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Figure 4.3: Drawing showing the sensors and structural elements traversed by two charged tracks
of 10 GeV pT in the end-cap inner detector (h = 1.4 and 2.2). The end-cap track at h = 1.4 traverses
successively the beryllium beam-pipe, the three cylindrical silicon-pixel layers with individual sen-
sor elements of 50⇥400 µm2, four of the disks with double layers (one radial and one with a stereo
angle of 40 mrad) of end-cap silicon-microstrip sensors (SCT) of pitch ⇠ 80 µm, and approxi-
mately 40 straws of 4 mm diameter contained in the end-cap transition radiation tracker wheels.
In contrast, the end-cap track at h = 2.2 traverses successively the beryllium beam-pipe, only the
first of the cylindrical silicon-pixel layers, two end-cap pixel disks and the last four disks of the
end-cap SCT. The coverage of the end-cap TRT does not extend beyond |h | = 2.

4.2 Inner-detector sensors

This section describes the detector sensors of the pixel, SCT and TRT sub-systems - silicon pixel
and micro-strip sensors in section 4.2.1, and straw tubes filled with a Xe/CO2/O2 gas mixture
in section 4.2.2. As discussed in section 3.3, the detector sensors are subject to large integrated
radiation doses. They have therefore been developed and controlled to withstand the expected
irradiation, with a safety factor of approximately two.

4.2.1 Pixel and SCT detector sensors

The pixel and SCT sensors [63, 64] are required to maintain adequate signal performance over
the detector lifetime at design luminosity (with the exception of the pixel vertexing layer, as dis-
cussed above). The integrated radiation dose has important consequences for the sensors of both
detectors. In particular the required operating voltage, determined by the effective doping concen-
tration, depends on both the irradiation and the subsequent temperature-sensitive annealing. The
sensor leakage current also increases linearly with the integrated radiation dose. The n-type bulk
material effectively becomes p-type after a fluence Fneq of ⇠ 2⇥1013 cm�2. The effective doping
concentration then grows with time in a temperature-dependent way. To contain this annealing
and to reduce the leakage current, the sensors will, as noted above, be operated in the temperature
range –5�C to –10�C. The sensors must further meet significant geometrical constraints on their
thickness, granularity and charge-collection efficiency.
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Figure 4.2: Drawing showing the sensors and structural elements traversed by a charged track of
10 GeV pT in the barrel inner detector (h = 0.3). The track traverses successively the beryllium
beam-pipe, the three cylindrical silicon-pixel layers with individual sensor elements of 50⇥400
µm2, the four cylindrical double layers (one axial and one with a stereo angle of 40 mrad) of
barrel silicon-microstrip sensors (SCT) of pitch 80 µm, and approximately 36 axial straws of 4 mm
diameter contained in the barrel transition-radiation tracker modules within their support structure.

This chapter describes the construction and early performance of the as-built inner detector.
In section 4.2, the basic detector sensor elements are described. Section 4.3 describes the detector
modules. Section 4.4 details the readout electronics of each sub-detector, section 4.5 describes the
detector power and control and section 4.6 describes the ID grounding and shielding. Section 4.7
discusses the mechanical structure for each sub-detector, as well as the integration of the detectors
and their cooling and electrical services. The overall ID environmental conditions and general
services are briefly summarised in section 4.8. Finally, section 4.9 indicates some initial results on
the operational performance and section 4.10 catalogues the material budget of the ID, which is
significantly larger than that of previous large-scale tracking detectors.
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Figure 4.1: Plan view of a quarter-section of the ATLAS inner detector showing each of the major
detector elements with its active dimensions and envelopes. The labels PP1, PPB1 and PPF1
indicate the patch-panels for the ID services.

The above operating specifications imply requirements on the alignment precision which are
summarised in table 4.1 and which serve as stringent upper limits on the silicon-module build
precision, the TRT straw-tube position, and the measured module placement accuracy and stability.
This leads to:

(a) a good build accuracy with radiation-tolerant materials having adequate detector stability and
well understood position reproducibility following repeated cycling between temperatures
of �20�C and +20�C, and a temperature uniformity on the structure and module mechanics
which minimises thermal distortions;

(b) an ability to monitor the position of the detector elements using charged tracks and, for the
SCT, laser interferometric monitoring [62];

(c) a trade-off between the low material budget needed for optimal performance and the sig-
nificant material budget resulting from a stable mechanical structure with the services of a
highly granular detector.

The inner-detector performance requirements imply the need for a stability between alignment
periods which is high compared with the alignment precision. Quantitatively, the track precision
should not deteriorate by more than 20% between alignment periods.
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The barrel consists of three coaxial cylindrical layers, called B-layer, Layer 1 and Lay-
er 2 from the inner to the outer one. Each of the layers consists of two half shells. The
radius of the active area of the B-layer is only 50.5 mm, whereas the Layer 1 has a
nominal radius of 88.5 mm and the Layer 2 of 122.5 mm. A structural element of a
barrel layer is a stave. The B-Layer consists of 22, the Layer 1 of 38 and the Layer 2 of
52 staves overlapping along a tilted sequence with a tilt angle of 20°. On each stave
13 modules, described in section 4.2, are arranged in a sequence of shingled steps (tilt
angle of 1.1°) symmetric with respect to the stave mid module which is horizontal.
The modules are glued to the TMT1. The TMTs consist of carbon-carbon, combining
the advantages of high stability with small weight and low coefficient of expansion.
On the one hand the TMT is responsible for the precise mechanical fixing of the mod-
ules, and on the other hand it makes sure that the cooling of the modules is effective.
Since each module produces about 5 W heat, an excellent cooling system is necessary
to hold the modules on their working temperature of -10 °C. An aluminum cooling
pipe, glued together with a carbon-epoxy omega profile to the reverse of the TMT, is
used to evaporate C3F8. One evaporative cooling loop is used to chill two neighboring
staves, a bi-stave [OLC03],[CUN03].

At each end of the barrel, the disk region contains three disks each. Each disk consists
of 8 sectors, each with 3 modules glued to two carbon-carbon faceplates on both sides.
Al cooling tube loops are mounted between both faceplates. Overall a disk contains 48
modules with a tilt angle of 7.5° between two modules. Since there is no tilting of the
disk modules with respect to the z direction there is only a little dependence of cover-
age on particle traverse momentum. The active inner radius of all disks is 88.77 mm
and their center z positions are 495 mm, 580 mm and 650 mm. The acceptance cover-
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Figure 4-1 Layout of the ATLAS Pixel detector with its three barrel layers and the two disk regions,
one at each end, contain three disks each [ATL04],[BAR02]
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Table 4.3: Parameters of the pixel detector. The numbers of pixels, modules, staves/sectors are
shown for each of the barrel layers and end-cap disks. The pixel envelope is shown in table 1.2. The
active barrel length is 801 mm and the inner and outer active radii of each disk are respectively 88.8
and 149.6 mm. The quoted barrel radii are average values since the barrel staves are tilted at 20�

with respect to a tangent vector at the given radius. The disk z-positions are also average values.
Barrel Radius (mm) Staves Modules Pixels
Layer-0 50.5 22 286 13.2⇥106

Layer-1 88.5 38 494 22.8⇥106

Layer-2 122.5 52 676 31.2⇥106

End-cap (one side) z (mm) Sectors Modules Pixels
Disk 1 495 8 48 2.2⇥106

Disk 2 580 8 48 2.2⇥106

Disk 3 650 8 48 2.2⇥106

Barrel and both end-caps 1744 80.4⇥106

At LHC rates, significant heat is generated in the straws by the ionisation current in the
gas. The heat dissipation is proportional to the single straw counting rate and is estimated to be
10 mW to 20 mW per straw for the highest-occupancy straws (inner barrel layers) at the LHC
design luminosity. To preserve gas-gain uniformity, the temperature gradient along each straw is
required to be < 10�C. The heat is evacuated differently for the barrel modules and end-cap wheels
(see section 4.3.3).

At the LHC design luminosity, the straw counting rate will reach 20 MHz in the most critical
detector regions, and the ionisation current density will reach 0.15 µA per cm of anode wire. The
total accumulated charge after ten years of operation will reach ⇠10 C/cm in the most exposed
straws. Many studies, including direct ageing tests lasting thousands of hours, have demonstrated
stable straw-tube operation over their full operational lifetime [72–74]. Minute levels of pollution
cannot be excluded and organo-silicone impurities, for which the relative concentrations must be
kept below 10�11, are particularly harmful. A gas filter has been incorporated in the TRT gas
system for this reason. This filter is also effective in removing the ozone produced during gas
amplification. In the case where ageing would significantly affect the detector performance, the
use of a Ar/CO2/CF4 gas mixture during a few days of normal LHC operation has been shown to
clean Si-based deposits from the anode wire.

4.3 Inner-detector modules

4.3.1 Pixel modules and staves

There are 1744 modules in the pixel detector [63]. As shown in figure 4.1, the pixel modules are
arranged in three barrel layers (called ID layers 0-2) and two end-caps each with three disk layers.
The basic detector parameters are listed in table 4.3. A total of 112 barrel staves and 48 end-cap
sectors (8 sectors per disk) form the barrel and disk layers. Details of the pixel mechanical structure
are described in section 4.7.
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The barrel consists of three coaxial cylindrical layers, called B-layer, Layer 1 and Lay-
er 2 from the inner to the outer one. Each of the layers consists of two half shells. The
radius of the active area of the B-layer is only 50.5 mm, whereas the Layer 1 has a
nominal radius of 88.5 mm and the Layer 2 of 122.5 mm. A structural element of a
barrel layer is a stave. The B-Layer consists of 22, the Layer 1 of 38 and the Layer 2 of
52 staves overlapping along a tilted sequence with a tilt angle of 20°. On each stave
13 modules, described in section 4.2, are arranged in a sequence of shingled steps (tilt
angle of 1.1°) symmetric with respect to the stave mid module which is horizontal.
The modules are glued to the TMT1. The TMTs consist of carbon-carbon, combining
the advantages of high stability with small weight and low coefficient of expansion.
On the one hand the TMT is responsible for the precise mechanical fixing of the mod-
ules, and on the other hand it makes sure that the cooling of the modules is effective.
Since each module produces about 5 W heat, an excellent cooling system is necessary
to hold the modules on their working temperature of -10 °C. An aluminum cooling
pipe, glued together with a carbon-epoxy omega profile to the reverse of the TMT, is
used to evaporate C3F8. One evaporative cooling loop is used to chill two neighboring
staves, a bi-stave [OLC03],[CUN03].

At each end of the barrel, the disk region contains three disks each. Each disk consists
of 8 sectors, each with 3 modules glued to two carbon-carbon faceplates on both sides.
Al cooling tube loops are mounted between both faceplates. Overall a disk contains 48
modules with a tilt angle of 7.5° between two modules. Since there is no tilting of the
disk modules with respect to the z direction there is only a little dependence of cover-
age on particle traverse momentum. The active inner radius of all disks is 88.77 mm
and their center z positions are 495 mm, 580 mm and 650 mm. The acceptance cover-
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Figure 4-1 Layout of the ATLAS Pixel detector with its three barrel layers and the two disk regions,
one at each end, contain three disks each [ATL04],[BAR02]
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