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ABSTRACT: The ATLAS detector as installed in its experimental cavern at point 1 at CERN is
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Chapter 1

Overview of the ATLAS detector

The Large Hadron Collider (LHC) at CERN will extend the frontiers of particle physics with its
unprecedented high energy and luminosity. Inside the LHC, bunches of up to 10'! protons (p)
will collide 40 million times per second to provide 14 TeV proton-proton collisions at a design
luminosity of 10** cm2s~!. The LHC will also collide heavy ions (A), in particular lead nuclei, at
5.5 TeV per nucleon pair, at a design luminosity of 10?7 cm~2s~!.

The high interaction rates, radiation doses, particle multiplicities and energies, as well as the
requirements for precision measurements have set new standards for the design of particle detec-
tors. Two general purpose detectors, ATLAS (A Toroidal LHC ApparatuS) and CMS (Compact
Muon Solenoid) have been built for probing p-p and A-A collisions.

This paper presents a comprehensive overview of the ATLAS detector prior to the first LHC
collisions, written as the installation of the ATLAS detector is nearing completion. This detector
represents the work of a large collaboration of several thousand physicists, engineers, technicians,
and students over a period of fifteen years of dedicated design, development, fabrication, and in-
stallation.

1.1 Physics requirements and detector overview

The coordinate system and nomenclature used to describe the ATLAS detector and the particles
emerging from the p-p collisions are briefly summarised here, since they are used repeatedly
throughout this paper. The nominal interaction point is defined as the origin of the coordinate
system, while the beam direction defines the z-axis and the x-y plane is transverse to the beam
direction. The positive x-axis is defined as pointing from the interaction point to the centre of the
LHC ring and the positive y-axis is defined as pointing upwards. The side-A of the detector is de-
fined as that with positive z and side-C is that with negative z. The azimuthal angle ¢ is measured
as usual around the beam axis, and the polar angle 0 is the angle from the beam axis. The pseu-
dorapidity is defined as 1 = —Intan(6/2) (in the case of massive objects such as jets, the rapid-
ity y=1/2In[(E + p;)/(E — p;)] is used). The transverse momentum pr, the transverse energy Er,
and the missing transverse energy ErTrliSS are defined in the x-y plane unless stated otherwise. The
distance AR in the pseudorapidity-azimuthal angle space is defined as AR = \/An2 + A¢2.



The LHC is extensively reviewed in another article of this volume. It will provide a rich
physics potential, ranging from more precise measurements of Standard Model parameters to the
search for new physics phenomena. Furthermore, nucleus-nucleus collisions at the LHC provide
an unprecedented opportunity to study the properties of strongly interacting matter at extreme
energy density, including the possible phase transition to a colour-deconfined state: the quark-
gluon plasma. Requirements for the ATLAS detector system [1] have been defined using a set of
processes covering much of the new phenomena which one can hope to observe at the TeV scale.

The high luminosity and increased cross-sections at the LHC enable further high precision
tests of QCD, electroweak interactions, and flavour physics. The top quark will be produced at the
LHC at a rate of a few tens of Hz, providing the opportunity to test its couplings and spin.

The search for the Standard Model Higgs boson has been used as a benchmark to establish the
performance of important sub-systems of ATLAS. It is a particularly important process since there
is a range of production and decay mechanisms, depending on the mass of the Higgs boson, H. At
low masses (my < 2myz), the natural width would only be a few MeV, and so the observed width
would be defined by the instrumental resolution. The predominant decay mode into hadrons would
be difficult to detect due to QCD backgrounds, and the two-photon decay channel would be an
important one. Other promising channels could be, for example, associated production of H such
as tiH, WH, and ZH, with H —bb, using a lepton from the decay of one of the top quarks or of
the vector boson for triggering and background rejection. For masses above 130 GeV, Higgs-boson
decays, H — 7ZZ™), where each Z decays to a pair of oppositely charged leptons, would provide
the experimentally cleanest channel to study the properties of the Higgs boson. For masses above
approximately 600 GeV, WW and ZZ decays into jets or involving neutrinos would be needed to
extract a signal. The tagging of forward jets from the WW or ZZ fusion production mechanism has
also been shown to be important for the discovery of the Higgs boson. Searches for the Higgs boson
beyond the Standard Model, for such particles as the A and H* of the minimal supersymmetric
extension of the Standard Model, require sensitivity to processes involving 7-leptons and good b-
tagging performance. Should the Higgs boson be discovered, it would need to be studied in several
modes, regardless of its mass, in order to fully disentangle its properties and establish its credentials
as belonging to the Standard Model or an extension thereof.

New heavy gauge bosons W’ and Z' could be accessible for masses up to ~ 6 TeV. To study
their leptonic decays, high-resolution lepton measurements and charge identification are needed in
the pr-range of a few TeV. Another class of signatures of new physics may be provided by very
high-pr jet measurements. As a benchmark process, quark compositeness has been used, where
the signature would be a deviation in the jet cross-sections from the QCD expectations. Searches
for flavour-changing neutral currents and lepton flavour violation through 7 — 3y or 7 — Uy, as
well as measurements of B — g and triple and quartic-gauge couplings may also open a window
onto new physics.

The decays of supersymmetric particles, such as squarks and gluinos, would involve cascades
which, if R-parity is conserved, always contain a lightest stable supersymmetric particle (LSP). As
the LSP would interact very weakly with the detector, the experiment would measure a significant
missing transverse energy, E;T]iss, in the final state. The rest of the cascade would result in a number
of leptons and jets. In schemes where the LSP decays into a photon and a gravitino, an increased
number of hard isolated photons is expected.



Several new models propose the existence of extra dimensions leading to a characteristic en-
ergy scale of quantum gravity in the TeV region. In terms of experimental signatures, this could
lead to the emission of gravitons which escape into extra dimensions and therefore generate E‘T"iss,
or of Kaluza-Klein excitations which manifest themselves as Z-like resonances with ~ TeV sep-
arations in mass. Other experimental signatures could be anomalous high-mass di-jet production,
and miniature black-hole production with spectacular decays involving democratic production of
fundamental final states such as jets, leptons, photons, neutrinos, W’s, and Z’s.

The formidable LHC luminosity and resulting interaction rate are needed because of the small
cross-sections expected for many of the processes mentioned above. However, with an inelastic-
proton-proton cross-section of 80 mb, the LHC will produce a total rate of 10° inelastic events/s
at design luminosity. This presents a serious experimental difficulty as it implies that every candi-
date event for new physics will on the average be accompanied by 23 inelastic events per bunch-
crossing.

The nature of proton-proton collisions imposes another difficulty. QCD jet production cross-
sections dominate over the rare processes mentioned above, requiring the identification of exper-
imental signatures characteristic of the physics processes in question, such as E'T’[liss or secondary
vertices. Identifying such final states for these rare processes imposes further demands on the
integrated luminosity needed, and on the particle-identification capabilities of the detector.

Viewed in this context, these benchmark physics goals can be turned into a set of general
requirements for the LHC detectors.

e Due to the experimental conditions at the LHC, the detectors require fast, radiation-hard
electronics and sensor elements. In addition, high detector granularity is needed to handle
the particle fluxes and to reduce the influence of overlapping events.

e Large acceptance in pseudorapidity with almost full azimuthal angle coverage is required.

e Good charged-particle momentum resolution and reconstruction efficiency in the inner
tracker are essential. For offline tagging of t-leptons and b-jets, vertex detectors close to
the interaction region are required to observe secondary vertices.

e Very good electromagnetic (EM) calorimetry for electron and photon identification and mea-
surements, complemented by full-coverage hadronic calorimetry for accurate jet and missing
transverse energy measurements, are important requirements, as these measurements form
the basis of many of the studies mentioned above.

e Good muon identification and momentum resolution over a wide range of momenta and the
ability to determine unambiguously the charge of high py muons are fundamental require-
ments.

e Highly efficient triggering on low transverse-momentum objects with sufficient background
rejection, is a prerequisite to achieve an acceptable trigger rate for most physics processes of
interest.

The overall ATLAS detector layout is shown in figure 1.1 and its main performance goals
are listed in table 1.1. It is important to note that, for high-p7r muons, the muon-spectrometer
performance as given in table 1.1 is independent of the inner-detector system.
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Figure 1.1: Cut-away view of the ATLAS detector. The dimensions of the detector are 25 m in
height and 44 m in length. The overall weight of the detector is approximately 7000 tonnes.

The ATLAS detector is nominally forward-backward symmetric with respect to the interac-
tion point. The magnet configuration comprises a thin superconducting solenoid surrounding the
inner-detector cavity, and three large superconducting toroids (one barrel and two end-caps) ar-
ranged with an eight-fold azimuthal symmetry around the calorimeters. This fundamental choice
has driven the design of the rest of the detector.

The inner detector is immersed in a 2 T solenoidal field. Pattern recognition, momentum
and vertex measurements, and electron identification are achieved with a combination of discrete,
high-resolution semiconductor pixel and strip detectors in the inner part of the tracking volume,
and straw-tube tracking detectors with the capability to generate and detect transition radiation in
its outer part.

High granularity liquid-argon (LAr) electromagnetic sampling calorimeters, with excellent
performance in terms of energy and position resolution, cover the pseudorapidity range 1| < 3.2.
The hadronic calorimetry in the range || < 1.7 is provided by a scintillator-tile calorimeter, which
is separated into a large barrel and two smaller extended barrel cylinders, one on either side of
the central barrel. In the end-caps (|| > 1.5), LAr technology is also used for the hadronic
calorimeters, matching the outer |n| limits of end-cap electromagnetic calorimeters. The LAr
forward calorimeters provide both electromagnetic and hadronic energy measurements, and extend
the pseudorapidity coverage to || =4.9.

The calorimeter is surrounded by the muon spectrometer. The air-core toroid system, with a
long barrel and two inserted end-cap magnets, generates strong bending power in a large volume
within a light and open structure. Multiple-scattering effects are thereby minimised, and excellent
muon momentum resolution is achieved with three layers of high precision tracking chambers.



Table 1.1: General performance goals of the ATLAS detector. Note that, for high-pr muons,

the muon-spectrometer performance is independent of the inner-detector system. The units for £

and pr are in GeV.

Detector component Required resolution N coverage
Measurement Trigger
Tracking 0y, /pr =0.05% pr ®1% +2.5
EM calorimetry ox/E =10%/vVE ©0.7% +3.2 +2.5
Hadronic calorimetry (jets)
barrel and end-cap ok /E = 50%/VE ©3% +3.2 +3.2
forward or/E =100%/VE®10% |3.1<|n| <49 |3.1<|n/<49
Muon spectrometer 0y, /pr=10% at pr =1 TeV +2.7 +2.4

The muon instrumentation includes, as a key component, trigger chambers with timing resolution
of the order of 1.5-4 ns. The muon spectrometer defines the overall dimensions of the ATLAS
detector.

The proton-proton interaction rate at the design luminosity of 10°* cm~2s~!

is approximately
1 GHz, while the event data recording, based on technology and resource limitations, is limited to
about 200 Hz. This requires an overall rejection factor of 5 x 10® against minimum-bias processes
while maintaining maximum efficiency for the new physics. The Level-1 (L1) trigger system uses a
subset of the total detector information to make a decision on whether or not to continue processing
an event, reducing the data rate to approximately 75 kHz (limited by the bandwidth of the readout
system, which is upgradeable to 100 kHz). The subsequent two levels, collectively known as the
high-level trigger, are the Level-2 (L2) trigger and the event filter. They provide the reduction to a
final data-taking rate of approximately 200 Hz.

Due to budgetary constraints, some detector systems had to be staged. They will be com-
pleted and installed as soon as technically and financially feasible. These include, in particular, a
significant part of the high-level trigger processing farm. The initial input capacity will be limited
to a L1 trigger rate of about 40 kHz. This capacity will be increased as needed to deal with the
LHC luminosity profile during the first years. The ultimate goal is to be able to handle 100 kHz
if needed. Some parts of the muon spectrometer are staged, most noticeably part of the precision
chambers in the transition region between the barrel and the end-caps. In addition, some of the
forward shielding elements will be completed later, as the LHC approaches design luminosity.

1.2 Tracking

Approximately 1000 particles will emerge from the collision point every 25 ns within |n| < 2.5,
creating a very large track density in the detector. To achieve the momentum and vertex reso-
lution requirements imposed by the benchmark physics processes, high-precision measurements
must be made with fine detector granularity. Pixel and silicon microstrip (SCT) trackers, used in
conjunction with the straw tubes of the Transition Radiation Tracker (TRT), offer these features.
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Figure 1.2: Cut-away view of the ATLAS inner detector.

The layout of the Inner Detector (ID) is illustrated in figure 1.2 and detailed in chapter 4. Its
basic parameters are summarised in table 1.2 (also see intrinsic accuracies in table 4.1). The ID is
immersed in a 2 T magnetic field generated by the central solenoid, which extends over a length of
5.3 m with a diameter of 2.5 m. The precision tracking detectors (pixels and SCT) cover the region
In| < 2.5. In the barrel region, they are arranged on concentric cylinders around the beam axis
while in the end-cap regions they are located on disks perpendicular to the beam axis. The highest
granularity is achieved around the vertex region using silicon pixel detectors. The pixel layers are
segmented in R — ¢ and z with typically three pixel layers crossed by each track. All pixel sensors
are identical and have a minimum pixel size in R — ¢ x z of 50 x 400 um?. The intrinsic accuracies
in the barrel are 10 um (R — ¢) and 115 um (z) and in the disks are 10 gym (R—¢) and 115 um (R).
The pixel detector has approximately 80.4 million readout channels. For the SCT, eight strip layers
(four space points) are crossed by each track. In the barrel region, this detector uses small-angle
(40 mrad) stereo strips to measure both coordinates, with one set of strips in each layer parallel to
the beam direction, measuring R — ¢. They consist of two 6.4 cm long daisy-chained sensors with
a strip pitch of 80 um. In the end-cap region, the detectors have a set of strips running radially and
a set of stereo strips at an angle of 40 mrad. The mean pitch of the strips is also approximately
80 um. The intrinsic accuracies per module in the barrel are 17 um (R — ¢) and 580 um (z) and in
the disks are 17 um (R — ¢) and 580 um (R). The total number of readout channels in the SCT is
approximately 6.3 million.

A large number of hits (typically 36 per track) is provided by the 4 mm diameter straw tubes
of the TRT, which enables track-following up to |1| = 2.0. The TRT only provides R — ¢ informa-
tion, for which it has an intrinsic accuracy of 130 ym per straw. In the barrel region, the straws are
parallel to the beam axis and are 144 cm long, with their wires divided into two halves, approxi-
mately at ) = 0. In the end-cap region, the 37 cm long straws are arranged radially in wheels. The
total number of TRT readout channels is approximately 351,000.



Table 1.2: Main parameters of the inner-detector system.

Item Radial extension (mm) Length (mm)

Overall ID envelope 0<R<1150 0 < |zl <3512

Beam-pipe 29 <R <36

Pixel Overall envelope | 45.5 < R <242 0 < |z] <3092

3 cylindrical layers Sensitive barrel 50.5<R< 1225 0 < |z] < 400.5

2 x 3 disks Sensitive end-cap | 88.8 <R < 149.6 495 < |z] < 650

SCT Overall envelope | 255 < R < 549 (barrel) 0 < |z] < 805
251 < R < 610 (end-cap) | 810 < |z| <2797

4 cylindrical layers  Sensitive barrel | 299 < R < 514 0 < |z] <749

2 x 9 disks Sensitive end-cap | 275 < R < 560 839 < |z| < 2735

TRT Overall envelope | 554 < R < 1082 (barrel) 0 < |z| <780
617 < R < 1106 (end-cap) | 827 < |z| < 2744

73 straw planes Sensitive barrel 563 < R < 1066 0< |zl <712

160 straw planes Sensitive end-cap | 644 < R < 1004 848 < |z| < 2710

The combination of precision trackers at small radii with the TRT at a larger radius gives very
robust pattern recognition and high precision in both R — ¢ and z coordinates. The straw hits at the
outer radius contribute significantly to the momentum measurement, since the lower precision per
point compared to the silicon is compensated by the large number of measurements and longer
measured track length.

The inner detector system provides tracking measurements in a range matched by the pre-
cision measurements of the electromagnetic calorimeter. The electron identification capabilities
are enhanced by the detection of transition-radiation photons in the xenon-based gas mixture of
the straw tubes. The semiconductor trackers also allow impact parameter measurements and ver-
texing for heavy-flavour and t-lepton tagging. The secondary vertex measurement performance is
enhanced by the innermost layer of pixels, at a radius of about 5 cm.

1.3 Calorimetry

A view of the sampling calorimeters is presented in figure 1.3, and the pseudorapidity coverage,
granularity, and segmentation in depth of the calorimeters are summarised in table 1.3 (see also
chapter 5). These calorimeters cover the range |n| < 4.9, using different techniques suited to the
widely varying requirements of the physics processes of interest and of the radiation environment
over this large n-range. Over the 1 region matched to the inner detector, the fine granularity of
the EM calorimeter is ideally suited for precision measurements of electrons and photons. The
coarser granularity of the rest of the calorimeter is sufficient to satisfy the physics requirements for
jet reconstruction and EMS® measurements.
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Figure 1.3: Cut-away view of the ATLAS calorimeter system.

Calorimeters must provide good containment for electromagnetic and hadronic showers, and
must also limit punch-through into the muon system. Hence, calorimeter depth is an important
design consideration. The total thickness of the EM calorimeter is > 22 radiation lengths (Xo)
in the barrel and > 24 X in the end-caps. The approximate 9.7 interaction lengths () of active
calorimeter in the barrel (10 A in the end-caps) are adequate to provide good resolution for high-
energy jets (see table 1.1). The total thickness, including 1.3 A from the outer support, is 11 A
at 1 = 0 and has been shown both by measurements and simulations to be sufficient to reduce
punch-through well below the irreducible level of prompt or decay muons. Together with the large
n-coverage, this thickness will also ensure a good EM' measurement, which is important for many
physics signatures and in particular for SUSY particle searches.

1.3.1 LAr electromagnetic calorimeter

The EM calorimeter is divided into a barrel part (|n| < 1.475) and two end-cap components
(1.375 < |n| < 3.2), each housed in their own cryostat. The position of the central solenoid in
front of the EM calorimeter demands optimisation of the material in order to achieve the de-
sired calorimeter performance. As a consequence, the central solenoid and the LAr calorimeter
share a common vacuum vessel, thereby eliminating two vacuum walls. The barrel calorimeter
consists of two identical half-barrels, separated by a small gap (4 mm) at z = 0. Each end-cap
calorimeter is mechanically divided into two coaxial wheels: an outer wheel covering the region
1.375 < |n| < 2.5, and an inner wheel covering the region 2.5 < || < 3.2. The EM calorimeter is
a lead-LAr detector with accordion-shaped kapton electrodes and lead absorber plates over its full
coverage. The accordion geometry provides complete ¢ symmetry without azimuthal cracks. The



Table 1.3: Main parameters of the calorimeter system.

[ Barrel [ End-cap
EM calorimeter
Number of layers and |1 | coverage
Presampler 1 nl<1.52 | 1 1.5<|n|<1.8
Calorimeter 3 n <135 |2 1.375 < |n| < 1.5
2 1.35<|n| <1475 | 3 1.5<|n|<25
2 25<n] <32
Granularity An x A¢ versus |7|
Presampler 0.025 x 0.1 [n] <1.52 | 0.025x%0.1 1.5<|n|<1.8
Calorimeter 1st layer 0.025/8 x 0.1 [n] < 1.40 | 0.050%0.1 1.375 < |n| < 1.425
0.025x0.025 1.40<|n|<1.475 | 0.025x0.1 1.425< |n| < 1.5
0.025/8 x 0.1 1.5<|n|<1.8
0.025/6 % 0.1 1.8<n|<2.0
0.025/4 % 0.1 20<n| <24
0.025 x 0.1 24<|n|<25
0.1x0.1 25<n] <32
Calorimeter 2nd layer 0.025 x 0.025 [n| < 1.40 | 0.050 % 0.025 1.375 < |n| < 1.425
0.075x0.025 1.40 < |n| < 1.475 | 0.025 % 0.025 1.425 < |n| <25
0.1x0.1 25<n|<32
Calorimeter 3rd layer 0.050 x 0.025 [n] < 1.35 | 0.050 % 0.025 1.5<|n| <25
Number of readout channels
Presampler 7808 1536 (both sides)
Calorimeter 101760 62208 (both sides)
LAr hadronic end-cap
[n| coverage 1.5<|n| <32
Number of layers 4
Granularity An x A¢ 0.1x0.1 1.5<n| <25
0.2x0.2 25<n] <32
Readout channels 5632 (both sides)
LAr forward calorimeter
[n| coverage 3.1<n|<4.9
Number of layers 3
Granularity Ax X Ay (cm) FCall: 3.0 x 2.6 3.15<|n] <4.30
FCall: ~ four times finer ~ 3.10 < |n| < 3.15,
430<|n| <4.83
FCal2: 3.3x 4.2 3.24 < |n| <450
FCal2: ~ four times finer ~ 3.20 < |n| < 3.24,
450 < |n| < 4.81
FCal3: 5.4 x 4.7 3.32 < |n| < 4.60
FCal3: ~ four times finer ~ 3.29 < |n| <3.32,
4.60 < |n| <4.75
Readout channels 3524 (both sides)
Scintillator tile calorimeter
Barrel Extended barrel
[n| coverage n] < 1.0 08<|n|<1.7
Number of layers 3 3
Granularity An x A¢ 0.1x0.1 0.1 x0.1
Last layer 0.2x0.1 0.2 x0.1
Readout channels 5760 4092 (both sides)

lead thickness in the absorber plates has been optimised as a function of 7 in terms of EM calorime-
ter performance in energy resolution. Over the region devoted to precision physics (|n| < 2.5), the
EM calorimeter is segmented in three sections in depth. For the end-cap inner wheel, the calorime-
ter is segmented in two sections in depth and has a coarser lateral granularity than for the rest of
the acceptance.



In the region of |n| < 1.8, a presampler detector is used to correct for the energy lost by
electrons and photons upstream of the calorimeter. The presampler consists of an active LAr layer
of thickness 1.1 cm (0.5 cm) in the barrel (end-cap) region.

1.3.2 Hadronic calorimeters

Tile calorimeter. The tile calorimeter is placed directly outside the EM calorimeter envelope. Its
barrel covers the region |n| < 1.0, and its two extended barrels the range 0.8 < [n| < 1.7. Ttis a
sampling calorimeter using steel as the absorber and scintillating tiles as the active material. The
barrel and extended barrels are divided azimuthally into 64 modules. Radially, the tile calorimeter
extends from an inner radius of 2.28 m to an outer radius of 4.25 m. It is segmented in depth in three
layers, approximately 1.5, 4.1 and 1.8 interaction lengths (A) thick for the barrel and 1.5, 2.6, and
3.3 A for the extended barrel. The total detector thickness at the outer edge of the tile-instrumented
region is 9.7 A at n = 0. Two sides of the scintillating tiles are read out by wavelength shifting
fibres into two separate photomultiplier tubes. In 1), the readout cells built by grouping fibres into
the photomultipliers are pseudo-projective towards the interaction region.

LAr hadronic end-cap calorimeter. The Hadronic End-cap Calorimeter (HEC) consists of two
independent wheels per end-cap, located directly behind the end-cap electromagnetic calorimeter
and sharing the same LAr cryostats. To reduce the drop in material density at the transition between
the end-cap and the forward calorimeter (around || = 3.1), the HEC extends out to [n| = 3.2,
thereby overlapping with the forward calorimeter. Similarly, the HEC 7 range also slightly overlaps
that of the tile calorimeter (|n| < 1.7) by extending to |n| = 1.5. Each wheel is built from 32
identical wedge-shaped modules, assembled with fixtures at the periphery and at the central bore.
Each wheel is divided into two segments in depth, for a total of four layers per end-cap. The wheels
closest to the interaction point are built from 25 mm parallel copper plates, while those further away
use 50 mm copper plates (for all wheels the first plate is half-thickness). The outer radius of the
copper plates is 2.03 m, while the inner radius is 0.475 m (except in the overlap region with the
forward calorimeter where this radius becomes 0.372 m). The copper plates are interleaved with
8.5 mm LAr gaps, providing the active medium for this sampling calorimeter.

LAr forward calorimeter. The Forward Calorimeter (FCal) is integrated into the end-cap cryo-
stats, as this provides clear benefits in terms of uniformity of the calorimetric coverage as well as
reduced radiation background levels in the muon spectrometer. In order to reduce the amount of
neutron albedo in the inner detector cavity, the front face of the FCal is recessed by about 1.2 m
with respect to the EM calorimeter front face. This severely limits the depth of the calorimeter
and therefore calls for a high-density design. The FCal is approximately 10 interaction lengths
deep, and consists of three modules in each end-cap: the first, made of copper, is optimised for
electromagnetic measurements, while the other two, made of tungsten, measure predominantly the
energy of hadronic interactions. Each module consists of a metal matrix, with regularly spaced
longitudinal channels filled with the electrode structure consisting of concentric rods and tubes
parallel to the beam axis. The LAr in the gap between the rod and the tube is the sensitive medium.
This geometry allows for excellent control of the gaps, which are as small as 0.25 mm in the first
section, in order to avoid problems due to ion buildup.
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Figure 1.4: Cut-away view of the ATLAS muon system.

1.4 Muon system

The conceptual layout of the muon spectrometer is shown in figure 1.4 and the main parameters
of the muon chambers are listed in table 1.4 (see also chapter 6). It is based on the magnetic
deflection of muon tracks in the large superconducting air-core toroid magnets, instrumented with
separate trigger and high-precision tracking chambers. Over the range || < 1.4, magnetic bending
is provided by the large barrel toroid. For 1.6 < |n| < 2.7, muon tracks are bent by two smaller
end-cap magnets inserted into both ends of the barrel toroid. Over 1.4 < |n| < 1.6, usually referred
to as the transition region, magnetic deflection is provided by a combination of barrel and end-cap
fields. This magnet configuration provides a field which is mostly orthogonal to the muon trajec-
tories, while minimising the degradation of resolution due to multiple scattering. The anticipated
high level of particle flux has had a major impact on the choice and design of the spectrome-
ter instrumentation, affecting performance parameters such as rate capability, granularity, ageing
properties, and radiation hardness.

In the barrel region, tracks are measured in chambers arranged in three cylindrical layers
around the beam axis; in the transition and end-cap regions, the chambers are installed in planes
perpendicular to the beam, also in three layers.
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Table 1.4: Main parameters of the muon spectrometer. Numbers in brackets for the MDT’s and
the RPC’s refer to the final configuration of the detector in 2009.

Monitored drift tubes MDT

- Coverage In| < 2.7 (innermost layer: |n| < 2.0)
- Number of chambers 1088 (1150)

- Number of channels 339000 (354 000)

- Function Precision tracking
Cathode strip chambers CSC

- Coverage 20< <27

- Number of chambers 32

- Number of channels 31000

- Function Precision tracking
Resistive plate chambers RPC

- Coverage In| < 1.05

- Number of chambers 544 (606)

- Number of channels 359000 (373 000)

- Function Triggering, second coordinate
Thin gap chambers TGC

- Coverage 1.05 < |n| < 2.7 (2.4 for triggering)
- Number of chambers 3588

- Number of channels 318000

- Function Triggering, second coordinate

1.4.1 The toroid magnets

A system of three large air-core toroids generates the magnetic field for the muon spectrometer.
The two end-cap toroids are inserted in the barrel toroid at each end and line up with the central
solenoid. Each of the three toroids consists of eight coils assembled radially and symmetrically
around the beam axis. The end-cap toroid coil system is rotated by 22.5° with respect to the barrel
toroid coil system in order to provide radial overlap and to optimise the bending power at the
interface between the two coil systems.

The barrel toroid coils are housed in eight individual cryostats, with the linking elements
between them providing the overall mechanical stability. Each end-cap toroid consists of eight
racetrack-like coils in an aluminium alloy housing. Each coil has two double-pancake type wind-
ings. They are cold-linked and assembled as a single cold mass, housed in one large cryostat.
Therefore the internal forces in the end-cap toroids are taken by the cold supporting structure be-
tween the coils, a different design solution than in the barrel toroid.

The performance in terms of bending power is characterised by the field integral [Bdl, where
B is the field component normal to the muon direction and the integral is computed along an
infinite-momentum muon trajectory, between the innermost and outermost muon-chamber planes.
The barrel toroid provides 1.5 to 5.5 Tm of bending power in the pseudorapidity range 0 < |n| <
1.4, and the end-cap toroids approximately 1 to 7.5 Tm in the region 1.6 < || < 2.7. The bending
power is lower in the transition regions where the two magnets overlap (1.4 < |n| < 1.6).
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1.4.2 Muon chamber types

Over most of the 1-range, a precision measurement of the track coordinates in the principal bend-
ing direction of the magnetic field is provided by Monitored Drift Tubes (MDT’s). The mechanical
isolation in the drift tubes of each sense wire from its neighbours guarantees a robust and reli-
able operation. At large pseudorapidities, Cathode Strip Chambers (CSC’s, which are multiwire
proportional chambers with cathodes segmented into strips) with higher granularity are used in
the innermost plane over 2 < || < 2.7, to withstand the demanding rate and background condi-
tions. The stringent requirements on the relative alignment of the muon chamber layers are met by
the combination of precision mechanical-assembly techniques and optical alignment systems both
within and between muon chambers.

The trigger system covers the pseudorapidity range || < 2.4. Resistive Plate Chambers
(RPC’s) are used in the barrel and Thin Gap Chambers (TGC’s) in the end-cap regions. The trigger
chambers for the muon spectrometer serve a threefold purpose: provide bunch-crossing identi-
fication, provide well-defined pr thresholds, and measure the muon coordinate in the direction
orthogonal to that determined by the precision-tracking chambers.

1.4.3 Muon chamber alignment and B-field reconstruction

The overall performance over the large areas involved, particularly at the highest momenta, depends
on the alignment of the muon chambers with respect to each other and with respect to the overall
detector.

The accuracy of the stand-alone muon momentum measurement necessitates a precision of
30 um on the relative alignment of chambers both within each projective tower and between con-
secutive layers in immediately adjacent towers. The internal deformations and relative positions of
the MDT chambers are monitored by approximately 12000 precision-mounted alignment sensors,
all based on the optical monitoring of deviations from straight lines. Because of geometrical con-
straints, the reconstruction and/or monitoring of the chamber positions rely on somewhat different
strategies and sensor types in the end-cap and barrel regions, respectively.

The accuracy required for the relative positioning of non-adjacent towers to obtain adequate
mass resolution for multi-muon final states, lies in the few millimetre range. This initial positioning
accuracy is approximately established during the installation of the chambers. Ultimately, the
relative alignment of the barrel and forward regions of the muon spectrometer, of the calorimeters
and of the inner detector will rely on high-momentum muon trajectories.

For magnetic field reconstruction, the goal is to determine the bending power along the muon
trajectory to a few parts in a thousand. The field is continuously monitored by a total of approx-
imately 1800 Hall sensors distributed throughout the spectrometer volume. Their readings are
compared with magnetic-field simulations and used for reconstructing the position of the toroid
coils in space, as well as to account for magnetic perturbations induced by the tile calorimeter and
other nearby metallic structures.
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1.5 Forward detectors

Three smaller detector systems cover the ATLAS forward region (see chapter 7). The main function
of the first two systems is to determine the luminosity delivered to ATLAS. At £17 m from the
interaction point lies LUCID (LUminosity measurement using Cerenkov Integrating Detector). It
detects inelastic p-p scattering in the forward direction, and is the main online relative-luminosity
monitor for ATLAS. The second detector is ALFA (Absolute Luminosity For ATLAS). Located at
4240 m, it consists of scintillating fibre trackers located inside Roman pots which are designed to
approach as close as 1 mm to the beam. The third system is the Zero-Degree Calorimeter (ZDC),
which plays a key role in determining the centrality of heavy-ion collisions. It is located at 140 m
from the interaction point, just beyond the point where the common straight-section vacuum-pipe
divides back into two independent beam-pipes. The ZDC modules consist of layers of alternating
quartz rods and tungsten plates which will measure neutral particles at pseudorapidities |1| > 8.2.

1.6 Trigger, readout, data acquisition, and control systems

The Trigger and Data Acquisition (collectively TDAQ) systems, the timing- and trigger-control
logic, and the Detector Control System (DCS) are partitioned into sub-systems, typically associated
with sub-detectors, which have the same logical components and building blocks (see chapter 8).

The trigger system has three distinct levels: L1, L2, and the event filter. Each trigger level
refines the decisions made at the previous level and, where necessary, applies additional selection
criteria. The data acquisition system receives and buffers the event data from the detector-specific
readout electronics, at the L1 trigger accept rate, over 1600 point-to-point readout links. The first
level uses a limited amount of the total detector information to make a decision in less than 2.5 us,
reducing the rate to about 75 kHz. The two higher levels access more detector information for a
final rate of up to 200 Hz with an event size of approximately 1.3 Mbyte.

1.6.1 Trigger system

The L1 trigger searches for high transverse-momentum muons, electrons, photons, jets, and -
leptons decaying into hadrons, as well as large missing and total transverse energy. Its selection is
based on information from a subset of detectors. High transverse-momentum muons are identified
using trigger chambers in the barrel and end-cap regions of the spectrometer. Calorimeter selections
are based on reduced-granularity information from all the calorimeters. Results from the L.1 muon
and calorimeter triggers are processed by the central trigger processor, which implements a trigger
‘menu’ made up of combinations of trigger selections. Pre-scaling of trigger menu items is also
available, allowing optimal use of the bandwidth as luminosity and background conditions change.
Events passing the L1 trigger selection are transferred to the next stages of the detector-specific
electronics and subsequently to the data acquisition via point-to-point links.

In each event, the L1 trigger also defines one or more Regions-of-Interest (Rol’s), i.e. the
geographical coordinates in 1) and ¢, of those regions within the detector where its selection process
has identified interesting features. The Rol data include information on the type of feature identified
and the criteria passed, e.g. a threshold. This information is subsequently used by the high-level
trigger.
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The L2 selection is seeded by the Rol information provided by the L1 trigger over a dedicated
data path. L2 selections use, at full granularity and precision, all the available detector data within
the Rol’s (approximately 2% of the total event data). The L2 menus are designed to reduce the
trigger rate to approximately 3.5 kHz, with an event processing time of about 40 ms, averaged over
all events. The final stage of the event selection is carried out by the event filter, which reduces
the event rate to roughly 200 Hz. Its selections are implemented using offline analysis procedures
within an average event processing time of the order of four seconds.

1.6.2 Readout architecture and data acquisition

The Readout Drivers (ROD’s) are detector-specific functional elements of the front-end systems,
which achieve a higher level of data concentration and multiplexing by gathering information from
several front-end data streams. Although each sub-detector uses specific front-end electronics and
ROD’s, these components are built from standardised blocks and are subject to common require-
ments. The front-end electronics sub-system includes different functional components:

o the front-end analogue or analogue-to-digital processing;

o the L1 buffer in which the (analogue or digital) information is retained for a time long enough
to accommodate the L1 trigger latency;

e the derandomising buffer in which the data corresponding to a L1 trigger accept are stored
before being sent to the following level. This element is necessary to accommodate the
maximum instantaneous L1 rate without introducing significant deadtime (maximum 1%);

e the dedicated links or buses which are used to transmit the front-end data stream to the next
stage.

After an event is accepted by the L1 trigger, the data from the pipe-lines are transferred off the
detector to the ROD’s. Digitised signals are formatted as raw data prior to being transferred to the
DAQ system. The ROD’s follow some general ATLAS rules, including the definition of the data
format of the event, the error detection/recovery mechanisms to be implemented, and the physical
interface for the data transmission to the DAQ system.

The first stage of the DAQ, the readout system, receives and temporarily stores the data in
local buffers. It is subsequently solicited by the L2 trigger for the event data associated to Rol’s.
Those events selected by the L2 trigger are then transferred to the event-building system and sub-
sequently to the event filter for final selection. Events selected by the event filter are moved to
permanent storage at the CERN computer centre. In addition to the movement of data, the data ac-
quisition also provides for the configuration, control and monitoring of the hardware and software
components which together provide the data-taking functionality.

The DCS permits the coherent and safe operation of the ATLAS detector hardware, and
serves as a homogeneous interface to all sub-detectors and to the technical infrastructure of the
experiment. It controls, continuously monitors and archives the operational parameters, signals
any abnormal behaviour to the operator, and allows automatic or manual corrective actions to be
taken. Typical examples are high- and low-voltage systems for detector and electronics, gas and
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cooling systems, magnetic field, temperatures, and humidity. The DCS also enables bi-directional
communication with the data acquisition system in order to synchronise the state of the detector
with data-taking. It also handles the communication between the sub-detectors and other systems
which are controlled independently, such as the LHC accelerator, the CERN technical services, the
ATLAS magnets, and the detector safety system.

1.7 Radiation, shielding, and interface to the LHC machine

The experimental conditions at the LHC will be challenging. The unprecedented radiation levels
are expected to result in activated detector components and severe beam-induced backgrounds. To
mitigate their impact, the ATLAS shielding layout and the LHC beam-pipe design were carefully
optimised. Good communication between the LHC and ATLAS operators will be needed during
both injection and data-taking, especially to prevent beam-related accidents which could damage
the detector.

1.7.1 Radiation levels

At the LHC, the primary source of radiation at full luminosity comes from collisions at the in-
teraction point. In the inner detector, charged hadron secondaries from inelastic proton-proton
interactions dominate the radiation backgrounds at small radii while further out other sources, such
as neutrons, become more important. Table 1.5 shows projected radiation levels in key areas of the
detector (see chapter 3).

In ATLAS, most of the energy from primaries is dumped into two regions: the TAS (Target
Absorber Secondaries) collimators protecting LHC quadrupoles and the forward calorimeters. The
beam vacuum system spans the length of the detector and in the forward region is a major source
of radiation backgrounds. Primary particles from the interaction point strike the beam-pipe at
very shallow angles, such that the projected material depth is large. Studies have shown that the
beam-line material contributes more than half of the radiation backgrounds in the muon system.
The deleterious effects of background radiation fall into a number of general categories: increased
background and occupancies, radiation damage and ageing of detector components and electronics,
single event upsets and single event damage, and creation of radionuclides which will impact access
and maintenance scenarios.

1.7.2 Shielding

In order to limit the effects of radiation on the detector, ATLAS relies on the use of almost
3000 tonnes of shielding (see chapter 3). The shielding procedure is based on a three-layer con-
cept. The inner layer is designed to stop high energy hadrons and secondaries. It is built from
materials such as iron or copper which pack a large number of interaction lengths into a limited
volume. A second layer, consisting of doped polyethylene rich in hydrogen, is used to moderate
the neutron radiation escaping from the first layer; the low energy neutrons are then captured by
a boron dopant. Photon radiation is created in the neutron capture process and these photons are
stopped in the third shielding layer, which consists of steel or lead.
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Table 1.5: The 1 MeV neutron equivalent fluence (Fpeq) and doses in key areas of the detector
after 500 fb~! of data (estimated to be approximately seven years of operation). Also given are
the charged-particle fluxes in the inner detector and fluxes and single-plane rates in the muon

spectrometer.
Inner detector
Location Freq Dose Charged-particle flux
(10" cm™2) (kGy) above 10 MeV (Hz/cm?)
Pixel layer 0 13.5 790 40 x 10°
SCT layer 1 0.8 38 1.5% 10°
SCT disk 9 0.6 23 106
TRT outer radius 0.25 3.5 10°
Calorimeters
Location n| Maximum dose (kGy)
EM barrel 1.475 1.2
EM end-cap 3.2 150
Tile 1.2 0.15
HEC 3.2 30
FCal 4.9 1000
Muon spectrometer
Flux Single-plane rates
Location (kHz/cm?) (Hz/cm?) (Hz/cm?)
n Y H p
Barrel chambers 2640 | 1.0-15| 0345|0432 6.0-11.0
Inner edge of inner wheel 79 25 21 64 347
Inner edge of outer wheel 2.7 1.5 3 0.9 12

1.7.3 Beam-pipe

The 38 m long beam-pipe section in the ATLAS experimental area consists of seven parts, bolted
together with flanges to form a fully in-situ bakeable ultra-high vacuum system (see chapter 9).
The central chamber is centred around the interaction point and is integrated and installed with the
pixel detector. It has a 58 mm inner diameter and is constructed from 0.8 mm thick beryllium. The
remaining six chambers, made of stainless steel, are installed symmetrically on both sides of the
interaction point. They are supported by the end-cap LAr cryostats, the end-cap toroids and the
forward shielding, respectively.

1.7.4 LHC machine interface

The LHC machine and ATLAS must continually exchange information to ensure the safe and op-
timal operation of the machine (see chapter 9). The LHC machine gives ATLAS such information
as beam and bunch intensities, and other characteristics of the beam such as its position. It also
provides the 40.08 MHz bunch clock of the accelerator, needed for the L1 trigger and detector
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sub-systems. ATLAS provides information on total luminosity and luminosity per bunch obtained
from its luminosity detectors, and indications of the quality of the collisions based on informa-
tion from the detector and from the beam conditions monitors (see chapter 3). The ATLAS beam
interlock system provides information on whether or not to safely inject or dump the beams, or
to move from one mode of operation (e.g. filling) to the next (e.g. ramping). This information is
exchanged through the detector control system information server, and dedicated hardware links
for such critical information as beam permission signals and timing.

1.8 Outline of the paper

This paper is structured as follows. Chapter 2 summarises the key features of the solenoid and
toroid magnet system and the B-field determination methodology. The beam-line shielding and the
expected radiation levels are presented in chapter 3. This is followed, in chapters 4, 5, and 6, by the
description of the inner detector, calorimetry, and muon spectrometer, respectively. The forward
detectors, not shown in figure 1.1, are discussed in chapter 7. Chapter 8 outlines the hardware
aspects of the trigger and data acquisition systems. Chapter 9 then presents the main features of the
infrastructure in the ATLAS cavern, including the overall integration of the experiment, the sub-
detector positioning strategy and the corresponding survey results, the services (including cables,
pipes, gas and cooling systems, cryogenics, back-up power infrastructure, etc.), the beam-pipe, and
the access and maintenance scenarios. Chapter 10 presents an overview of the global performance
expected from the ATLAS detector, as obtained from combined test-beam measurements and from
the latest analysis results based on the large-scale simulations done for the commissioning of the
computing system. Finally, chapter 11 briefly summarises the current status of installation and
commissioning, and the expectations for the ultimate completion of the detector and its operation.
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Chapter 2

Magnet system and magnetic field

This chapter begins with a brief description of the ATLAS magnet system (section 2.1), which
consists of one solenoid and three toroids (one barrel and two end-caps). Section 2.2 proceeds with
a description of the current understanding of the magnetic field across the whole apparatus. This
includes mapping of the solenoid field and first measurements of the barrel toroid field with the
Hall-probe system, as well as calculations to determine the detailed field map with the required
accuracy and performance specifications to be used in ATLAS simulation and reconstruction ap-
plications.

2.1 Magnet system

ATLAS features a unique hybrid system of four large superconducting magnets. This magnetic
system is 22 m in diameter and 26 m in length, with a stored energy of 1.6 GJ. After approximately
15 years of design, construction in industry, and system integration at CERN, the system is installed
and operational in the underground cavern. This section presents the properties of the magnets and
their related services. More details can be found in [2] for the solenoid.

Figure 1.1 shows the general layout, the four main layers of detectors and the four super-
conducting magnets which provide the magnetic field over a volume of approximately 12,000 m>
(defined as the region in which the field exceeds 50 mT). The spatial arrangement of the coil wind-
ings is shown in figure 2.1. The ATLAS magnet system, whose main parameters are listed in
table 2.1, consists of:

e a solenoid (section 2.1.1), which is aligned on the beam axis and provides a 2 T axial mag-
netic field for the inner detector, while minimising the radiative thickness in front of the
barrel electromagnetic calorimeter;

e a barrel toroid (section 2.1.2) and two end-cap toroids (section 2.1.3), which produce a
toroidal magnetic field of approximately 0.5 T and 1 T for the muon detectors in the central
and end-cap regions, respectively.

The first conceptual design of the magnet system was sketched in the early 1990’s, and the
technical design reports [3—6] were published in 1997. Regular project overviews and status reports
of design and production were made available [7, 8] throughout the design and manufacturing
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Figure 2.1: Geometry of magnet windings and  Figure 2.2: Bare central solenoid in the factory
tile calorimeter steel. The eight barrel toroid after completion of the coil winding.

coils, with the end-cap coils interleaved are

visible. The solenoid winding lies inside the

calorimeter volume. The tile calorimeter is

modelled (section 2.2.2) by four layers with dif-

ferent magnetic properties, plus an outside re-

turn yoke. For the sake of clarity the forward

shielding disk (section 3.2) is not displayed.

phases. The cold-mass and cryostat integration work began in 2001. The first barrel toroid coil
was lowered in the cavern in fall 2004, immediately followed by the solenoid (embedded inside the
LAr barrel calorimeter). The remaining seven barrel-toroid coils were installed in 2004 and 2005,
and the end-cap toroids in the summer of 2007.

2.1.1 Central solenoid

The central solenoid [2] is displayed in figure 2.2, and its main parameters are listed in table 2.1.
It is designed to provide a 2 T axial field (1.998 T at the magnet’s centre at the nominal 7.730 kA
operational current). To achieve the desired calorimeter performance, the layout was carefully
optimised to keep the material thickness in front of the calorimeter as low as possible, resulting
in the solenoid assembly contributing a total of ~ 0.66 radiation lengths [9] at normal incidence.
This required, in particular, that the solenoid windings and LAr calorimeter share a common vac-
uum vessel, thereby eliminating two vacuum walls. An additional heat shield consisting of 2 mm
thick aluminium panels is installed between the solenoid and the inner wall of the cryostat. The
single-layer coil is wound with a high-strength Al-stabilised NbTi conductor, specially developed
to achieve a high field while optimising thickness, inside a 12 mm thick Al 5083 support cylin-
der. The inner and outer diameters of the solenoid are 2.46 m and 2.56 m and its axial length
is 5.8 m. The coil mass is 5.4 tonnes and the stored energy is 40 MJ. The stored-energy-to-mass
ratio of only 7.4 kJ/kg at nominal field [2] clearly demonstrates successful compliance with the
design requirement of an extremely light-weight structure. The flux is returned by the steel of the
ATLAS hadronic calorimeter and its girder structure (see figure 2.1). The solenoid is charged and
discharged in about 30 minutes. In the case of a quench, the stored energy is absorbed by the en-
thalpy of the cold mass which raises the cold mass temperature to a safe value of 120 K maximum.
Re-cooling to 4.5 K is achieved within one day.
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Table 2.1: Main parameters of the ATLAS magnet system.

Property Feature Unit | Solenoid | Barrel toroid | End-cap toroids
Size Inner diameter m 2.46 9.4 1.65
Outer diameter m 2.56 20.1 10.7
Axial length m 5.8 25.3 5.0
Number of coils 1 8 2x8
Mass Conductor t 3.8 118 2 x 20.5
Cold mass t 54 370 2 x 140
Total assembly t 5.7 830 2 x 239
Coils Turns per coil 1154 120 116
Nominal current kA 7.73 20.5 20.5
Magnet stored energy GJ 0.04 1.08 2x0.25
Peak field in the windings T 2.6 39 4.1
Field range in the bore T 0.9-2.0 0.2-2.5 0.2-3.5
Conductor | Overall size mm? | 30x4.25 57x12 41x12
Ratio Al:Cu:NbTi 15.6:0.9:1 28:1.3:1 19:1.3:1
Number of strands (NbTi) 12 38-40 40
Strand diameter (NbTi) mm 1.22 1.3 1.3
Critical current (at 5 T and 4.2 K) kA 20.4 58 60
Operating/critical-current ratio at 4.5 K % 20 30 30
Residual resistivity ratio (RRR) for Al > 500 > 800 > 800
Temperature margin K 2.1 1.9 1.9
Number of units X length m 4 %2290 | 8 x4 x 1730 | 2 x 8 x 2 x 800
Total length (produced) km 10 56 2x13
Heat load At45K w 130 990 330
At 60-80 K kW 0.5 7.4 1.7
Liquid helium mass flow g/s 7 410 280

The electromagnetic forces are counteracted by the combination of the coil and warm-to-cold
mechanical support, which maintains the concentricity of the windings. All solenoid services pass
through an S-shaped chimney at the top of the cryostat, routing the service lines to the correspond-
ing control dewar (section 2.1.4.2).

The coil was manufactured and pre-tested in the factory [10], came to CERN for integration in
the LAr cryostat, underwent an on-surface acceptance test in its semi-final configuration [11], and
was installed in its final central position in ATLAS in October 2005. The one week cool-down and
a commissioning test up to nominal field were successfully completed in the summer of 2006 [12].
The solenoid is now ready for detector operation.

2.1.2 Barrel toroid

The main parameters of the magnet are listed in table 2.1. The cylindrical volume surrounding the
calorimeters and both end-cap toroids (see figure 1.1) is filled by the magnetic field of the barrel
toroid, which consists of eight coils encased in individual racetrack-shaped, stainless-steel vacuum
vessels (see figure 2.3). The coil assembly is supported by eight inner and eight outer rings of
struts. The overall size of the barrel toroid system as installed is 25.3 m in length, with inner and
outer diameters of 9.4 m and 20.1 m, respectively.
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Figure 2.3: Barrel toroid as installed in the underground cavern; note the symmetry of the support-
ing structure. The temporary scaffolding and green platforms were removed once the installation
was complete. The scale is indicated by the person standing in between the two bottom coils.
Also visible are the stainless-steel rails carrying the barrel calorimeter with its embedded solenoid,
which await translation towards their final position in the centre of the detector.

The conductor and coil-winding technology is essentially the same in the barrel and end-cap
toroids; it is based on winding a pure Al-stabilised Nb/Ti/Cu conductor [13] into pancake-shaped
coils, followed by vacuum impregnation.

The cold-mass integration [14] and the cryostat integration [15] were performed at CERN
over a period of approximately three years, and were completed in summer 2005. In parallel, all
coils successfully underwent on-surface acceptance test procedures [16]. Cool down and testing
of the barrel toroid in the cavern took place in 2006. The cool down of the 360-tonne cold mass
to 4.6 K takes five weeks. The test programme included normal ramps, up to nominal current (in
2 hours) followed by either a slow dump (in 2 hours) or a fast dump (in 2 minutes) in the case
of a provoked quench. The ultimate test sequence that proved the system’s health is shown in
figure 2.4. The magnet current is raised in steps up to its nominal value of 20.5 kA and then finally
up to 21.0 kA, demonstrating the ability of the system to withstand at least an additional 500 A.
The current is then allowed to decay back to its design value; the magnet is finally turned off by a
deliberate fast dump. After re-cooling the cycle was repeated, demonstrating that no degradation
had occurred up to the nominal operating current. During a fast dump, triggered either manually or
by the quench detection system, the stored energy of 1.1 GJ is absorbed by the enthalpy of the cold
mass following the activation of four quench heaters per coil and in all eight coils, which forces
the entire magnet into the normal conducting state within less than two seconds. This leads to a
very safe global cold mass temperature of about 58 K and a hot-spot temperature in the windings of
about 85 K maximum. The uniform quench heating system also ensures that the internal voltage in
the toroid is kept at a low value of about 70 V. After a fast dump the magnet cooling system needs
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Figure 2.4: Time history of the barrel toroid Figure 2.5: End-cap toroid cold mass inserted
current during an excitation test up to 102% into the cryostat. The eight flat, square coil
of the nominal value. The current drops back units and eight keystone wedges (with the cir-
to zero within two minutes of the deliberately- cular holes) are visible.

provoked quench.

about 50 hours to re-cool the toroid to 4.6 K whereafter normal operation can re-start. The details
of the coil testing are published elsewhere, in [17] for the first coil, in [18] for an overall summary,
and in [19] and [20] for quench behaviour and quench losses, respectively.

The net Lorentz forces of approximately 1400 tonnes per coil directed inwards and the self-
weight of the toroids are counteracted by the warm structure of Al-alloy struts mounted in between
the eight coils. However, the barrel toroid structure still deflects significantly under its own weight.
After release of the temporary support structure and systematic loading of the toroid with its own
weight of 830 tonnes and the additional 400 tonnes of weight of the muon chambers, the final shape
of the toroid bore was designed to be cylindrical. The toroid coils were installed in calculated posi-
tions on an oval, longer by 30 mm in the vertical direction, to allow for structure deflection during
load transfer from the temporary support structure. Since the release and removal of the installa-
tion supports, the upper edge of the toroid moved down by about 26 mm, which demonstrates that
the design values had been well established and that the installation was precise to within a few
millimetres.

The installation of the barrel toroid in the ATLAS cavern commenced in October 2004. It
took about 11 months to install the complete toroid, as depicted in figure 2.3. This is discussed
in more detail in section 9.6 within the context of the overall ATLAS installation, for which this
toroid installation phase was one of the most demanding ones. The overall structure design and
installation experience are reported in [21].
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2.1.3 End-cap toroids

The main parameters of the two end-cap toroids are listed in table 2.1. These toroids generate
the magnetic field required for optimising the bending power in the end-cap regions of the muon
spectrometer system. They are supported off and can slide along the central rails, which facilitates
the opening of the detector for access and maintenance (see section 9.5.1). Each end-cap toroid
consists of a single cold mass built up from eight flat, square coil units and eight keystone wedges,
bolted and glued together into a rigid structure to withstand the Lorentz forces (see figure 2.5).
Design details are given elsewhere [22], and the production in industry of the coil modules and
vacuum vessels is described in [23].

The cold masses were assembled and inserted into their cryostats at CERN. Figure 2.5 shows
the first end-cap toroid interior just prior to the closing of the vacuum vessel. A crucial step in the
integration process is the adjustment of the cold mass supports [24]. The weights of cold mass and
vacuum vessel are 140 and 80 tonnes respectively. With the exception of windings, coil supports,
and bore tube, the entire structure is made of Al alloy. With a weight of 240 tonnes, the end-cap
toroids were some of the heaviest objects to be lowered into the cavern.

The end-cap-toroid cold masses will each be subject to a Lorentz force of 240 tonnes, pushing
them against the stops mounted on the eight barrel toroid coils. Achieving the correct sharing of the
forces in the axial tie-rods has therefore been a critical design goal. Prior to their installation in the
cavern in summer 2007, both end-cap toroids passed tests at 80 K to check the magnet mechanics
and electrical insulation after thermal shrinkage. Once the end-cap toroids are powered in series
with the barrel toroid, the peak stress in the barrel-toroid windings, in the areas where the magnetic
fields overlap, will increase by about 30%. After a four-week cooldown, both end-cap toroids were
successfully tested at half current, albeit one at a time and in stand-alone mode. The final tests at
full field will take place in the spring of 2008, after the installation of the shielding disks and with
the end-cap calorimeters at their nominal position.

2.1.4 Magnet services
2.1.4.1 Vacuum system

The insulating vacuum is achieved with diffusion pumps directly attached to the barrel and the
end-cap toroids, two per coil for all toroids, each with a capacity of 3000 m*/h. In addition, two
roughing and three backing pumps are used in the low stray-field area at the cavern wall. Under
normal conditions, with a leak rate less than 10~* mbar - I/s, a single pump would be sufficient.
However, for redundancy and in order to minimise detector down-time, extra pumping units were
installed. Since the solenoid is installed inside the cryostat of the LAr barrel calorimeter, the
insulation vacuum is controlled by the LAr cryogenic system (section 9.4.5) rather than by the
magnet control system (see section 2.1.4.4).

2.1.4.2 Cryogenics

The overall cryogenic systems in ATLAS are described in section 9.4. Here, details are provided
on the system specific to the magnets.

_24_



Figure 2.6: Layout of the magnet cryogenics system in the surface hall (compressors) and service
cavern (shield refrigerator and helium liquefier). They deliver cold gas and liquid to the distribution
valve box in the experimental cavern, from which the solenoid and the toroid proximity cryogenics
are fed (see figure 2.7).

The overall magnet cryogenic system is divided into external, proximity, and internal cryo-
genics, which are connected via transfer lines. The lines serving the solenoid and barrel toroid
remain fixed, whereas those of the end-cap toroids are partially flexible, as these toroids have to be
moved to access the calorimeters and inner detector for maintenance and repairs (section 9.7).

The layout of the various cryogenic systems is shown in figure 2.6. The external cryogenics
consist of two refrigerators (the main refrigerator and the shield refrigerator), a distribution transfer
line, and a distribution valve box. The main refrigerator cold box has a refrigeration capacity of
6 kW at 4.5 K equivalent, while the shield refrigerator cold box has a refrigeration capacity of
20 kW at 40-80 K.

The gas buffers are located on the surface with the refrigerator compressors, while the refrig-
erator cold boxes are installed in the USA15 side cavern. The common distribution transfer line

_25—



- -
Four coils Four coils
(negative x) (positive x)

Figure 2.7: Left: Layout of underground service connections to the solenoid and toroid systems.
The two large helium dewars can be seen on the side of the main cavern. Also shown are the fixed
cryogenic lines supplying the solenoid and the cryo-ring for the barrel toroid coils at the top. The
cryogenics lines in the flexible chains supply the two end-cap toroids and follow them whenever
they move for detector access and maintenance. Right: schematic of the liquid-helium supply in
the barrel toroid. The cryo-ring contains six standard sectors; a bottom sector with a valve box
where the input flow per coil is measured and controlled; and the top sector where all lines come
together and which is connected to the current lead cryostat.

makes the link to the distribution valve box in the main cavern. All proximity cryogenics equip-
ment, including the storage dewar, cold pumps, cryostat phase separator, and distribution valve
box (except for the valve unit of the solenoid) are positioned near the wall of the main cavern, as
schematically shown in figure 2.7 (left).

The distribution valve box channels the fluids to two independent proximity cryogenic sys-
tems, one for the toroids (barrel cryo-ring and two end-caps) and one for the solenoid. For the
toroids, there is a storage dewar with a capacity of 11,000 litres of liquid helium. There also exist a
distribution valve box, a phase separator dewar with two centrifugal pumps and a storage capacity
of 600 litres of liquid helium. The solenoid has a control dewar with a storage capacity of 250 litres
of liquid helium, positioned at the top of the detector.

The proximity cryogenic equipment supplies coolant to the magnet internal cryogenics, which
consist mainly of cooling pipes attached to the cold mass and the thermal shield. The aluminium
cooling tubes are either welded to the outer surface of the Al-alloy support cylinder (solenoid) or
embedded and glued inside and on top of the Al-alloy coil casings enclosing the pancake coils
(toroids).

The toroids are cooled with a forced flow of boiling helium, which enters the magnets from
the top. In the case of the barrel toroid (see figure 2.7), helium is supplied from the current lead
cryostat positioned on the top sector, runs down to the distribution valve box at floor level with
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eight control valves regulating the flow in the eight coils, then goes up and enters the eight coils
separately, while the return line returns to the top. A total of 1200 g/s of slightly sub-cooled liquid
helium is circulated by means of centrifugal pumps, which take the liquid from the phase separator
dewar. The system is equipped with two pumps for redundancy. The second pump is called into
operation if the first one fails. The liquid helium in the storage dewar will be used in the event of a
failure with the main refrigerator to provide the required cooling capacity to safely ramp down the
toroids over a two-hour period.

The solenoid, with a cold mass of approximately five tonnes, is cooled by a direct Joule-
Thompson flow from the main refrigerator and is slightly sub-cooled via a heat exchanger in the
250 litre helium control dewar.

The flow in the solenoid and the ten toroid cold masses is controlled individually to cope with
variations in flow resistance and to guarantee helium quality in all coils. Given that the end-cap
toroids and solenoid each have a single cold mass, there is a single flow control and the branches
of cooling pipes (two for the solenoid and sixteen for each end-cap toroid) are arranged in parallel.

2.1.4.3 Electrical circuits

The three toroids are connected in series to the 20.5 kA/16 V power supply shown schematically
in figure 2.8 (left). They are however individually voltage-protected by the two diode/resistor ramp-
down units. The electrical circuit of the central solenoid is similar and shown in figure 2.8 (right).
It has a 8 kA/8 V power supply. The power supply, switches, and diode/resistor units are located
in the side cavern and approximately 200 m of aluminium bus-bars provide the connections to
the magnets in the cavern. Ramping up is accomplished at a rate of 3 A/s, leading to a max-
imum ramp-up time of two hours. In the case of a slow dump, the magnets are de-energised
across the diode/resistor units in about 2.5 hours. Quench detection is by classical bridge connec-
tions across the entire barrel toroid, across the end-cap toroids and across the solenoid, as well as
across individual coils, using differential voltage measurements with inductive voltage compensa-
tion.

There is a six-fold redundancy in the toroid quench detection grouped in two physically-
separated units and cable routings. Quench protection is arranged by firing heaters in all toroid
coils so that a uniform distribution of the cold-mass heating is achieved. Given the normal-zone
propagation of 10-15 m/s, a toroid coil is switched back to the normal state within 1-2 seconds.
As for the quench detection, the quench-protection heater circuits including power supply, cabling,
and heaters embody a two-fold redundancy. A similar system is used for the solenoid. An overview
of the magnet services can be found in [25].

2.1.4.4 Magnet controls

A magnet control system steers and executes automatically the various running modes of the mag-
net system. Its implementation is realised as part of the overall ATLAS detector control system,
as described in section 8.5. The hardware designs rely on a three-layer model, using distributed
input/output connected via field-networks or directly by wiring to a process-control layer, the last
layer being the supervisor.
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Figure 2.8: Electrical circuit showing the barrel (BT) and end-cap (ECT) toroids connected
in series, fed by a 20.5 kA power converter and protected by a voltage-limiting diode/resistor
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ramp-down unit (left). Electrical circuit of the central solenoid (CS), fed by a 8 kA power con-
verter (right).

The main control functions are:
e performing automatic operational sequences on a given magnet (sub-system tests);
e providing a communication interface with the power converter;
e regulating the helium flow in the magnet current leads as a function of the magnet current;

e enabling information exchange between the control system and other sub-systems such as
vacuum or cryogenics;

e monitoring of all critical parameters in the coil (temperatures, strain and displacement
gauges);

e performing calculations of non-linear sensor corrections (temperature sensors, vacuum
gauges).

The supervision system displays a synopsis of the main process parameters, communicates
with the power supply, collects both continuous and transient data, allows visualisation of any
collected data on trend charts and archives collected data. For long-term storage and for correlation
of data between different systems, a central data-logging system will regularly receive a pre-defined
number of data items from each magnet system. A subset of the main control parameters is sent to
the ATLAS detector safety system and also to the LHC machine (see section 9.10).
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2.2 Magnetic field determination

The specifications on the determination of the magnetic field (section 2.2.1) are rather different
in the inner detector (ID) and the muon spectrometer. In the ID cavity, the driving consider-
ation is the absolute accuracy of the momentum scale. In the muon spectrometer, the field is
highly non-uniform: residual bending-power uncertainties, if large enough, would translate pri-
marily into degraded muon momentum resolution. Detailed magnetic modelling (section 2.2.2)
and novel instrumentation (section 2.2.3) have allowed a high-precision mapping of the solenoid
field (section 2.2.4) as well as a preliminary experimental validation of the field measurement and
reconstruction strategy in the muon spectrometer (section 2.2.5). Studies are in progress to com-
bine magnetic models with field measurements into an overall field map for ATLAS data-taking
(section 2.2.6).

2.2.1 Performance specifications and measurement concepts

In the inner detector, the systematic error affecting the momentum measurement of charged tracks
is dominated by the relative alignment of detector components and by bending-power uncertain-
ties, the former being the more demanding. A high-precision measurement of the W-boson mass
is clearly the most challenging goal for such measurements: a lepton from W decay carries typi-
cally a transverse momentum of 40 GeV, resulting in a sagitta of approximately 1 mm as the lepton
traverses the ID cavity. The systematic alignment uncertainties in the ID are unlikely to improve
beyond the 1 um level or 0.1% of the sagitta. This suggests setting a target of ~ 5 x 10™* for
the fractional bending power uncertainty, so that it remains negligible in the determination of the
absolute momentum scale. Such stringent requirements can only be achieved reliably by in-situ
mapping, using dedicated instrumentation inside the ID cavity, with all the relevant magnetic ma-
terials in place and just before the final installation of the ID itself. Eventual long-term drifts of the
absolute scale will be detected to a much higher accuracy using permanently installed NMR probes.

In the muon spectrometer, the expected sagitta is approximately 0.5 mm for a muon with
a momentum of 1 TeV. The extraction of the momentum from the Monitored Drift Tube (MDT)
chamber measurements requires a precise knowledge of the field integral between consecutive
chambers along the muon trajectory. Because the field gradient can reach 1 mT/mm, local bending-
power uncertainties translate into fluctuations of the momentum scale from one region in space to
another, adding in quadrature to the overall momentum resolution. In addition, the interpretation,
in terms of spatial coordinates, of the drift time measured in the MDT’s is sensitive to the local
electric and magnetic fields experienced by the ionisation electrons in each tube. The corresponding
functional requirements are extensively discussed in [26] and summarised in table 2.2.

For a given muon trajectory, three sources of uncertainty affect the measured curvature: field
measurement errors; accuracy on the relative position of muon chambers and magnet coils; and
trajectory measurement errors, in particular along the direction of MDT wires. For the purpose
of setting specifications, it has been required (somewhat arbitrarily) that the combined effect of
these sources degrade the momentum resolution by no more than 5% in relative terms; each source
should then contribute no more than ~3% of fractional resolution degradation, anywhere in the
spectrometer volume.
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Table 2.2: Summary of magnetic-field-related performance specifications in the muon spectrome-
ter. The quoted spread reflects the 1 — ¢ variations in field gradient and/or strength.

Criterion Bending-power accuracy MDT drift properties
Performance AGy, /Op, < 5% overall Single-wire resolution degraded by < 5%
Field measurement accuracy ABy /By <2-5 x 1073 AB,y,; <4mT (relative over chamber)
Reconstructed position of toroid AR ~1-12mm, RA¢ ~ 1 —6mm,

conductors with respect to MDT tower Az ~2-30mm

Muon chamber 2nd-coordinate resolution 1.7-5.5 mm 6 to ~ 100 mm

In-situ mapping of the spectrometer by conventional techniques would have been impractical
because of the rapidly-varying field and very large volume. Instead, the muon system is equipped
with a total of approximately 1840 B-field sensors; their readings are compared with magnetic
simulations and used for reconstructing the field in space. This strategy was shown [27] to meet the
field-map specifications above, provided the B-sensor readings, after correcting for perturbations
induced by magnetic materials, are accurate to ~ 1 mT (absolute) and the field direction is measured
to within & 3 mrad.

2.2.2 B-field modelling

The total field in the ID cavity, the calorimeters, and the muon spectrometer is computed as the
superposition of the Biot-Savart contributions of all magnet windings (see figure 2.1) with those
of the magnetised calorimeter and with the localised perturbations induced by other ferromagnetic
structures. In order to reach the required accuracy, the calculation combines numerical integration
of the contributions of the solenoid, barrel-toroid and end-cap-toroid windings with finite-element
modelling of magnetic structures.

The solenoid conductor model is described in section 2.2.4. The magnetised steel (tile
calorimeter and solenoid flux-return girder), which surrounds the ID cavity, is predicted to modify
the field by 4.1% at the geometrical centre of the coil. At nominal current, the total measured field
is 1.998 T at the interaction point, and drops steeply from ~ 1.8 Tat z=1.7 mto ~ 0.9 T at the
end of the ID cavity (see figure 2.9).

The toroid windings are, at this stage, described using their nominal geometry. The mesh
density of the stored field map is tailored to the local field gradient to ensure an accurate represen-
tation of field variations (as also done for the solenoid). Depending on the radius R and azimuth ¢,
the field varies from 0.15 T to 2.5 T, with an average value of 0.5 T, in the barrel region, and
from 0.2 to 3.5 T in the end-cap region [28]. The analysing performance of the toroid system can
be roughly quantified by the field integral experienced by particles originating from the interaction
point and propagating in a straight line (the ultimate criterion is the momentum resolution: a zero
field integral does not necessarily imply infinite resolution). This available bending power is shown
in figure 2.10 as a function of |n|. It shows good magnetic field coverage up to || ~ 2.6. The
regions with low field integral, between || = 1.4 and |n| = 1.6, correspond to trajectories in the
plane of an end-cap coil or of a barrel coil, where the fringe field of one magnet largely cancels the
bending power of the other.
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Figure 2.9: R- and z-dependence of the radial
(Br) and axial (Bz) magnetic field components
in the inner detector cavity, at fixed azimuth.
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sult of the fit described in section 2.2.4. (black).

A number of large magnetisable components, shown schematically in figure 2.11, distort
the Biot-Savart field at different levels. Although amenable to experimental spot-checks (sec-
tion 2.2.5), such perturbations can only be determined using field simulations.

The highly anisotropic structure of the tile calorimeter cannot be satisfactorily modelled us-
ing only a scalar permeability and an effective steel-packing factor: a formalism incorporating a
magnetic permeability tensor, as well as a more sophisticated treatment of magnetic discontinu-
ities at material boundaries, is called for. The problem is compounded by the superposition of the
solenoid and toroid fields in the partially-saturated flux-return girder and in the tile calorimeter it-
self. A novel approach to magnetic-field modelling in such structures has therefore been developed
and implemented in the B-field simulation package ATLM [29]. This package, which incorporates
a careful description of the toroid and solenoid conductors as well as a detailed mathematical model
of the tile calorimeter, is used both to compute the Biot-Savart field by numerical integration (as
described above), and to predict, by a finite-element method, the field distortions caused by the
tile calorimeter, the flux-return girder and the shielding disk in both the ID cavity and the muon
spectrometer. Altogether, these distortions affect the field integral in the muon spectrometer by up
to 4%, depending on |1 | and ¢; in addition, they induce, at the level of the inner MDT layers, local
field distortions of up to |AB| ~ 0.2 T.

A few discrete magnetic structures, either inside the muon spectrometer or close to its outer
layers, induce additional, localised magnetic perturbations. Their impact has been evaluated using
the 3D finite-element magnetostatics package TOSCA [30]. The largest perturbations are caused
by the air pads, jacks and traction cylinders which allow the calorimeters, the shielding disks, and
the end-cap toroids to slide along the rails. These affect primarily the field distribution across
the innermost MDT chambers in the lowest barrel sectors (BIL and BIS in sectors 12 to 14, see
figures 2.11 and 6.1), and in addition impact the field integral at the level of up to 10% over small
islands in 1 — ¢ space.
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Figure 2.12: Schematic representation of the
magnetic-sensor layout and coil deformation
model, used to reconstruct the magnetic field

inside a barrel octant. The MDT nomenclature
is defined in tables 6.3 and 6.4 (see section 6.3).

The field perturbations caused in the outside MDT layers by the massive steel frame and
platforms (HS structure described in section 9.5), which surround the detector, range from |AB| ~
2mT up to ~ 50mT and rapidly decrease as one moves inwards from the outer to the middle
chamber layer. While their impact on B-sensor readings and MDT drift properties does need to be
taken into account, they barely affect the bending power, except possibly in a few narrow regions.

The other components in figure 2.11 have much less of an impact because either they lie in
a low-field region, they intercept a very small fraction of the end-cap muons, or they are made of
stainless steel with a high-field relative permeability very close to 1.

2.2.3 Magnetic field instrumentation and reconstruction

2.2.3.1 B-field sensors

The inner detector is equipped with four NMR probes fixed to the wall of the inner warm vessel
near z ~ 0 and equally spaced in azimuth. These probes measure the field strength with an accuracy
of around 0.01 mT and will remain in place to monitor the ID field strength throughout the lifetime
of ATLAS.
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Because NMR probes only measure |B| and because they cease functioning in a gradient of
a few tenths of mT/cm, the solenoid mapper, described in section 2.2.4, and the muon chambers
are equipped instead with 3D Hall cards [31, 32]. These consist of a rigid printed-circuit board
carrying a small glass cube, with a Hall probe on each of three orthogonal faces to measure each
field component. Every card includes its own readout electronics, as well as a thermistor for local
temperature compensation.

All the Hall cards were calibrated in a highly uniform field monitored by a NMR probe. The
achieved absolute Hall-card accuracy on [B|is 0.2 mT up to [B| = 1.4 T and 1 mT up to 2.5 T; and
the angular accuracy achieved on the measured field direction is 2 mrad.

2.2.3.2 B-field reconstruction

In an air-core magnet, the magnetic field can in principle be calculated by direct application of
the Biot-Savart law, once the geometry of all conductors is known and assuming material-induced
magnetic perturbations are negligible. In practice however, the conductor position and shape are
known only approximately, owing to fabrication tolerances and to deformations of the magnet
structure under gravitational and magnetic loads. The exact location of each magnet coil, as well
as the relative positions of the end-cap and barrel toroids, will be reproducible, after a power cycle
or an access period, to a finite precision only. Therefore, the field must be measured under running
conditions, with all detector components in place and under the mutual influence of the different
magnets and magnetic structures.

The muon spectrometer is equipped with an array of approximately 1730 Hall cards, which
remain mounted permanently and precisely on the MDT chambers and continuously measure all
three field components (an additional 64 cards are mounted on the inner and outermost faces of
the end-cap toroid cryostats to complement the MDT sensor system in the forward region). Two
NMR probes, installed at low-gradient locations in the barrel toroid, complement the system, with
the aim of detecting eventual long-term drifts in the response of the Hall cards. The 3-D sensor
readings are compared with field calculations which include both the contributions of the magnet
windings and those of nearby magnetised structures, and are used for reconstructing the position
and the shape of the toroid conductors with respect to the muon chambers (see figure 2.12). Once
the geometry of the coils is known, the field can be calculated anywhere in the muon spectrometer.
Simulation studies using a simplified coil deformation model have shown that the magnetic field
can be reconstructed to a relative accuracy of 0.2% [27].

2.2.4 Solenoid-mapping measurements
2.2.4.1 Mapping campaign

The field was mapped [33] in August 2006 by a machine, which scanned a Hall-card array over a
volume slightly larger than that now occupied by the inner detector. During this mapping campaign,
the barrel and end-cap calorimeters were all in their final positions. Although the shielding disks
were not yet installed, their differential contribution is small enough (< 0.2 mT in the ID tracking
volume) that it can be reliably accounted for later. The same is true of corrections for the absence
of toroid excitation during mapping.
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Mapping data were recorded with solenoid currents of 7730, 7850, 7000, and 5000 A, with
a final set of data back at the nominal operating current of 7730 A. Each data set contains at least
20,000 points, and is sufficient by itself to fit the field with negligible statistical uncertainty. Each
map took about four hours, during which the solenoid current remained stable to within 0.1 A, as
confirmed by the NMR probes.

2.2.4.2 Mapper geometry, survey and auto-calibration

The mapping machine had four arms mounted on a common axle in a windmill configuration, with
twelve Hall cards on each arm, at radii ranging from 0.118 to 1.058 m, which directly measured
the field components B;, Bg and By. The machine could be rotated around its axle and translated
in z along the ID rails by means of pneumatic motors. Optical encoders allowed control of the
mapper movements and readout of its stop positions with an accuracy of 0.1 mm. A number of
surveys were necessary to determine the positions of each individual Hall sensor for all possible
longitudinal mapper positions and azimuthal settings of the windmill arms. After combining all the
information, the estimated overall accuracy on the position of a map point in the cryostat coordinate
system is approximately 0.3 mm.

The redundancy and internal consistency of the mapping measurements makes it possible to
extract individual probe misalignments from the data themselves to an accuracy of 0.1 mrad. The
strong constraints from Maxwell’s equations on physically realisable fields in the absence of any
current sources or magnetic materials, combined with the fact that the field at the origin can be
almost completely determined from the measurements of a single Hall probe, allow all three probe
alignment angles to be determined and the B, component to be normalised to a common scale for
all probes.

The NMR probes, which were operational throughout the field-mapping campaigns, are used
to set the overall scale of the Hall sensors with an accuracy of about 0.4 mT, the limitation coming
from the extrapolation uncertainty from the mapper arms out to the position of the NMR probes.
The NMR data also show that there is negligible hysteresis in the solenoid system: the field at
7730 A remained constant within £0.01 mT from the first excitation cycle onwards, provided that
this current was approached from below. A small saturation effect is visible in the NMR data, with
the field at 5000 A being 0.34 mT higher than would be expected by simply scaling down from
7730 A.

2.2.4.3 Map fitting

Using the measured magnet current and a detailed model of the solenoid geometry, the Biot-Savart
law is integrated to produce a field model which should account for most of the measured field.
The conductor model is based on engineering drawings, with as many parameters as possible taken
from surveys of the as-built solenoid. The coil cross-section is assumed to be perfectly circular. The
winding was mechanically assembled from four separate sections, each with a slightly different
average pitch, and joined together by welds which are represented electrically by turns having
just under twice the average pitch. Also modelled are the welds at the coil ends and the return
conductor which runs axially along the outside of the support cylinder. The expected distortion
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Table 2.3: Typical fit results of solenoid-mapping measurement at 7730 A.

Fitted parameters Fit results

Scale factors in conductor model (R scale, z scale) = 0.9993, 1.0012
Fitted offsets from solenoid centre to centre of cryostat (Ax,Ay,Az) =0.26, -2.42, 0.51 (mm)
Fitted rotations of solenoid around cryostat x and y axes (6y,6y,) =-0.08, 0.19 (mrad)
Resulting fit residuals 0(AB;,ABg, ABy) =0.44,0.35, 0.30 (mT)

of the solenoid, relative to the room-temperature survey and caused by thermal shrinkage and
magnetic pressure, is also taken into account.

The geometrical fit to the mapping data has 11 free parameters. Two overall scale factors
allow fine tuning of the conductor model: one common to all longitudinal dimensions, and an
independent one for the radial dimension. Five more free parameters quantify the three offsets
and two rotations of the conductor relative to the mapper coordinate system. The calorimeter-steel
contribution is modelled by a Fourier-Bessel series with four terms. These parameters are deter-
mined by minimising a )2 function which includes the longitudinal and radial field components
at all mapped points. The RMS residuals of the geometrical fit alone are just over 0.5 mT. This
field model is further improved by parametrising the difference between the data and the geomet-
rical model with a general series which can represent any field obeying Maxwell’s equations. This
brings the residuals down to about 0.4 mT, as shown in table 2.3.

Systematic uncertainties are estimated by fitting to several representative data sets under vary-
ing assumptions, with and without implementing various corrections (such as Hall-card alignment,
z-dependent carriage tilt, residual perturbations induced by slightly magnetic mapper components,
number of Fourier-Bessel terms etc.). The geometrical scale factors emerge as very close to unity
(table 2.3), suggesting that the coil survey data are well understood. The fitted offsets and rotations
with respect to the centre of the reference coordinate system (barrel LAr cryostat) are stable at
the 0.2 mm and 0.1 mrad level respectively, confirming the vertical -2 mm offset of the solenoid
axis indicated by the survey results before and after installation in the main cavern (see table 9.2
in section 9.3.2.3).

The overall fit is excellent, as illustrated in figure 2.9 and confirmed by the resulting RMS
residuals of ~ 0.4 mT for all three field components (table 2.3). The on-axis fractional steel contri-
bution, as estimated from the Fourier-Bessel series, is consistent with the magnetic-field simulation
to better than 2 mT, although the latter does not perfectly reproduce the measured z-dependence of
this perturbation. The fit quality is best measured in terms of the fractional sagitta residual, 85/S,
evaluated along an infinite-momentum trajectory from the interaction point to the point where the
track crosses the outer radial or longitudinal boundary of the inner detector. The total uncertainty,
estimated by combining the overall scale error, the fit residuals and the systematic uncertainties, is
shown as a function of |n| in figure 2.13.

2.2.5 Experimental validation of the field map in the muon spectrometer

The tests carried out in fall 2006 for the barrel toroid provided the first full-scale test of the B-
sensor system, and an initial validation of the magnetic models and field-reconstruction strategy in
the muon spectrometer. The end-cap toroids were not yet installed at the time and the solenoid was
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turned off. Since the muon-chamber installation was still in progress, only 400 MDT Hall cards
were available for readout, thus providing sensitivity for field reconstruction in about one third of
the barrel region.

The sensor signals were extremely clean (~ 0.01 mT of RMS noise at full field), and repro-
ducible to ~ 0.05mT between magnet cycles separated by up to one week. Non-linear effects
remain very small (< 4mT in the BIS layer, close to the calorimeter steel, over the full current
range). The absolute field scale, as determined by an NMR probe located in the azimuthal mid-
plane of coil 3, at a point where steel-induced perturbations are negligible and the field gradient
below 0.2 mT/cm, agrees with the Biot-Savart prediction to better than 0.2%.

The field reconstruction algorithm outlined in section 2.2.3 and detailed in [27] has been ap-
plied to B-sensor data collected at nominal field in the barrel toroid. Because the muon alignment
system was still being commissioned and the MDT survey not yet completed, it is necessary, at this
stage, to assume that all muon chambers and B-sensors are in their nominal position. For the three
coils bracketed by the available sensors, the reconstructed conductor shape is qualitatively consis-
tent with that measured at room temperature before insertion of the windings into their respective
cryostats. Figure 2.14 displays the difference, at each active sensor in sector 2 (see figure 6.1)
of the muon spectrometer, between the azimuthal component of the measured field (corrected for
perturbations from magnetic materials) and that of the Biot-Savart contribution predicted by the
field-reconstruction fit. A perfect description of the conductor geometry and of magnetic pertur-
bations should yield ABy = 0. The agreement is best in the middle chambers (BM), where the
gradients are smallest: the distribution is well centred and exhibits a spread AB§"* ~ 1.2 mT. In
the outer chamber layer (BOS), the distribution of A By shows a moderate bias of 2.2 mT and a
spread of 2.6 mT. In view of the larger field gradient in these chambers, such a spread is consistent
with the current -5 mm uncertainty on the as-installed MDT chamber positions. The situation
is similar but somewhat worse in the inner chambers (BIS). These preliminary results reflect the
cumulative effect of errors in the assumed sensor and chamber geometry, of residual imperfections
in the magnetic model of the calorimeter steel, and of the performance of the reconstruction fit.

Validation of the TOSCA simulations, which describe the distortions induced by other sup-
port and service structures was carried out using 40 dedicated Hall cards temporarily installed at
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critical locations in the bottom muon sector and between the outer muon chambers and the HS
structure (see figure 2.11). The agreement between measured and predicted perturbations typically
ranges from 2 to 5 mT at the location of the Hall cards and should be better within the spectrometer
volume. It is satisfactory at most locations, although discrepancies as large as 50 mT are observed
very close to a few localised and well-identified steel supports. A more extensive magnetic charac-
terisation campaign is planned during the next full magnet-system test.

2.2.6 Towards an overall field map for ATLAS data-taking

The default field map in the ID tracking volume will mirror the very accurate fit obtained for the
solenoid mapping data and illustrated in figure 2.9. This approach automatically takes into account
the magnetised steel surrounding the ID cavity without having to rely on any field calculations.
The fit function is required to satisfy Maxwell’s equations and will include empirical corrections to
match the measured map as closely as possible, as well as small (< 0.2 mT) additional corrections
for the shielding disks (which were absent at the time of mapping) and barrel-toroid contributions.

In the calorimeters, the map will be based on the ATLM simulation, with the magnetic pa-
rameters describing the calorimeter steel adjusted to fit the solenoid-only and toroid-only field
measurements performed in 2006. This simulated map will be smoothly connected to the fitted
solenoid map in the future: the potential discontinuity remains to be characterised, but is estimated
not to exceed 2 mT over a very narrow interface region.

In the muon spectrometer, the map will reflect the superposition of the winding contributions
with the predicted distortions associated with the calorimeter steel and other significant magnetic
structures inside or near the spectrometer volume. So far, the Biot-Savart calculation presented
above has been performed only in a 1/16th slice, which spans 45° in azimuth and is longitudinally
symmetric with respect to the interaction point: this is the minimum angular size required to handle
correctly the symmetries of the full toroid system. Extending it to the case of an arbitrary geom-
etry (without any symmetry assumptions) is currently in progress and the final implementation
will depend on the extent to which the actual coil geometry, as eventually revealed by the field-
reconstruction procedure, deviates from the ideal configuration. Similarly, studies are in progress
to assess the magnetic impact of shape or position imperfections in the tile-calorimeter geometry:
their outcome will indicate to which extent such deviations from the ideal configuration must be
taken into account when describing the field inside the calorimeter and/or muon spectrometer.
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Chapter 3

Background radiation and shielding

3.1 Introduction

In contrast to previous and existing colliders, the dominant primary source of background radiation
at the LHC, when operating at design luminosity, arises from collisions at the interaction point.
The rates expected from beam-halo particles and beam-gas interactions are negligible in compar-
ison. In the inner detector, charged hadrons from inelastic proton-proton interactions dominate
the radiation backgrounds at small radii, while the effects of other backgrounds, such as neutrons,
become more important further out (see [34] for detailed studies of the various radiation sources,
radiation levels, neutron fluences and activation levels expected in ATLAS throughout the lifetime
of the experiment).

In ATLAS, most of the energy from the primary particles is dumped into two regions: the
Target Absorber Secondaries (TAS) collimators, and the Forward Calorimeters (FCal) depicted in
figure 3.1, which are therefore among the strongest sources of secondary radiation. These two
sources are somewhat self-shielding, and since they are compact, they have been further shielded
with layers of dense material and cladding. The beam-vacuum system, on the other hand, spans the
whole length of the detector. In the forward regions, it is another major source of radiation back-
ground due to interactions of primary particles which strike the beam-pipe at very shallow angles.
Through this mechanism, the beam-pipe becomes an extended line source illuminating the interior
of the forward cavity. Detailed studies have shown that the beam-line material is responsible for
more than half of the fluences expected in the muon system [34].

A thorough understanding of the impact of background radiation has been a critical element
in the design phase of most of the components of the detector and a number of deleterious effects
have been considered:

1. Increased detector occupancy may be an issue. In tracking detectors, this can lead to ineffi-
ciencies, degraded resolutions, and increased rates of fake tracks. In calorimeters, the pile-up
fluctuations at high luminosity degrade the energy resolution.

2. Hits generated by slow neutrons dominate the occupancy of the muon spectrometer system.
This effect has not been of any concern at previous colliders.
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3. Spurious trigger rates will increase if the background radiation consists of penetrating tracks.
Also, increased occupancies can increase the rates of random triggers.

4. Radiation may damage silicon detectors and readout electronics.

5. Interactions leading to anomalous deposits of local radiation can change the logical status
of electronic signals (single-event upset) or permanently destroy components (single-event
damage).

6. Wire detectors can experience “ageing” (reduced gain and therefore efficiency) due to poly-
merised deposits on the wires caused by radiation interacting with certain components of the
detector gas.

7. The large fluences expected at the LHC design luminosity may lead to a significant radiation
hazard from the prompt component of the radiation, when the accelerator is operating.

8. Nuclear interactions in dense materials will lead to the creation of residual radio-nuclides.
The resulting dose rates from radio-activation of certain materials will lead to radiological
hazards, which impact access and maintenance scenarios.

The largest impact from background radiation is of course to be expected close to the beam-
pipe, in particular in the region of the inner detector and the forward calorimeters. Given the lack
of available space and the large contribution from primaries, only a limited amount of moderator
shielding could be installed to minimise the impact of background radiation, as described in sec-
tion 3.2.

Very large reductions in the expected background rates in the muon spectrometer have been
achieved by designing a large amount of shielding around the TAS. A total shielding weight
of 2825 tonnes (1887 tonnes of metal, 920 tonnes of concrete, and 18 tonnes of plastic) has thus
been added to the detector. Since different types of radiation are best stopped with different types
of shielding materials, a multi-layered shielding approach has been used. The inner layer’s purpose
is to stop high-energy hadrons and their secondaries. This layer is made of materials such as iron or
copper, which provide a large number of interaction lengths. In the case of iron, studies have shown
that a minimum carbon content of a few percent is advantageous since it efficiently moderates the
neutron energies down to lower values. A second layer, consisting of boron-doped polyethylene,
is used to moderate the neutron radiation escaping from the first layer and the low-energy neutrons
are then captured by the dopant. Photon radiation is created in the neutron-capture process and
these photons are stopped in the third shielding layer which consists of steel or lead. Lead is more
effective in stopping photons, but induces more neutron radiation than steel. Figure 3.1 shows the
locations of the different shielding components in ATLAS.

3.2 Description of the shielding

The moderator shielding (figure 3.2a) on the front face of each of the end-cap and forward LAr
calorimeters reduces the neutron fluences in the volume of the inner detector by protecting the
inner detector from back-splash of neutrons from the calorimeter. It is made of polyethylene,
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Figure 3.1: Schematic view of major ATLAS detector systems and of the main shielding compo-
nents (see text).

doped with 5% boron in the form of B4C. Reactor tests have demonstrated that this choice for the
dopant results in a plastic which is more radiation-hard than if other boron dopants had been used.
This is important since the shielding in front of the forward calorimeters is exposed to a very large
ionising dose over the lifetime of the ATLAS experiment.

There are three brass shielding elements inside each of the end-cap calorimeter cryostats,
located directly behind the calorimeters (figure 3.2b). The largest one is attached to the rear end-
plate of the cryostats and has a diameter of 387 cm. Closer to the beam-line are two other shielding
plugs. One of these is a cylindrically-shaped extension of the forward calorimeters. The main pur-
pose of these shielding elements is to protect the end-cap inner muon stations from the background
radiation.

The next protection element is the shielding disk (figure 3.2c), which serves in fact a threefold
purpose: it supports the muon chambers in the first end-cap muon station, it shields these chambers
from background radiation emerging from the calorimeters, and it provides a well-defined path for
the magnetic field flux return from the solenoid magnet. The bulk of this shielding disk consists of
a vertical steel disk with a diameter of 872 cm. This disk supports end-cap muon trigger chambers
(see section 6.8). At the centre of the disk and surrounding the beam-pipe is a stainless steel
tube containing a set of cylindrical shielding pieces made of leaded red brass (85% Cu, 5% Pb,
5% Sn, 5% Zn). This tube also supports Cathode Strip Chambers (CSC) and Monitored Drift
Tubes (MDT). Brass shielding has been added to the disk in order to protect the CSC chambers.
There is a polyethylene layer on the outside of this brass shielding, which is doped with B,O3, to
moderate the neutrons, while photons created in the neutron absorption process are stopped in a
third layer made of lead.
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The next protection element is the end-cap toroid shielding (figure 3.2d), which consists of
two parts, one located outside the toroid and enclosing the beam-pipe and one inside the cryostat:

o the first one is a cylindrical structure made of ductile cast iron, which surrounds the beam-
pipe on the inside of the two end-cap toroid cryostats. The front piece has a large hole in the
centre, into which the stainless steel tube of the shielding disk fits. On the outside of the cast
iron is a polyethylene layer doped with B,O3 (5%). The photons created in the polyethylene
layer are stopped by the stainless-steel bore tube, which supports the shielding in the end-cap

toroid;
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o the second part of the toroid shielding consists of various polyethylene structures, which
are located in the vacuum of the end-cap toroid cryostats. The polyethylene is doped with
B4C, which causes fewer out-gassing problems than other dopants. Photons created when
the neutrons are absorbed by the boron are stopped by the aluminium of the cryostat itself.

The purpose of the two forward shielding assemblies (figure 3.2¢) is to protect the middle
and outer end-cap muon stations from background particles created in secondary interactions in
the beam-pipe, the calorimeters and the TAS collimators. These shielding elements, which are
removable and will be stored in the surface building during maintenance of ATLAS, consist of
two parts: a cylindrical core and a set of octagonal pieces in the rear. All pieces are made of cast
ductile iron, surrounded by a layer of polyethylene doped with boron in the form of H3BO3 and
followed by a 3 cm thick steel layer. The core pieces are enclosed in a 5 cm thick polyethylene
layer, while an 8 cm thick layer surrounds the octagonal pieces. These polyethylene layers are
made of 10,000 bricks of three different shapes.

The final shielding element, or nose shielding as depicted in figure 3.2f, supports the TAS
collimator and protects ATLAS from the radiation created in this collimator, which is designed
to prevent the first LHC quadrupole from quenching due to the energy deposited by the particles
emerging from the interactions in ATLAS. The nose shielding is permanently installed in ATLAS
and, unlike the forward shielding assemblies, cannot be removed during shutdowns. The main
component of this shielding is the cylindrical 117 tonne heavy “monobloc”, which has an outer
diameter of 295 cm. It is made of cast iron and supported by a tube, which is anchored in a
460 tonne concrete structure. The 200 tonne heavy “washers”, which are located around the support
tube, increase the radial thickness of the iron shielding by 112 cm in a region where the monobloc
is thin.

3.3 Calculation of particle fluences and absorbed doses

A vast and systematic effort has been made in the design phase to optimise the shielding in ATLAS
by using different simulation programs [34] for simulating hundreds of different geometrical op-
tions. These studies have required significant computing resources, since the secondary particles
in the hadronic showers had to be followed down to very low energies. Different event generators
and transport codes have been used in an attempt to assess the systematic uncertainties in the cal-
culations. When optimising the shielding configuration and materials in the limited space available
in ATLAS, it was very often necessary to make trade-offs between different background types,
e.g. neutrons versus photons. It has therefore been quite important to also understand the detector
response to different types of background radiation, typically particles in the MeV range, in order
to converge to the optimal solution [35, 36].

The expected particle fluences (integrated over energy) agree to typically better than 20%, as
was shown by comparing two of the most commonly used minimum-bias event generators, PHO-
JET1.12 [37-39] and PYTHIAG.2 [40]. Larger differences of up to 50% were observed for pions,
kaons, and muons with energies above several GeV. However, these particles provide only a small
contribution to the total fluence. The program most used for the shielding optimisation in ATLAS
has been the GCALOR package [41], which contains the CALOR code [42] with an interface to
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GEANT3 [43]. FLUKA2001 [44] is another transport code, which is widely used for studies of
hadronic and electromagnetic cascades induced by high-energy particles, and which has been ex-
tensively used in simulations of background radiation in ATLAS. In order to investigate transport-
code differences, GCALOR was compared not only to FLUKA but also to MARS14(2002) [45].
Comparisons for simplified geometries as well as for the most detailed descriptions of the detector
have been carried out.

The results of these studies are extensively reported in [34]: the overall conclusion is that the
predictions of FLUKA, MARS and GCALOR are in good agreement for energy-integrated neutron,
charged hadron, photon and e*e™ fluences. For most regions in the inner detector, the difference
between the FLUKA and GCALOR values is below 40%. In the pixel vertexing layer differences
as large as 80% are however observed for charged hadrons. An excellent agreement, typically
to within 20%, between the respective photon and neutron fluences in the muon spectrometer is
observed when comparing the FLUKA and the GCALOR results. The charged hadron and lepton
fluences in the muon spectrometer show much larger discrepancies, but the differences are always
within a factor of 2.5. An overall safety factor of five has been used in the design of the ATLAS
muon spectrometer.

The absorbed dose is the mean energy deposited per unit mass, taking into account all energy-
loss mechanisms (but corrected for rest-mass effects). The dominant energy-loss mechanism is
usually ionisation, but non-ionising energy loss is also important for understanding detector and
electronic damage effects. The ionising dose is defined in the following as the integrated dE/dx
energy loss in the detector material from charged particles, excluding ionisation energy loss from
nuclear recoils. It is given in units of Gy/y, where one year corresponds to 8 x 10'° inelastic proton-
proton collisions (assuming an inelastic cross-section of 80 mb, a luminosity of 103 cm~2 s~! and
a data-taking period of 107 s). Comparisons of the calculated ionising dose in the inner detector
between FLUKA and GCALOR show differences of up to a factor of two.

3.3.1 The inner-detector and calorimeter regions

Figure 3.3 shows a GCALOR calculation of the ionising dose in the region closest to the interaction
point. The forward calorimeters will be exposed to up to 160 kGy/y, whereas the corresponding
number for the end-cap electromagnetic calorimeters is 30 kGy/y. This will lead to very large
integrated doses over the full lifetime of the experiment and is one of the main reasons why only the
LAr technology with its intrinsically high resistance to radiation is used in the end-cap and forward
regions. The main concern in the design phase has been for the electrode materials, primarily
polymers such as polyimide, which had to be chosen with care and thoroughly tested for radiation
hardness [46, 47].

The tile calorimeter, with its scintillator samplings read out by wavelength-shifting fibres, is
protected by the LAr electromagnetic calorimeter and is exposed to less than 30 Gyly, i.e. 5,000
times less than the forward calorimeters. The scintillators and fibres were nevertheless also thor-
oughly studied under irradiation [48—51] in order to determine their degradation during the lifetime
of ATLAS.

In the inner detector, a very large effort had to be devoted over many years to the understand-
ing of the impact of irradiation on silicon sensors, on front-end electronics circuits and on ageing
phenomena in the ionising gas used for the straw tubes.
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Figure 3.3: The total ionising dose per year calculated by GCALOR (see text) in one quarter of
the central part of the detector. The locations of the inner detector sub-systems, of the different
calorimeters and of the inner end-cap muon stations are indicated. The scale on the left gives the
integrated dose per year corresponding to the various iso-lines.

Two main mechanisms lead to the degradation of the performance of silicon devices under
irradiation. First, there is the effect of damage to the devices due to ionising energy loss. This can
lead to the creation of trapped charges, in particular in the oxide layer of the sensor, which alters its
electric properties. The second effect is bulk damage, or displacement damage, which is caused by
the displacement of silicon atoms in the lattice. In the study of bulk damage to silicon devices, it is
useful to introduce a quantity called the 1 MeV neutron equivalent fluence (Fyeq). This fluence is
obtained by convoluting the various particle energy spectra and fluences with silicon displacement-
damage functions, normalised using the non-ionising energy loss (NIEL) cross-sections to the ex-
pected damage of 1 MeV neutrons [52].

Table 3.1 lists the particle rates, Fpeq values and ionising doses predicted by FLUKA in the
inner detector regions shown in figure 3.3. In the pixel detector, the particle rates are dominated by
charged pions and photons. The latter are produced mostly in neutron capture processes but also
directly from the primary collisions and from interactions in the beam-pipe and its related equip-
ment. The predicted ionising dose in the innermost layer of the barrel pixel detector is 160 kGy/y,
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Table 3.1: Particle rates, fluences and doses in key locations of the inner detector sub-systems
(see figure 4.2 for the definitions and positions of the inner detector layers). Here, Fyeq is the
1 MeV neutron equivalent fluence (see text). The FLUKA program has been used for this calcula-
tion and the statistical uncertainties are typically less than 10%. One year corresponds to 8 x 101
inelastic proton-proton collisions (assuming an inelastic cross-section of 80 mb, a luminosity
of 10** cm™2 s~! and a data-taking period of 107 s).

Particle rates (kHz/cm?) Freq Tonisation
Region R (cm) Y Protons | Neutrons n* u* e~ (x10*12 cm~2) |dose (Gy/y)
>30keV|>10MeV|> 100 keV|> 10MeV |> 10MeV | > 0.5 MeV
Pixel layer O 5.05 45800 2030 4140 34100 300 8140 270 158000
Pixel layer 2 12.25 9150 280 1240 4120 190 1730 46 25400
SCT barrel layer 1 | 29.9 4400 80 690 990 130 690 16 7590
SCT barrel layer 4 | 51.4 3910 36 490 370 67 320 9 2960
SCT end-cap disk 9| 43.9 7580 73 840 550 110 470 14 4510
TRT outer radius | 108.0 2430 10 380 61 7 53 5 680

which is the same as for the forward calorimeter, while the F,q is expected to be 3 x 10 cm*Z/y.
In the SCT detector, the charged hadron and neutron rates are comparable and the Fyeq and the
ionising dose are reduced by about a factor of 20 with respect to the first pixel layer.

While most of the charged hadrons originate from the interaction point, most of the neutrons
in the inner detector are the result of albedo (back-splash from the calorimeters). The purpose
of the moderator shielding described in section 3.2 is to moderate the neutrons from the end-cap
and forward calorimeters to lower their energies to values for which their contribution to the total
Fpeq is minimised. The polyethylene in the moderator shielding is doped with boron, which has a
large cross-section for the capture of thermal neutrons. Nevertheless, the inner detector cavity will
be filled during LHC operation by an almost uniform “gas” of thermal neutrons with a flux of 1-
2 MHz/cm? and the sensitive detectors will be exposed to fluxes of 2—10 MHz/cm? of low-energy
photons originating from the interactions themselves and from neutron capture. The dominant
long-term impact of these particle fluences is not only radiation damage but also activation of the
detector components (see section 3.5).

3.3.2 The muon spectrometer region

The effects of the absorbed ionising dose in the most critical muon spectrometer regions have been
studied [53]. The CSC’s in the inner end-cap stations will be exposed to the highest dose. Figure 3.3
shows that in this region the ionising dose will vary between 3 and 20 Gy/y. The chambers closest
to the beam-line in the middle end-cap stations are expected to see at most 10 Gy/y. Most of the
muon spectrometer will, however, be exposed to less than 1 Gy/y.

Although care had also to be applied to the choices of materials, to the design of the front-end
electronics circuits and to the choice of the ionising gases for all the muon chamber technologies,
radiation damage due to the ionising dose is not the only concern in the muon spectrometer region.
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Figure 3.4: Particle fluxes in the various muon spectrometer stations at high luminosity
(103 cm~2 s~ 1) as predicted by GCALOR. The neutron and photon fluxes are in units of kHz/cm?
and the muon and proton fluxes in Hz/cm?.

Signals in the detectors from background particles are the main issue, because these background
signals may significantly reduce the muon track-finding efficiency and, more importantly, introduce
large rates of fake triggers. The expected particle fluxes based on a simulation of the background
radiation in the ATLAS muon spectrometer using the GCALOR program are shown in figure 3.4.
The energy thresholds used in these simulations are 10 keV, 10~'! MeV (well below the thermal
neutron energy range), 1 MeV, and 1 MeV for photons, neutrons, muons, and protons, respectively.
The highest fluxes are expected in the innermost end-cap muon stations, in particular in the CSC'’s,
which will have to cope with a large background counting rate, although the estimation of this rate
is subject to systematic uncertainties between approximately 15% and 25%.

Background hit rates caused by neutrons and photons in the relevant energy range have been
calculated with GEANTS3 for all muon-chamber technologies using detailed geometrical descrip-
tions of the muon chamber setup. Energy-dependent efficiency curves have been estimated for
neutrons, photons, and electrons [34]. Calculations have been done for the various chamber types
taking into account the angular distributions of the particles at the chamber locations. Fluxes tend
to be isotropic in the barrel, while in the end-cap a substantial fraction of the particles originates
from the interaction region and from the beam-pipe in the region of the end-cap toroids, which
is the main local source of secondary radiation. The fake L1 trigger rate in the presence of these
background hits was studied in simulation including large contingency factors to account for the
various uncertainties in the predictions.
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Figure 3.5: Average expected single-plane counting rates in Hz/cm? at 103 cm™2 s~! and for

various regions in the muon spectrometer.

The single-plane efficiency curves have been compared between existing experimental data
and simulation and found to be in good agreement. Average single-plane chamber efficiencies
have been obtained by folding efficiency curves with the energy spectra predicted at each chamber
location. Uncertainties due to the shape of the energy spectrum, the angular distribution, and the
surrounding material have been studied and amount to a factor of 1.5. Predicted counting rates
in the barrel stations are of the order of 10-12 Hz/cm? for both the MDT’s and the resistive plate
chambers. These rates are dominated by the photon contribution (80%), followed by neutrons and
protons (10% each). In the inner barrel stations, the contribution from muons rises to about 15%
and that from punch-through pions to a few percent. In the end-cap regions, photons contribute
less to the counting rate. In the CSC’s for example, photons account for about half of the rate,
while muons account for 30% and protons for 10%. The predicted single-plane counting rates in
the muon spectrometer are summarised in figure 3.5.

3.4 Background monitors

Measurements of particle fluences in ATLAS will provide a precise bench-marking of the particle
transport codes used in the calculations and will also directly monitor the absorbed doses in the
various detectors. Possible beam losses near the detector have to be monitored with specific de-
tectors designed to provide fast feedback to the accelerator operations team. The motivation for
equipping ATLAS with a reliable set of background monitors in various regions of the detector is
therefore obvious.
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3.4.1 Monitors in the inner detector

The inner detector region of ATLAS contains a set of small detectors, which are sensitive to dose,
to the 1 MeV neutron equivalent fluence (Fyeq) and to thermal neutrons. These detectors consist of:

1. Field-effect transistors (RADFET’s), which measure the total ionising dose;
2. PIN-diodes, which measure Fpeq;
3. Radiation-hardened transistors, which measure thermal neutron fluences.

These detectors will measure the integrated doses and fluences in the inner detector and will also
to some extent provide bench-marking estimates of the different contributions (charged particles,
neutrons and photons).

One of the worst-case scenarios during LHC operation arises if several proton bunches hit
the collimators in front of the detectors. While the accumulated radiation dose from such unlikely
accidents corresponds to that acquired during a few days of normal operation, and as such provides
no major contribution to the integrated dose, the enormous instantaneous rate might cause detector
damage. The ATLAS Beam Conditions Monitor (BCM) [54] system consists of a set of detectors
designed to detect such incidents and trigger an abort in time to prevent serious damage to the
detector (see also section 9.10). These incidents need to be distinguished from the stray protons
and beam-gas backgrounds which frequently initiate charged particle showers, which originate well
upstream (or downstream) from the ATLAS interaction point. Due to their very fast response time
and intrinsically very high resistance to radiation, the BCM detectors will be used throughout the
lifetime of the experiment to distinguish these stray beam particles from those originating from
proton-proton interactions.

The BCM system, designed to tolerate doses of up to 500 kGy and in excess of 10'> charged

particles per cm?

over the lifetime of the experiment, consists of two stations, each with four
modules. Each module, as depicted in figure 3.6 (left), includes two radiation-hard diamond sen-
sors [55, 56] read out in parallel by radiation-tolerant electronics with a 1 ns rise-time [57]. Fig-
ure 3.6 (right) shows a close-up view of one station installed around the beryllium beam-pipe. The
stations are located symmetrically around the interaction point at z = £184 cm and R = 5.5 cm,
which corresponds to a || = 4.2. The difference in time-of-flight between the two stations, Az,
distinguishes particles from normal collisions (A ¢t = 0, 25, 50 ns, etc.) from those arising from
stray protons (At = 12.5, 37.5 ns, etc.). The in-time and out-of-time multi-module coincidences
are determined by an FPGA-based back-end, which digitises the signals, monitors the detector per-
formance and generates beam-abort signals if warranted. Preliminary analysis of data on one of the
modules in a high-energy pion test-beam shows a signal-to-noise ratio of 11 £ 2 in an operational
geometry, where minimum ionising particles are incident on the BCM sensors at a 45° angle. A
full description of the design, construction and test-beam characterisation of the BCM system can
be found in [54].

3.4.2 Monitors in the muon spectrometer

Several sets of detectors have been installed in the end-cap muon stations to monitor the background
fluences and thus to constrain further the particle transport codes used in the calculations described
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Figure 3.6: Left: top view of a BCM module, showing the diamond sensors (left side of picture),
the HV supply and signal-transmission lines, the two amplification stages and the signal connector
(right side of picture). Right: close-up view of one BCM station installed at 184 cm from the centre
of the pixel detector, which can be seen at the far end of the picture. Each one of the four modules
can be seen in position at a radius of 5.5 cm, very close to the beam-pipe.

in section 3.3. These detectors are installed in
the inner, middle, and outer end-cap stations.
Figure 3.7 shows one set of the detectors which
have been installed. They were chosen to pro-
vide a reliable response to neutrons or photons
in various energy ranges:

1. Boron-lined proportional tubes operat-
ing with Ar/CO, gas are used to mea-
sure thermal and slow neutrons (ener-

lonisation chamber /  Proportional ul:;e

gies below 107> MeV). Each interaction
n+ B — Li + o sends a slow Li or a-
particle into the tube. The large ionisa-

Figure 3.7: Picture of one set of background
monitors, to be installed in the thin gap chamber

tion pulse associated with the Li or &- jayer of the middle end-cap muon station. The

particle is used for pulse-height discrim- ejop¢ different types of detectors are described in
ination against Compton electrons and hq text.

minimum-ionising particles. These detec-

tors are therefore relatively insensitive to

photons and charged particles.

2. Boron-loaded plastic scintillator (BC-454) is sensitive to the neutron interactions described
above and is also used to study thermal and slow neutrons.

3. Detectors with a plastic disk loaded with LiF and coated with a thin layer of ZnS(Ag) scin-
tillator are sensitive to the tritium and ¢-particles produced in the neutron capture process in
lithium.
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4. Another ZnS(Ag) scintillator embedded in plastic is used to study fast neutrons (with ener-
gies of a few MeV). The plastic is rich in hydrogen, from which incoming neutrons scat-
ter to produce recoil protons. These protons produce large ionisation pulses compared to
minimum-ionising particles or low-energy electrons. Pulse-height discrimination schemes
should therefore provide good rejection against these backgrounds.

5. Aliquid scintillator, with pulse-shape discrimination electronics, is used in combination with
plastics to measure fast neutrons.

6. Scintillator detectors with Nal and lutetium oxyorthosilicate (LSO) crystals are used to mea-
sure the low-energy photon spectrum (0 to 10 MeV). The spectrum is dominated by photons,
but also contains a neutron component, which can be separated out using fitting techniques
and detailed simulations.

7. Small ionisation chambers measure the total ionising dose.

3.4.3 Network of detectors for radiation measurements

A system of small silicon pixel detectors has been developed for radiation measurements in the
experimental environment [58, 59]. This detector network will form a stand-alone system fully ca-
pable of delivering real-time images of fluxes and spectral composition of different particle species,
including slow and fast neutrons.

These silicon detectors will be operated via active USB cables and USB-ethernet extenders
by a PC placed in the underground USA15 counting room, located next to the main cavern. The
hybrid silicon pixel device consists of a silicon detector chip, 300 um thick with 256 x 256 pixels,
bonded to a readout chip. Each of the 55 umx55 pum pixels is connected to its respective readout
chain integrated on the chip. Settings of the pulse height discriminators determine the input energy
window and at the same time provide noise suppression. The pixel counter determines the number
of interacting quanta of radiation falling within this window. These devices can be used for position
and energy sensitive (from 5 keV up to tens of MeV) spectroscopic detection of radiation. They
are also capable of counting particle fluxes at rates in excess of GHz/cm?.

This system can be used in both tracking and counting modes, to record tracks or counts
caused by x-rays, gamma-radiation, neutrons, electrons, minimum ionising particles and ions.
For neutron detection, the silicon detectors are partially covered by neutron converters (°LiF and
polyethylene for slow and fast neutrons, respectively). The tracking mode is based on electronic
visualisation of tracks and traces of individual quanta of radiation in the sensitive silicon volume.
In the case of count rates above 5 x 10% events/cm? s, the devices are operated in counting mode,
in which charge deposition in the pixels is counted at different threshold settings. Calibration of
the devices enables the conversion of the individual tracks observed and/or counts measured into
fluxes of respective types of radiation and dose rates. At least 14 of these pixel devices will be
placed inside ATLAS: four devices on the LAr calorimeter facing the inner detector, four devices
on the tile calorimeter, four devices near the muon chambers in the inner end-cap muon station,
and two devices near the forward shielding and close to the outer end-cap muon station.
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3.5 Activation

Induced radioactivity will be a major problem at the LHC, and ATLAS is the experiment with the
highest levels of induced radiation. This is due to the small radius of the ATLAS beam-pipe, the
small bore of the forward calorimeters, and to the shielding elements close to the beam-pipe. A
comprehensive study has been made of the expected activation in different regions and for different
data-taking and cooling-off scenarios. The methods and assumptions used in the calculation of the
induced activity are given in [34]. The main conclusion of these studies is that the beam-pipe will
be the major source of induced radioactivity in ATLAS.

Three different access scenarios are foreseen for ATLAS during shutdowns, as described in
more detail in section 9.7. They are described below and two of the scenarios are depicted in
figures 3.8 and 3.9.

(a) In the very short access scenario, all detector components remain in place and the magnetic
fields remain on. These accesses are typically on the order of a few hours long.

(b) In the short access scenario, the beam-pipe remains in place, but then acts as a linear source
of photon radiation as can be seen in figure 3.8. Because of the high level of radiation, the
area around the beam-pipe, out to a radius of about 1 m, has to be fenced off after high-
luminosity running. This will ensure that people working in ATLAS during short access
will not be exposed to dose rates larger than 0.1 mSv/h (maintenance work in ATLAS will be
designed to limit the yearly dose to 6 mSv per person). The only detector which is truly inside
the barrier is the inner detector. During a short access, maintenance of the inner detector will
therefore be severely limited.

(c) Inthe long access scenario, all the beam-pipe sections except the one inside the inner detector
volume are removed as well as the small muon wheel (or inner end-cap muon stations)
and the end-cap toroids. Two hot spots can clearly be seen in the final configuration, as
shown in figure 3.9. One is the end-piece of the inner detector beam-pipe, which is made
of aluminium, whereas the rest of the inner detector beam-pipe is made of beryllium. The
expected dose rate can reach 0.2mSv/h at this location. The other hot spot is in front of
the forward calorimeters, where the dose rate is predicted to reach very high values of up
to 0.5 mSv/h. These relatively small-size regions will therefore be temporarily shielded with
lead blocks during maintenance of the inner detector.

While the beam-pipe section inside the inner detector is mostly made of beryllium, the rest
of the beam-pipe is made of stainless steel and has to be removed in the case of the long access
scenario, since it will become very radioactive with a contact dose rate of 3—5 mSv/h. This could in
certain cases inflict several mSv of integrated dose to personnel performing the intervention. One
way of reducing the dose to personnel would be to make the beam-pipe out of aluminium instead of
stainless steel. This is expected to give a factor 10-50 reduction of the dose levels. If the beam-pipe
material were instead to be changed to beryllium over the whole length of the detector, the dose
rate would decrease by a factor of 100—1000 and would no longer be a problem. This is, however,
very costly and will only be discussed further in the context of the LHC upgrade programme.
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