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ABSTRACT: The ATLAS (A Toroidal LHC ApparatuS) Inner Detector provides charged particle
tracking in the centre of the ATLAS experiment at the Large Hadron Collider (LHC). The Inner
Detector consists of three subdetectors. the Pixel Detector, the Semiconductor Tracker (SCT), and
the Transition Radiation Tracker (TRT). This paper summarizes the tests that were carried out at the
nal stage of SCT+TRT integration prior to their instalati on in ATLAS. The combined operation
and performance of the SCT and TRT barrel and endcap detectors was investigated through a series
of noise tests, and by recording the tracks of cosmic rays. Thiswas a crucia test of hardware and
software of the combined tracker detector systems. The results of noise and cross-talk tests on
the SCT and TRT in their nal assembled con guration, using  nal readout and supply hardware
and software, are reported. The reconstruction and analysis of the recorded cosmic tracks allowed
testing of the of ine analysis chain and veri cation of basi ¢ tracker performance parameters, such
as ef ciency and spatia resolution, in combined operation before installation.

KEYWORDS: Particle tracking detectors; Solid state detectors; Transition radiation detectors;
L arge detector systems for particle and astroparticle physics.
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1. Introduction

The ATLASIl] tracking system, the Inner Detector (ID) [B], consists of three separate subdetectors:
the Pixel Detector, the Semiconductor Tracker (SCT), and the Transition Radiation Tracker (TRT).
Together they provide tracking of charged particles for momentum measurement aswell as primary
and secondary vertex reconstruction in a pseudorapidity range of jnj < 2:5.> The left-handed
coordinate system is de ned with +x pointing horizontally to the LHC centre, +y vertically up,
and the z-axis along the LHC beam line. The Pixel Detector and the SCT are based on silicon pixel
and strip detectors as active elements. The TRT consists of many layers of gaseous straw tubes
which are interleaved with transition radiation foils. The layout of the Inner Detector is shown in
gure ] The gure shows one quadrant of the Inner Detector, i n this case one quadrant of the
barrel and the top half of Endcap A. Detector elements in the ATLAS experiment are identi ed as
A for sections onthe +zside of theinteraction point and as C for sectionsonthe zside of the
the interaction point. Each of the subdetectors consists of abarrel section and two endcap sections.
The radial and longitudinal envelopes are summarized in table fl. The entire tracker is surrounded
by a solenoid, which provides amagnetic eld of 2 T with the e Id direction parallel to the beam
axis. A typical track generates three space points in the pixel detector, traverses eight silicon strip
detectors (to give four space points) and 36 straw tubes.

The SCT consists of four concentric barrels for tracking at mid-pseudorapidity and two end-
caps which extend tracking to the forward regions. Each endcap is comprised of nine disks sur-
rounding the beam axis. The overall layout parameters are summarised in table B The basic
building blocks of the SCT are the silicon strip modules for barrels and endcaps [, A]. In the
barrel the strip direction is approximately parallel to the solenoid eld and beam axis; in the end-
cap the strip direction is radialy outwards and perpendicular to the magnetic eld direction. The
barrel sensors have a constant strip pitch of 80 um, the endcap modules sensors are wedge-shaped
and have variable pitch, which widens towards larger radii. Most modules consist of four silicon
sensors [H]: two sensors on each side are daisy-chained to give 768 strips of approximately 12
centimetres in length. A second pair of identical sensors is glued back-to-back with the rst pair

1The pseudorapidity isdened as n = In[tan(6=2)], where 6 isthe relative angle to the +z LHC beam axis.
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Figure 1. Schematic drawing of one quadrant of the ATLAS Inner Detector.

Table 1. Radial and longitudinal envelopes of the Pixel, SCT and TRT detector sections.

Pixe 455 <r <242 mm
jzj < 3092 mm

SCT Barrd 255 <r <549 mm
jZj < 805 mm

SCT Endcap | 251 <r < 610 mm
810 < jz < 2797 mm
TRT Barrel 554 <r <1082 mm
jZ < 780 mm
TRT Endcap | 617 <r < 1106 mm
827 <jzj < 2744 mm

at a stereo angle of 40 mrad to provide space points. The inner modules of the endcap disks are
shorter and consist of just two sensors with the same stereo angle. The module strips are read out
by 12 radiation-hard ABCD3TA frontend readout chips [@]. The readout ASICs are integrated on
a multi-layer Kapton-Cu ex circuit and are connected to the silicon strips by wire bonds. The
ex circuit is mounted above the silicon sensors in the barre | modules and at the end of the silicon
sensors in the endcap modules. The hit information is binary : only the channd address of a hit
strip isread out optically from each module side to the counting room; no analogue information of
the signal is provided during normal running.

The TRT barrel contains up to 73 layers of straws interleaved with polypropylene bres and
the TRT endcap consists of 160 straw planes interleaved with polypropylene foils, which provide
transition radiation for electron identi cation. Inthe TR T barrel the straw direction is parald to
the beam direction, in the endcap the straw direction is radially outwards. The barrel TRT [f] is
divided into three rings of 32 modules each, supported at each end by a space frame, which is
the main component of the barrel support structure. Each TRT endcap [g] consists of 20 wheels
with eight straw layers per wheel. In the endcap, the straw axis is radial and the anode wire is



Table 2. Layout parameters of the SCT Barrel and Endcap detectors.

SCT Barrel SCT Endcaps
silicon area[m?] 34.4 26.7
number of layers 4 barrels 9 disks/endcap
number of channels [10°] 3.2 3.0
number of modules 2112 1976
re resolution [um] 17 17
Z resolution [um] 580 580
pseudorapidity coverage jinj - 1.2 12 _jnj<25
radial coverage [mm] 299 <r<514 300<r<520

Table 3. Layout parameters of the TRT Barrel and Endcap detectors.

TRT Barrel TRT Endcaps
number of straw layers 73 2 160
number of readout channel 105088 2 122880
drift time resolution Xe [um] 130 130
drift time resolution Ar [um] 190 190
pseudorapidity coverage jnj - 1.0 10.jnj<20
radial coverage [mm] 563 <r <1066 644 <r < 1004

read out at the endcap’s outer circumference. Layout parameters of the TRT barrel and endcaps
are summarised in table §. Each straw is based on a4 mm diameter polyimide drift (straw) tube,
the cathode, and a 31 um diameter tungsten anode wire plated with 0.5-0.7 um gold. The wire
is supported at both straw ends by end-plugs. In the barrel the anode wire is eectricaly split
in two halves by an insulator in the wire middle. In the barrel both ends of the anode wire are
directly connected to the frontend electronics and kept at ground potential, while the cathode tube
isoperated a&  -1500 V. In the two endcaps only one end is read out. The TRT will operate in
the experiment at again of 2:5 10% with a gas mixture of 70% Xe + 27% CO, + 3% O,. For the
purpose of this test, the TRT was operated with argon instead of xenon as the active gas, due to
the high costs of xenon and complexity of recirculation and Itration of the active gas system. The
readout electronics [B] will measure the drift time of the primary ionization clusters to the anode
wire and, by applying two thresholds, alow the separation of signals originating from electrons.

This paper describes the nal tests which were carried out on the assembled SCT and TRT,
after they were integrated together to form the SCT+TRT barrel and endcap sections of the ID, and
before they were installed in the ATLAS experimental cavern. The combined tests reported here
were carried out from April to June 2006 for the Barrel detectors and from October to December
2006 for Endcap C detectors. Thetests mark the end of theintegration processfor the SCT and TRT
in the Inner Detector Integration facility at the ATLAS SR1 surface building. The pixel detector
followed a separate integration path in SR1, where the pixel barrels and endcaps were integrated
with the beam pipe and its support structure. The completed pixel detector was installed in the
ATLAS cavern after the mechanical installation of the SCT and TRT in ATLAS was compl eted.



Dueto the integration and installation requirements for the ID, the pixel detector did not participate
in the tests reported here.

The goals of the combined tests with the SCT and TRT were to test the noise performance of
the combined detectors, to verify the absence of crosstalk, and to obtain experience in combined
detector operation in preparation for pit commissioning activities. The performance checks con-
sisted of a series of noise tests with random triggers and calibration-mode noise tests, followed by
data taking to record cosmic ray tracks in the SCT and TRT. The detector sections used for the
tests were limited by the size of the test system available on the surface integration facility. In the
tests approximately one quarter of both the SCT Barrel and Endcap C were powered and read out
together with one-eighth of the TRT Barrel and one-sixteenth of the TRT Endcap C. Other sections
of the detectors were not cooled, powered, or read out.

The full ATLAS of ine software was used to analyze the cosmic ray data. Key parts of the
software were tested during the combined operation. These software packages, such as the moni-
toring, the reconstruction chain, and the calibration and alignment agorithms, will aso be used for
data taken with colliding beams. The reconstruction and analysis of the recorded tracks allowed us
to test the software chain and correct inconsistencies (e.g., in the detector description). The of ine
software was a so used to check if the performance of the detector (ef ciencies and resolutions) are
within speci cations.

2. Experimental setup

The tests described in this note were performed at the CERN Inner Detector Integration facility
a the ATLAS SR1 with the fully assembled SCT and TRT barrel and with one of the two SCT
and TRT endcaps. Speci cally, the endcap which is now instal led on Side C of the ATLAS
experiment was used.

Each SCT and TRT barrel or endcap was rst assembled independ ently. For the SCT this
process was carried out at different assembly sites, while for the TRT the entire process was under-
taken at SR1. The completed SCT barrel and endcaps were then inserted into the corresponding
TRT subdetectors.

For the insertion of the SCT into the TRT, the SCT was supported on a cantilever frame as
shown in the foreground of gure 2](left) for the barrel. Mean while the completed TRT was trans-
ferred into the nal support and lifting frame, which was als o used for the transport to the pit, and
which can be seen in the background of gure Z)(left). The TRT w as then guided on rails over the
SCT (shown in gure Z](right) for the endcap). During the move ment the alignment and concen-
tricity of the subdetectors were repeatedly veri ed, aswas the eectrical isolation of the SCT, TRT
and support tooling. The clearance between the barrel portions of the SCT and the TRT istypically
1 mm. After the insertion was completed, the SCT was positioned on rails inside the TRT with a
mechanical precision of 250 um and asurvey was carried out. The mechanical survey of the SCT
and TRT barrel shows a horizontal displacement of Ax=0.3 mm and arotation around the y-axis of
0.221 mrad of the SCT with respect to the TRT barrel.

For the nal tests on the completed barrel, two opposite sect ors of the SCT and TRT were
cabled and tested. The connected sectors comprised 1/8 of the TRT and 468 modules, equivalent to
approximately one quarter, of the SCT barrel as shown on the right side of gure 3] For Endcap C



Figure 2. Insertion of the SCT barrel into the TRT barrel (left) priortheir combined test in SR1. The right
photograph shows the insertion of the SCT endcap into thedriRitap before the SCT+TRT endcap were
tested together.

Figure 3. Left: photo of the ID Barrel setup for the cosmic test; rigtite con guration of module groups
chosen for this test.

one quadrant of the SCT, consisting of 247 endcap modulesl/d® of the TRT Endcap Wheels
A and B were connected to the supply and readout system. “MAieienotes the twelve 8-plane
straw wheels closest to the barrel (labelled 1 to 12 in guyexdd “Wheel B” the eight 8-plane
straw wheels farthest from the barrel (labelled 1 to 8 in gur. Care was taken to emulate the
nal setup in the pit, in particular for the service routingcadetector grounding. Detectors and
support structures were electrically isolated from eabletThe detector grounds were connected
together in a star-point con guration similar to the onelue tnhal con guration.

After the completion of the combined test of the SCT+TRT éladetectors, they were installed
as one package in the ATLAS cavern in August 2006. The SCT+ddglions of endcap A were
installed in the ATLAS cavern in May 2007 and the SCT+TRT is&t of endcap C in June 2007.
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