX_eak rates of 85 and 360 I/hr at 1 mbar
overpressure were achieved for EC-A and EC-C respectively inuSRity temporary feedthrough
components. For EC-A, no significant localised leaks were found wihshifig with argon and
using a gas sniffer; for EC-C, some regions of higher leak rate wenedfout were not acces-
sible for repair. Further electrical tests verified the correct functiopiniipe modules inside the
environment of the thermal enclosure/Faraday cage.

9.2 TRT integration

To integrate the SCT and TRT end-caps, guide rails were accurately pesitio front of the

SCT, then the trolley carrying the TRT was placed onto these rails. The ttgotdes were then
precisely aligned coaxially using the TRT trolley adjusters. To start the miegr the TRT was
slowly pushed up to the SCT and the clearance gap between them chedectial places —
there turned out to be slightly more than the nominal 6 mm minimum radial cleardaheeTRT

EC was then slowly pushed over the SCT. During this operation, the aligrementlearance of
the two detectors was continually monitored by observers situated arouadsbmblies — see

figure[48.
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Figure 49. Bridge plate, used to support the front of the SCT end-capeatdp and bottom of the support
cylinder.

Once the TRT was fully integrated with the SCT, the bridge plate (see fighneatdfastened
to the 22 exposed fixing points on the support cylinder (11 upper andnel fooints). The hori-
zontal gap between the plate and the end of the support cylinder allowessato the TFS fixings
and allowed its removal. Subsequently, the front support was able todredsnto this gap and
bolted to the cylinder. The ITE was connected via a flange to the frontsymd the roller frame,
which was supporting the ITE up to this point, was removed. The suppottanen components
(see section 4.1.3) were added to the front support. These were shimijost reest on the TRT
services support frame (the “squirrel cage”) taking the weight of @€ &sembly without chang-
ing the relative position of the SCT and TRT. The bridge plate was remowetherin-fill pieces
(see section 4.1.2) were added to cover the exposed sections oftstydinaier.

The rear support mechanisms were attached to the ends of the rear supgbagain shimmed
to just rest on the squirrel cage. The yoke supporting the rear supperreleased and removed,
transferring the rear load of the SCT to the squirrel cage. Finally, thetfdl€y along with the
SCT was retracted from the cantilever beam.

After the integration with the TRT, partial tests of the functionality of each eaqulwere
carried out. The status is summarised in section 12.1.

9.3 Survey and dry-out

The dowels in the support cylinder which define the orientation of the S€& gsction 6.2) were
surveyed in the end-cap relative to the temporary rails used for the itiegveith the TRT. By
combining the information from the surveys, the target holder dimensiontharalirvey of the ID
rails, it was possible to determine the transverse position and angle that¢reholi each end-cap
would have when installed in ATLAS [B4]. The end-caps were deliberattyabout 1.5 mm low
(negative y) because the solenoid field axis is known to be 2.5 mm low andithare expected
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EC-A, rear | EC-A, front | EC-C, rear | EC-C, front
x offset (mm) +0.44 +0.07 +0.43 -0.33
y offset (mm) -1.09 -1.92 -1.34 -1.79
Rotation (mrad) | +0.29 -0.21 +0.67 +0.52

Table 7. Calculated x-y positions of the two ends of each end-cap wistalled on the inner detector rails.
Positions are relative to the WX coordinate system and do not include the expected rail sag.

Dewpoint endcap C
(environment 20degC, 50-55%RH)
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Figure 50. Dew-point measured at various points inside EC-C while & fiashed with dry M.

to sag by 1 mm when loaded with the weight of the inner detector. It was seges re-adjust the
end-cap positions with shims after the first survey in order to reach thepfiisitions reported in
table 1. Since ATLAS itself has an upward rebound, the alignment with cegpthe beam-line is
still to be determined.

It is essential that the SCT can be dried sufficiently to ensure there ismieosation inside.
Figure[5P shows the dew-point measured inside EC-C while it was flushidiry N, during a
test. After four weeks, the dew-point was below the expected internal tatope of the SCT and
still falling.

10. Installation into ATLAS

Having integrated the SCT and TRT, the final phase of the engineerijgcpveas the transporta-
tion of the end-cap to ATLAS, the insertion into the cryostat and the conmeatiall the services.

48|nner Warm Vessel — the inner wall of the cryostat containing the solenoid
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Figure 51. Installation of EC-A into ATLAS.

10.1 Transport and insertion into ATLAS

The movement of the end-caps to ATLAS was more delicate than the trartgpottm CERN,
since the SCT was now supported by the CFRP front and rear supasm@posed to the more
rigid metal stub supports (see section 6.1). The maximum dynamic accelerasospecified to
be less than 0.1g in the range 1 to 100 Hz and the maximum equivalent staleraiice to be
smaller than 0.2g in any directiop J49].

Clamps were mounted to restrain the support ends vertically and rigid haodsipvere added
to prevent longitudinal motion. Capacitive accelerometers were installedren8CT in the longi-
tudinal and vertical direction in order to monitor the accelerations. A tilt-metsrasdded to ensure
that a maximum tilt of 2 about the horizontal axis was not exceeded. Each end-cap wasl place
in a wooden box and wheeled out of SR1, with rails over the uneven (ditson To move the
end-cap the 100 m to the ATLAS service building, mobile cranes were usadén to minimise
the shock.

Once inside the service building, the end-cap was lowered down theudiiadf the service
building cranes. In the pit, the end-cap was positioned on a cradle aneld @@ to be inline with
the cryostat bore. Then the end-cap trolley was moved on rails towardsythetat bore. Having
aligned the rails, the end-cap was inserted using a push-pull mechanisee figsrd §1. This
single drive ensured that on both sides of the end-cap, the movemeetsguerd and no shear was
introduced. Wire length meters were used to monitor the difference in movdreewnten the two
sides.

Because the inner detector barrel was outside its envelope longitudinatlygimd to prevent
damaging the services of the barrel, a contact sensors made of thinr chymgmts were placed
between the barrel and end-cap (see fijute 52). This sheet wasated to an electrical circuit
to detect when the assemblies made contact and hence avoid additioraiMirich might lead to
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Figure 52. Contact sensor on the SCT end-cap: to detect (electricatpcowith the SCT barrel when the
end-caps were installed.
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Figure 53. End-cap installed in ATLAS before the completion of sersiaestallation.

damage. For both end-caps, contact was made approximately 5 mm beforethinal positions
in z. EC-A is 3 mm longer than its nominal length, half of this excess resultimg &¢onger OTE.

10.2 Installation of services

The final step was the routing and connection of the SCT services at fik fziich panels near
the corner of the cryostat — see figdré 53. Tdble 8 summarises the sefii@ach end-cap and
the numbers and types of patch panels. A schematic of the PPF1 layoutvs shiigure[5h. All
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. Number | Patch Panel

Services

PPF1 housings and cable trays18 16 for LMT's, 2 for TE Heater wires — see figure 54

LMT monophase cooling loops 16 Divided over 8 electrical and 8 combined electrical
and optical patch panels

Low-mass tapes (LMTS) 988

Readout optical ribbons: datd77 + 89 | Divided over 8 combined electrical and optical patch

and TTC panels

FSI optical ribbons 45 Run through 4 combined electrical and optical patch
panels; spliced in splice-box&s

Heat exchanger assemblies | 36 Divided over 4 cooling and 4 combined cooling and
DCS patch panels

DCS cables 40 Divided over 4 combined cooling and DCS paich
panels

Grounding and shielding clamp46 Connected at 16 places on the radial cable fray
(RCT)

Heater pad cables 36 Divided over 2 combined heater pad and nitrogen
patch panels

Nitrogen tubes 5

Table 8. Summary of the external services and their patch panels (PPF1) for one SCT end-cap.

the services from PPF1 to the racks were preinstalled and tested. Most of the services were routed
and connected layer by layer, with each layer being tested as soon as it was complete, because each
subsequent layer blocked access to previous layers.

The first step in the installation was the connection of the cryostat cable trays (CCT’s) and the
Cu-polyimide shielding, followed by the LMT monophasgFy cooling loops. The cooling loops
provide the cooling for the LMTs outside the SCT and for the power cables to which the LMTs
connect. The next steps were routing of the optical fibre ribbons and installation of the electrical
PPF1 tray housings for LMT connections. The FSI ribbons were routed to the splice box on the
cryostat flange, and the readout ribbons were installed in the patch panels. Connection and testing
of the optical fibres required a significant synchronization with the LMT connection. Half of the
electrical PPF1 positions also support optical fibres, and in these cases, the LMTs block access
to the readout fibre connections. Optical fibres needed to be installed before the LMTs sharing
the same position, but in order to test the optical fibres, their corresponding LMTSs, located in the
previous quadrant, had to be installed already.

Following the installation of the PPF1 tray housings, the LMTs were connected (see fig-
ure[55). Each quadrant has four PPF1 tray housings, with each housing holding nine trays, one
per disk. Each tray is equipped with up to nine LMTs. Connection tests were performed in the
electronics caverns which house the power-supplies, using a standalone test system to measure the
resistances of all the lines. Problems with the connections or cables were fixed immediately before

49 ocated in the crack between the barrel and end-cap calorimeters.
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Figure 54. Schematic showing one half of the PPF1 patch panels.

moving to the next layer. In total, 157 problems were registered with the LMT installation. These
included bad connections at PPF1 and incorrectly mapped cables, which were easily resolved, as
well as several problems downstream of PPF1, some of which required repairs. All repairs were
successful except for one, where an LMT was found shorted to ground in an inaccessible region;
therefore was beyond repair. After the installation of each complete housing, the LMTs were
wrapped with aluminium foil together with the LMT monophase cooling loops, the cable tray lids
were added and the Cu-polyimide foils closed providing shielding for the PPF1.

All the readout ribbons for one quadrant were connected prior to testing. The connection
sequence for ribbons and LMTs had to take into account that while the LMTs bringing power
to modules exit the end-caps in the same quadrant as the modules, the optical ribbons leaving a
particular quadrant of a disk are connected to modules in the neighbouring quadrant. Once the
electrical connections were made, the optical connection could be tested in the absence of cooling,
by only powering each module for about 10 seconds to avoid over-heating. To test the readout
optical ribbons, the PIN currents were measured and a super-fast RX threshold scan was performed.

Next, the heat exchanger (HEX) assemblies were installed (see section 1.5 and fjgure 56).
Originally the heaters for the evaporative cooling exhaust lines should have been installed together
with the HEX assemblies, but due to electrical problems with the heater connectors, it was decided
to redesign the system and move the heaters to a more accessible position on the cryostat flange
to allow for future maintenance. The HEX assemblies were joined to the connectors at the end
of the on-cylinder cooling circuits at the point where they leave the end-cap. Specially made
connectors were used with PEEK washers to make electrical breaks between the on-cylinder pipes
and the HEX assembly. Each circuit was leak tested before the adjacent HEX was installed. To
complete the cooling circuits, the heaters were connected to the exhausts of the HEX’s by short
pipes. After completion of all the circuits in a quadrant, leak tests of the complete evaporative lines
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Figure 56. View of services, in particular the cooling circuits and the LMTSs, at the rear of the end-cap and
inside the cryostat. At this stage, the feed-through boxes were yet to be added to seal the STFT and the rear
sections of the RCT are not in place.

were performed. Feed-through boxes were then added and sealed to close the end-cap thermal
enclosure at the STFT, and then all the pipes were insulated.

With all the services installed, the rear sections of the RCT were added to support the radial
services. The final step in the installation was the leak-testing of the thermal enclosure volume,
followed by the connection and testing of the DCS cables, heater pad cables and the nitrogen lines.
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11. Grounding and shielding

11.1 Concepts

The strategy for the grounding and shieldifg [51] is that all conductoirsised for carrying cur-
rents to/from the detector must be connected by a low-impedance path toltASAmain ground
— this includes components on the disks, support cylinder and thermakeneto Where possible,
loops are avoided to reduce the noise picked up on signal lines.

The end-cap module has a number of existing features to limit the stray cajacdfthe
detector backplane to the cooling circuit. Primarily, the backplane ACearéimg conductor is
routed to a large bypass capacitor on the hybrid, which couples the laaekip the front-end
analogue ground. The capacitor is of order ten times larger than the dedtrety capacitance
to the cooling circuit. The module is separated from the cooling block by eleltyrinsulating
thermal greasé® the cooing block itself is well connected electrically to the cooling circuit by the
solder joint. In order to limit noise currents in the front-end, the cooling pipefexrenced by a
DC connection to the module at the power-supply module entry region anda@br&ction from
analogue ground on the module to the cooling tube is implemented (more detaile éannil
in [B1]). The hybrids are connected to the grounds on the power tafgrevent the timing,
trigger and control (TTC) redundancy links from generating excessenn the front-ends, there
are very low-impedance connections for the digital return signal froemoodule to its neighbour.

The cooling pipes are connected to the grounding foils on the disks, whithirirare con-
nected to the ground sheet on the support cylinder. Likewise all the metatfipanents inside the
OTE are connected to the ground sheet (see section 4.2), which mdki@erinciple grounding
path out of the end-cap to the radial cable tray (RCT).

To shield the front-end electronics from external pick-up noise, thecapdis enclosed in
a Faraday shield formed from the Cu-polyimide foil on the OTE and ITE aadrtint and rear
membranes. This shield also connects to the RCT (see section 9.1). Origitnety ieen hoped
to use aluminium facesheets to reduce the number of radiation lengths; drobesause of the
difficulties of making reliable low-resistance connections with aluminium, coppsrchosen since
this allows strong physical bonds of low resistance to be made very edsdgtsSof Cu-polyimide
were connected using a “bridging” technique explained in section 8.4.llastdated in figurd §7.
To facilitate the handling of the copper foil strip (3 mm wide) used to form thelge”, the foll
was cut into sections O(1) cm long and joints were made with O(1) cm gapsé&e®ach length
of foil along the joint. At the services feedthrough (STFT), gaps allawises to pass through. As
a rule of thumb, an attempt was made to limit apertures to less thanxi1énhcm.

The RCT is a significant node in the grounding of the end-cap; this is ety its good
conductivity. There is an insulating break at one azimuthal position in thelasmo avoid the
forces associated with a solenoid quetdsee section 1.3). However, to ensure that good connec-
tivity is maintained around the annulus for high-frequency currents,riakbis made with a set of
capacitors?

50pC340, manufactured by Dow Corning.
51without the break, the longitudinal force would be O(1600) N.
52Twelve 10uF ECJ-CV50J106M capacitors, manufactured by Panasonic.
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copper bridge

Kapton

Figure 57. “Bridging” technique for solder connection between twoetseof Cu-polyimide.

The RCT is electrically connected to the cryostat cable trays (CCT’s)n3ore good connec-
tions, the cable trays were treated with Alochrome 1200 and fingePStars inserted in the gaps
to ensure penetration of surface oxide layers. All services, includemgitnophase LMT cooling
pipes are referenced to the CCT’s, which are connected in turn to thEP?fmnally the PPF1’s
are bolted to the segmented plate located at the flange of the cryostat (se#y — this plate
is robustly connected to the inner detector ground, which in turn is corthextbe main ATLAS
ground. To avoid noise transmission from outside to the end-cap, the madyerative cooling
circuits are isolated at the STFT, while the monophase cooling pipes are dsipldke vicinity of
the PPFL1's.

11.2 Measurements

To check the correct implementation of the grounding scheme, extensigirageents were made
to ensure that intended connections were indeed of low resistancesoamumvanted electrical
paths had been created inadvertently. DC measurements of various itahis tleeassembly of
the two end-caps were made in a systematic way in the SR1 surface buildiEgrRat &b that any
rectifications could be undertaken before the end-caps were install&d_lSA

Two measurement techniques were used:

1. A standard multi-meter was used to measure resistance with a precisiofdo2 @1Since a
multi-meter functions with a very small voltage, this method presented a low rislefaces
built with semiconductors.

2. A current source set with a limit of 3 A combined with a very precise voltagasuremept
enabled resistances to be determined down taQ@Qimpossible with the other technique).
This method, unsuitable for sensitive devices, was used to ensure gopégativity for the
outer Faraday shield, in particular the connections within and to the OTET&nd |

The common-sense criteria used when checking the various connecgomshat conducting
paths should have resistances less than(D(@he limit of precision of the multi-meter); while
insulating paths should have resistances in excess d21 M

The measurements were made at various stages of the End-Cap assenftily FoSowing
the reception of the end-caps from Liverpool and NIKHEF, it wamtbthat pipe brackets on

53supplied by Laird Technologies.
54Using a Keithly 2010 instrument.
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Test Noise (enc) {60)
Liverpool: After assembly 1582
SR1: Single discs powered, thermal enclosure on| 1555
SR1: All discs powered, thermal enclosure on 1548
SR1: All discs powered, thermal enclosure heaters @B37
SR1: After insertion into TRT 1522

Table 9. Noise measured for outer modules in a phi-wedge of EC-Cected to 6C.

the support cylinder were floating, therefore connections to the grebneet were made. Before
integration with the end-cap, the OTE, ITE, shunt shields, front andsiggport assemblies were
subjected to a large number of measurements. The connectivity betweéetffietentisheets of Cu-
polyimide (resulting from the bridging technique, described in the previectios) within the OTE

and ITE was much better than I{InHowever it was found to be necessary to add conductive tabs
connected with conducting glue to ensure the electrical connectivity ofitingirdsed polyimide
sheets. To ensure the isolation of the SCT from the TRT rails, the carboiedd®EEK inserts in
the support mechanisms (see 4.1.3) had to be replaced by unloaded REEK o

During the insertion of SCT EC-C into the TRT end-cap, a short via the R&S detected.
This was cured by adding a 2Q0m sheet of G10 to the RCT surface. The same precaution was
taken for EC-A.

After the insertion of EC-C into ATLAS, a connection of 2ketween the SCT end-cap and
the SCT barrel was detected. The short was between one of the tqgmdrs mechanisms (see
4.1.3) and the SCT barrel. By inserting an endoscope between the trgondtthe end-cap, it
was found that the short was due to a Qgipe. The pipe was moved in situ and some insulation
inserted. Also, to ensure that the end-caps are complexly isolated frathall components, an
alarm monitor® detects currents as small as 1A flowing through a fault path.

12. Status of the end-caps
From arrival at CERN to readiness to be installed in ATLAS took arouredyaar.

12.1 Status of the hardware

To test possible interference in various configurations, in particular iaertion into the TRT,
a phi-wedge of 111 modules was cooled and tested. The measurementsndertaken with
prototype cables and readout fibres, using a clock speed of 40 M#lz/aious trigger rates.
These prototypes were not as long as the final ones to be used in AHDAShe readout fibres
were not radiation-hard, whereas the final ones will be. The compangith earlier measurements
are show in tabl¢]9. It can be seen that the performance is stable andduly affected by the
environment.

At the time of writing, both end-caps have had all their electrical and optargices con-
nected. The electrical connections are all checked by resistance nex@asits from the power

55Based on the Integrated Parametric Current Transformer, mantgddy Bergoz Instrumentation.
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supply crates, and functionality tests have been undertaken by povkengodules for around
10 seconds at a time, to verify the optical connections. In addition, the ditagje has been applied
to all modules, and the leakage current as a function of voltage has beeked. However, more
complete measurements of the module performance will only be made after fivey®Ervices
have been installed.

To date, there is one module in EC-C out of the 1976 in both end-caps wdnictotbe readout
due to a short on the VCSEL (vertical-cavity surface-emitting laser) clirieo Efforts are being
made to recover this module. There are 27 (1) and 15 (2) dead data [k EC-A and EC-C
respectively. There is no loss of functionality because of the built-innméalicy.

With the closure of the feedthrough, the leak rates in EC-A and EC-C at 1 onbgpressure
are 45 I/hr and 390 I/hr respectively. The end-caps have been dreditbuan input flow rate
of 650 I/h, and by adjusting the valves on the exhaust line to maintain an egstpe. These
leak rates exceed the stringent specification of 25 I/hr. Nitrogen whicls leatkto the inner de-
tector volume may be a problem for the TRT, which is very sensitive to this Igathis respect,
the end-caps are not as big a problem as the SCT barrel, which has a mgerhidak rate and
cannot achieve a 1 mbar overpressure even with a flow of 2000 I/hreftine, it may be nec-
essary to clean the recirculated Xenon-based active gas in the TRT arefally or change the
environmental gas surrounding the SCT and TRT. Once the end-aapsyathe flow rate will be
reduced, corresponding to an overpressure of 0.4 mbar. This shaluielthe leak rate and reduce
the likelihood of the leak rate increasing with time.

Following the initial submission of this paper, leaks were detected in two of thgoeative
cooling circuits for disk 9 of EC-C. One circuit has a leak of 25 mbar/hrlzr7of Helium — this
is just above the specification and may be tolerable; the other has a leak tatgbar/s and this
circuit cannot be used unless it can be repaired. The exact locafidhe eaks are not known
but are probably between PPFO and the STFT (feedthrough) — atc#ss region is close to
impossible. Due to the ATLAS schedule, the end-caps have had to be sgaketd although
repair scenarios are still being investigated, there is a significant likelith@ad 3 modules in one
guadrant of disk 9C will not be able to be operated. This also means thatfahe LMT cooling
circuits will be inoperable, although cooling will be provided by the circuitoagmted with disks
7 and 8.

12.2 Mass estimates

Itis important to estimate the mass of the detector to ensure that it conforms tinelldrpectations
and does not exceed the limits calculated for the support structure. igieabdesign estimate of
the mass was 168 kg. It is calculated that 30% of the load is on the fronbgapwhile the rest
is on the rear supports. In the structural analysis, a safety factor ofivsaised for the material
properties, and there was a further safety factor of at least 30% irr¢kécied stresses. After the
support structure was manufactured, it was proof-tested to more tharf thé original working
load (277 kg of lead blankets were draped over the structure). Afteiraheand rear supports
were modified to take the survey targets, they were re-tested. Since thbudgss had increased,
so they were re-tested with a load of 300 kg using a dummy structure bolteddrethe supports.
Furthermore, it is important to know the mass distributions accurately to uaddrthe effects
of multiple-scattering, nuclear interactions, bremsstrahlung and pair areatioe detector and to
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Components Mass (kg)

Modules 23.7
Disks 32.8
Support cylinder, associated services and OTE 57.4

Other support structures (front and rear supports, ITE2.8
Services between STFT and cryostat, including RGH™1.2
Services on cryostat, including cryostat cable trays| 46.8
PPF1s 34.5
Total 259.2

Table 10. Bottom-up estimates of masses of end-cap components for one end-cap.

ensure the correct representation in the Monte Carlo simulation for physics studies. 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 this 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 Tempfiexsealant 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 even 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 {able 10.

Although the estimated mass of the end-caps has grown, this is primarily due to external
services and the mass which is estimated to be supported by the front and rear supports is 178 kg
— to be compared with the original design estimate of 168 kg (above). An effort was made to
weigh the SCT end-caps while they were inside the TRT (the TRT had been weighed previously).
Understanding what additional items were included in the measurements and what components
were not yet added led to a complex book-keeping exercise. The differences between the two SCT.
end-caps (reported iff][2]) greatly exceeded the known differences and hence it was impossible
to be confident in the measured weights. Furthermore the uncertainties in the measurements and
arising from the subtraction of the TRT weight exceeded those from the bottom-up estimates.

Distributions of the numbers of radiation lengths for the inner detector can be foupid in [2].
Figure[5B shows the distribution for the SCT end-cap only. The material for a single disk (including
modules and services) at normal incidence is 3.8% of a radiation length.

12.3 Expected tracking performance

The expected tracking performance for the inner detector is documentfd in [2]. When collision
data have been collected, analysed and understood, more complete performance studies will be
documented.
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Figure 58. Number of radiation lengths crossed by a particle cominmftioe origin (no beam-spot smear-
ing) and traversing the SCT end-cap. The plots show the coemise for the compete end-cap (top-left),
disks (top-right), cylinder services (bottom-left) andezxal services (excluding PPF1) (bottom-right). Dis-
tributions are shown as a function of the pseudorapiditindd in terms of the polar anglg: = -In(tan(6/2)).

13. Conclusions

The engineering for the ATLAS SCT end-caps will have been completdylin2008.

Two stable structures have been created to hold the 1976 silicon modules.

The mechanical tolerances have been achieved in almost all caspssitiens of the mod-
ules within the end-caps are known to O(1@@) in the x-y plane.

The end-caps will be capable of providing a suitable environmentéamitdules, in partic-
ular with respect to the thermal and electrical requirements.

The module performance, both in terms of number of operational clsaané electrical
characteristics, appears to be little affected by their incorporation into theags.

Due to careful assembly, integration, checking and replacemenewleeessary, the end-
caps are very close to fully functional.
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6. The material budget is quite large, but this is unavoidable in the light oftte® constraints
(mechanical stability, on-detector readout, thermal performance).

The engineering project has been a large endeavour involving maimeensg, technicians and
physicists. The engineering, in particular that associated with serviges, very glamorous com-
pared to the design of silicon detectors, and yet without it, the detectanstoanrk. Furthermore,
the challenges involved in the engineering design and implementation havabeeeat as any
other part of the experiment and collaborations forget this at their peidl.all too easy to ignore
the huge amounts of manpower, money and time in undertaking the enginegringrbject of this
scale and it is not made easier by all the external constraints which aalfiygoethe complexity,
requiring components at the edge of what is technical realisable.

Despite the bright ideas of the ATLAS physicists, it is a credit to our engirtbat this project
has been successfully realised.
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A. Glues used

All the following are radiation hard.

Araldite 2011. Two-part epoxy adhesive, for general purpose use for smalllzoads between
various materials. Also used for large-area bonds where cold curiegusred. Used for bonding
parts to the support structure, bonding the aluminium skins and polyimiderséatine thermal
enclosure and sealing the friable surfaces of the Agdram.

RS4 cyanate-ester adhesive filr?® An areal adhesive, suitable for bonding of stable composite
structures due to its low CTE and CME. Sensitive to moisture during curingd f¢s co-curing

56RS4 cyanate-ester adhesive film, manufactured by YLA Inc..
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of the YSH-50A/RS3 facesheets to the Kag@:xcore of the support cylinder.

FM73U.57 Unsupported epoxy film-adhesive. A less moisture-sensitive, compassta, adhesive
than the RS4. Has higher CTE and CME properties. Used for bondingupeel YSH-50A/RS3
facesheets to the KOREX core of the front and rear supports.

Techsil®® Two-part silicone sealant. A soft, weak sealant with very little adhesiemgth; sets
to a rubbery state. Low viscosity, so best used for leak-sealing smalligdpaccessible areas.
Initially used for sealing in services, but was replaced by Tempflex.

Tempflex>® Single-part silicone sealant. Strongly adhesive in comparison to Tecitsilised
to bond parts with a sealed but flexible connection. Used for sealing amtifgpbetween outer
thermal enclosure components.

B. Lessons learnt

In designing the SCT end-cap, various decisions needed to be madsrdspect, and in partic-
ular in the light of problems constructing the SCT, it might have been bettemisider different
approaches. In this section, some of these areas are highlightedheée®s, it is not obvious that
these alternatives would necessarily be better.

B.1 Layout

To improve the track parameter resolution and reduce correlations bethegrarameters, the
stereo orientation alternates from disk to disk. This has led to a large nuintiEevours” of disks
and their services. This made the design and assembly more complicatédngamore drawings
and the unit cost of components was higher. This configuration actualkp ladiesign error for
the barrel power tapes.

The last disk, disk 9, was rotated to place the silicon at the largest psgidity. This com-
plicated the design of the patch panels.

In general, it would be worth trying to keep all the disks as similar as possibi@rtionise
design effort, cost and minimise the possibility for mistakes.

The modularity of 52, 40 and 40 modules for the outer, middle and inner riogs &rom the
desire to extract silicon detectors from round 4-inch wafers which maxihtigeuse of the surface
area and reduced the cost. This resulted in very many “flavours”aitesrbeing required, each of
fairly complicated design. Furthermore, in having an odd number of outeul@®th a quadrant,
some of the tooling needed to be doubled up. Some of the costs savings amsiigdave been
lost in the complexity of the services and it is probable that the mass of sergigeeater than it
might have been otherwise. It would be worth considering a design whith imuch higher degree

57TEM73U, manufactured by Cytec Engineered Materials.
58Techsil 6166 RTV silicone rubber, manufactured by Techsil Ltd..
59Tempflex 5145, manufactured by Loctite.
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of rotation symmetry for the disks — the current design only has 4-fold rotayonmetry? It
would be attractive to consider a “pointing” geometry with equal numbers diuhes in each ring.

B.2 Disk services

The original intention had been to manufacture aluminium cooling circuits with alumioooling
blocks. This worked well using tubing of 2Q@m wall thickness and the cooling blocks were easy
to manufacture using CNC machining. The problem was how to connect thkshiio the pipes
with a low thermal resistance. Soldering on selectively Cu-plated ared&sevarell, but produced
an interface between two metals of very different electrochemical potevitiah was shown to
be susceptible to corrosion in the presence of moisture — this was especialit the edge of the
sputtering region, where pin-holes formed. For this reason, this soluisrdvopped and replaced
with Cu-Ni. Nevertheless, it would be worth investigating all-aluminium weldingast-soldering
techniques to avoid corrosion. Unfortunately, there is always a rislowbsion arising further
downstream at the junction between dissimilar metals.

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

Block positioning as described for EC-C in section 2.2.3 was a difficult andd¢omeuming
operation. The mounting screws had to be sufficiently tight to hold the blosk doto the mount-
ing pad and to overcome the natural flexibility of the pipe. The only item whicitddoe held was
the block rather than the thin walled pipe and there was only very restrictedsander the optics.
Since the precise placement of the blocks was critical process, it wowdddemefited from much
more prototyping. The use of a machined plate for the disks of EC-A wag&eyyiout relied on
very accurate machining of the plate; and care was needed to avoid pu#imipitks off the disk
or gluing the plate to the disk.

The design of the cooling circuits required a number of soldered joints to e after mount-
ing on the disks; this prevented testing prior to assembly. Consequentlyg itnpassible to obtain
complete access to these joints for either soldering or for visual examinatlunlayout of the
pipes, with both sides of the disk sharing common connectors, made it diéiieditime consum-
ing to find any leaks. Any leaks which were found meant that the cycle ahiig and testing had
to be repeated. This process denied any access for other installati@tiape which impacted
on the timescales. These problems stress the importance of having complsted,nbedular
components which can be used in the assembly.

There was some consideration given to a design where cooling pipes moubircumferen-
tially around the disks. To cope with contraction of the circuits, this requirdihg joints and the
concern was that either the grease joint would fail or the modules wouldltezlput of position.
Although this design had less material, it was abandoned in favour of thg#igircuit design
described in section 2.2.1.1, since the latter naturally incorporated stliegs re

60This is not quite true for the cooling circuits for the outer modules.

- 76—



To reduce the possibility of corrosion at PPFO due to the choice of alumireais ésee sec-
tion 2.2.1) it would be desirable to use copper seals with sturdier housinglém tor supply the
required compression of the seals.

The FSI system proved to be very delicate and there was no way envyidageg assembly to
check its integrity. The quartz rods in the jewels were chosen to reducedhdistortions, however
they were exceptionally fragile and prone to shattering. In retrospent sther low-CTE material
should have been chosen.

Putting delicate fibres on the disks where they get damaged and canregilédeed because
they are under cooling circuits was a mistake. The VCSElase very sensitive to electrostatic
discharges (ESD), so consequently we now have a significant nurhloead VCSEL's on the
disks and we must rely on the in-built redundancy to ensure that therdassof signal. It might
be better to carry electrical signals from the modules to the edge of the didkbien convert to
fibre. Due to the fragility and inaccessibility of the services, a large portidheodisk build-time
was spent testing and re-testing services (maybe 30% prior to module mourtfimigytunately
the continual connection and re-connection at all the interfaces ha=ased the likelihood of
failure. More thought should have been given to the overall testing regaitker to improve
the accessibility of services, enabling them to be swapped more easily lateprottess, or by
making them all more robust, reducing the need for continual testing. A mbustrdesign would
use electrical connections from the modules to a nearby optoelectronfadager his would avoid
having fragile fibres on the disks and would allow the optoelectronics to lagdldin regions, such
that they could be replaced more easily in the event of failures duringhagse

B.3 Assembly

The flexible gas and grounding-and-shielding membranes were coatiggimple and low mass.
However, in the event of access being required to the insides of theagndhe membranes will un-
doubtedly be destroyed, requiring spares to be made. While the solderimmicpee for connecting
the outside of the Faraday shield has proved very adaptable and steigirt, it is time consum-
ing to seal or unseal the components. The use of copper adds to therrafrrdmiiation lengths —
it would be worthwhile to investigate welding techniques for aluminium foil whiobld be used
in situ without risk to the other components.

The concept for sealing the end-cap relied heavily on the application rapflex®r) and
TechsilR) sealants. These are messy and required in poorly defined amountsithidiass, the
approach was flexible and there is some inevitability that loose sealant willduered to block
sources of leaks. The use of Tempf@xwas more suitable in some applications than in others. It
was least successful when the zone of application was large and medied, such as between
the power tapes on the STFT. Trying to identify and seal leaks provediiféicult in the presence
of many complicated services and many interfaces. The sealing stratetsy memefit from more
careful thought and prototyping.

There is a conflict between the requirements of building low-mass, thin-waltgohg circuits
and the rigidity needed to provide firm seals. This would benefit from muehtegr investigation
and every effort should be made to keep crucial connections outsidieety inaccessible regions:

61Electronic components on the module hybrid which convert electricahkiga optical signals.
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it is not good to have the connectors at the end of the cooling intercororette support cylinder
buried inside the STFT. This meant that it was not possible to seal up tmeahemclosures in SR1
and make definitive tests of the leak-tightness before inserting the esdataATLAS.

A lot of effort went into designing low-mass cooling connectors to fit inywesstricted spaces.
Instead there is sense in using off-the-shelf connectors wheressibjm

Semi-rigid cooling circuits both on the support cylinder and from the SCFoapdto PPF1
were designed to tight tolerances. However, during the assembly, tHesmnties could not be
achieved. S-bends were added later when space become availabletdeeamcellation of the
final TRT wheels (see section 1.4). These provided the flexibility to cdratidbe cooling circuits.
It would have been better not to assume the tolerances would be met in sogtphcated system
and build in sufficient flexibility at the very start of the design process.

While great care was taken when weighing the end-caps, there was a reatdr gliscrepancy
between the two end-caps than was credible. When weighing large assentlidiémportant to
understand all the temporary components which have been added afdfwaicomponents are
missing when the measurement is undertaken. It is important to cross-sithakxpectations at
the same time as the measurements are made, in case measurements needdteble repe
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