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In most cases digital optical links were selected because of their high
bandwidth and very low material mass (optical fibres are by far lighter than copper
links). It required the radiation hardness qualification of optical devices (edge
emitting lasers and PIN diodes), the development of low-mass packages and for
the CMS tracker the development of an analogue optical link. A high-speed
radiation-hard serializer able to feed an optical link at 1.6 gigabit per second has
also been developed and extensively used. The installed density of optical links is
unique: 20 000 are installed in ATLAS and more than 100 000 in CMS.

The power dissipated by the front-end electronics required special attention
because it occurs in confined places; bringing power inside the detector requires
thick copper cables. The total power consumption of the front-end electronics is
~ 350 kW for each ATLAS and CMS. Operated at low voltages, tens of kA are
needed. In order to reduce the size of the cables penetrating the detector volume,
DC-DC converters located at places with low magnetic field in the experimental
caverns, followed by linear voltage regulators in the detector volume are used.
This again required the development, often in collaboration with industry, of
radiation tolerant devices that could be installed in the experimental caverns.

The development and deployment of this signal processing system with its
large number of radiation-hard ASICs (1.5 million ASICs have been installed in
ATLAS and CMS) represents a unique achievement, even more so, considering
the radiation levels, to which the readout electronics of the inner detectors are
exposed.

This success, unique in so many ways, is a tribute to a world-wide collaboration
of dedicated physics, engineering institutes and industry, with CERN assuming a
substantial load and the coordination of these activities.

8.12 Giant Magnets for Giant Detectors
Alain Hervé, Peter Jenni and Thomas Taylor

All four major experiments, ALICE, ATLAS, CMS, and LHCb, feature large
spectrometer magnets [47]. These devices are the costliest single components of
the detectors, and many of the other components rely on their structure for support.
In contrast with LEP, where 3 of the 4 detectors were assembled in a “garage
position”, the LHC experiments were installed in their final position on the beam.
When the detectors are fully assembled the magnets are difficult to access; it
follows that any significant repair would require a long shutdown, affecting the
entire machine. This gave rise to two important constraints: (i) all the magnets had
to be delivered and installed on time, and (ii) the magnet systems had to be
designed for utmost reliability. Although the magnets were to be designed,
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manufactured, tested and installed under the technical and financial responsibility
of the collaborations, they also had to satisfy constraints imposed by CERN:
powering, cooling, cryogenics and controls would be supplied and maintained by
the laboratory. For reasons of economy this infrastructure had to be standardized.
Common safety standards also had to be applied. CERN therefore allocated
experienced technical staff to the collaborations to help with the magnet projects,
to ensure compatibility with the interfaces and to provide the essential leadership
for ensuring success (Chapter 11).

Following the experience with LEP, CERN was already associated with studies
for the LHC detector magnets before the collaborations gelled and the magnet
designs were frozen. It was realized that the major detectors would require larger
superconducting magnets than had been made before, and that they would have to
run at higher current, probably around 20 kA. The architecture of the conductors
for magnets for experiments — cabled Nb-Ti stabilized with pure aluminium —
was well established in previous work (at CEA, Saclay, CERN, INFN, KEK and
RAL), but only for currents of up to about 5 kA. The superconducting cable could
be similar to that developed for the LHC dipole magnets [Highlight 8.2], but co-
extrusion of the cable with the aluminium stabilizer would call for gaining access
to very large extrusion presses, and extensive testing to verify that the
superconductor was not degraded by overheating during the process. It was also
essential to ensure good bonding between the cable and the high purity aluminium,
and to be able to control the quality of the bond on production lengths.
Collaborations were set up with ETH Ziirich and CEA Saclay to develop and
validate such conductor for use in windings for a practical magnet [48].

For the winding being envisaged for the powerful CMS magnet, designed for
operation at 4 T, the high-purity Al used to stabilize the superconductor was not
sufficiently strong to withstand the stress on the conductor when the magnet was
excited to full field (4 T). One solution proposed was to surround the pure
AI/Nb-Ti insert described above with aluminium alloy, to be co-extruded
simultaneously [49]. This was found to be impractical as it required heating to
> 500°C causing massive degradation to the superconductor. The alternative was
to solder or weld Al alloy flanges to the pre-extruded insert — a process that
became the subject of another development in collaboration with ETHZ. Working
together with industry it was found that by using electron-beam welding the
process was both feasible and practical and resulted in a superconductor
degradation of less than 5%.

The strong conductor issue was approached in a different way for the ATLAS
central solenoid (CS). A doped pure aluminium [50], sufficiently strong but with
low resistivity was developed for this magnet (an in-kind contribution of Japan).
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The conductors for the CMS and ATLAS magnets are shown in Fig. 8.27.
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Fig. 8.27. Comparison of the superconductors used for ATLAS and CMS.

CMS magnet

The CMS magnet (Fig. 8.28) consists of a 6 m diameter, 12.5 m long solenoid coil
surrounded by a steel yoke [51]. The coil is special in that unlike previous magnets
of this type that featured single layer coils, it has four layers. For ease of
manufacture (and transport) it is divided into five sub-units; the coils are wound
on the inside of the support cylinder [52]. The 12 000 t yoke is made of plates
between which detectors are installed to track muons emanating from the
interaction. The steel, which serves as a general supporting structure for the
detector, carries the return flux and is magnetized, so the tracks are curved and
momentum can be determined. The coils are cooled by liquid helium in parallel
tubes between manifolds top and bottom, forming a thermo-siphon configuration,
following that of the ALEPH magnet at LEP. The magnet was designed for 4 T,
up to which field it was tested, but it is run at 3.8 T to prolong its lifetime. Besides
being presently the single magnet having the largest stored energy (2.6 GJ) in the
world, it also features a record ratio of stored energy to cold mass (about 12 kJ/kg)
for this type of magnet. This is tolerable due the inductive heating of the external
mandrel if a quench should occur, rapidly spreading the quench to the whole
winding. In normal circumstances half the energy is extracted in case of a quench.

The magnet was assembled and tested in the surface building above the cavern
at LHC point 5, and lowered into position in the cavern in eleven pieces of mass
between 600 and 2000 t. This procedure was based on the experience gained with
lowering the support tube for the L3 experiment at LEP [Highlight 7.10]. The
magnet itself has been working flawlessly since its installation in 2008, but some
auxiliary equipment has had to be repaired.
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Flux return yoke

Fig. 8.28. Schematic exploded view of the CMS solenoid magnet.

ATLAS magnet system

ATLAS features a unique configuration of four large superconducting magnets
[53]. Most imposing is the 26 m long air-cored barrel toroid (BT), presently the
largest magnet in the world, consisting of eight rectangular superconducting coils,
each enclosed in its own cryostat. The unusual architecture of this experiment
makes it possible to decouple precise muon momentum measurements, made
beyond the calorimeters, from momentum measurements in the inner tracking
system. The toroidal configuration (Fig. 8.29), completed with two endcap toroids
(ECT) [54], provides increasing field integral with decreasing forward angle,
corresponding to nearly constant sensitivity in the measurement of transverse
momentum over the angular momentum of particles from a proton collider. The
low-mass superconducting air-cored solution provides high muon resolution
thanks to minimal multiple scattering. A thin, 2 T superconducting solenoid (CS)
[55], 5.8 m long, diameter 2.4 m, surrounds the inner tracking detector. Its
insulating vacuum enclosure also serves the LAr electromagnetic calorimeter
[Highlight 8.8] — a novel approach that minimizes material thickness. For the
muons the two independent momentum measurements are combined to get the best
resolution. The configuration and size of the system made this project challenging
with regard to cost containment and installation. Major CERN contributions were
the modification of the original design to simplify (to make more affordable) the
BT coil casing of the barrel toroid, and changes to enable powering the three
toroidal magnets in series, rather than separately. The stored energy of the BT is
1.1 GJ, and that of the ECTs is 0.5 GJ.
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Fig. 8.29. Schematic view of the toroidal magnet system including services connections. The eight
BT coils are visible with the two castellated ECTs inserted on both ends.

The three toroids are cooled by pumping supercritical helium through pipes
attached to the coil casing, requiring a powerful pump. The dedicated refrigeration
plant is located in a side-cavern.

The complete magnet system was commissioned in the cavern in 2008, and has
worked reliably during all data taking periods. It is the largest and most complex
superconducting magnet system ever built for a particle physics experiment.

LHCb magnet

Like ALICE, the LHCb detector also features a forward dipole. The first design of
the magnet was based on the use of superconducting coils. However, at that stage
the design was conceptual and the LHCC magnet advisory group (MAG) judged
that it would be difficult to flesh out the design and build and test the magnet in
the allotted time. Moreover, a quick study showed that sufficient performance
could be obtained with resistive coils, avoiding the necessity of local cryogenics,
by making a judicious adjustment to the steel yoke [56]. The idea was to maximize
the integrated bending field by having sloping poles (Fig. 8.30), in a similar way
to a previous magnet that had been designed at CERN for use at the ISR. The
LHCC strongly urged the collaboration to pass to the resistive version, which they
did. The magnet was designed at CERN and the coils were specified and purchased
via competitive tender, with a strong technical follow-up by CERN. The total mass
of the magnet is 1450 t; it consumes 4.2 MW when run at an excitation current of
5.85 kA to deliver an integrated field of 3.6 T m.
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Fig. 8.30. The LHCb magnet (left) and the Alice dipole magnet (right) assembled, ready for testing.

ALICE solenoid and dipole magnet

This experiment uses the large solenoid designed and constructed at CERN for the
LEP L3 experiment [57], complemented with a new large dipole magnet installed
downstream for analysing particle (in particular di-muon) trajectories emerging at
small angles [58]. The solenoid was overhauled and fitted with an improved water
cooling system. The dipole magnet was designed by JINR (Dubna) in
collaboration with CERN; steel for the yoke was an in-kind contribution from
Russia. The coils were finish-designed at CERN and purchased via competitive
tender. The delivery schedule was held thanks to strong technical follow-up and
support by CERN (Fig. 8.30). The total mass of the magnet is 800 t; it consumes
5 MW at an excitation current of 6 kA, to deliver a bending strength of 3 T m.
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