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ABSTRACT. The ATLAS TRT barrel is a tracking drift chamber using 52{54dividual tubular
drift tubes. It is one part of the ATLAS Inner Detector, whicbnsists of three sub-systems: the
pixel detector spanning the radius range 4 to 20 cm, the sewhictor tracker (SCT) from 30 to
52 cm, and the transition radiation tracker (TRT) from 56 @ tm. The TRT barrel covers the
central pseudo-rapidity regidn| < 1, while the TRT endcaps cover the forward and backward eta
regions. These TRT systems provide a combination of cootisuracking with many measure-
ments in individual drift tubes (or straws) and of electrderitification based on transition radiation
from fibers or foils interleaved between the straws thenese his paper describes the recently-
completed construction of the TRT Barrel detector, inabgdihe quality control procedures used
in the fabrication of the detector.

KEYwWORDS. Particle tracking detectors; Large detector systemsddigbe and astroparticle
physics; Transition radiation detectors; Particle idegtion methods.
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Summary

1. Introduction

The Transition Radiation Tracker (TRT) is one of the threle-systems of the ATLAS Inner De-
tector [1[2]. Itis designed to operate in a 2 T solenoidal meig field at the design luminosity of
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Figure 1. The ATLAS central tracker with the Pixel detector, SCT, aRiTTThe Barrel TRT spans the Z
region from 0 to 74 cm in this quadrant view. Part of the TRTeap SCT, and Pixel forward detectors can
also be seen in the figure.

the CERN LHCL = 10*cn?s™, in a very dense tracking environment with up to 10 events eac
25-nanosecond crossing. A view of one quadrant of the Ineg¢edor is shown in figurg 1.

The three main detector technologies of the inner traclkeslaown in the figure, starting with
the Pixel detector near the beam, then the SemiConductok@réSCT), and finally the TRT occu-
pying the outer region of the cryostat bore. The TRT sectidh@tracker is formed from a central
TRT Barrel detector and a forward and backward TRT Endcagctilmt The TRT Barrel provides
continuous tracking in individual axial drift tubes (oraitrs), and of electron identification via
transition radiation from fibers interleaved between thaves themselves. The TRT straw layout is
designed so that charged particle tracks with transverseantumpr > 0.5 GeV and with pseudo-
rapidity || < 2.0 cross about 35 straws (except for the Barrel/End-capitiamsegion). The TRT
Barrel covers the radius range 56108cm and has a sensitive region of total length of 144cm
along the beam direction, corresponding to a pseudo- tgpi@hige ofin| < 1. The full length of
the combined inner tracker is more that 7 m, and the maximumdrical radius is 1.08 m.

This paper gives an overview of the construction of the TRir@8aletector; the evolution of
the design and testing has been described in previous dotsifBe{2D].



Figure 2. The TRT Barrel assembly, showing the Barrel Support Systarpjnk. The Barrel Support
System supports and locates the two ends of each module.

2. TRT Barrel and component specification

The mechanical design of the TRT Barrel must satisfy manyirements, including the ability to
operate at high luminosity with high reliability, and, higiechanical rigidity while maintaining
dimensional stability with a minimum amount of materialugl a reasonable level of manufac-
turability. Modularity has been used throughout the deteit simplify manufacturing and quality
control, and to minimise at every stage the number of strdfestad by any failure in the overall
system. The TRT Barrel is divided into 96 modules of threeesymarranged in three cylinders of
32 modules of each type, as shown in fig[Jre 2.

The modules are supported at each end by the Barrel SuppsterBy{BSS). Each module
consists of a carbon-fiber composite cover or shell, annatearray of drift tubes, which are the
detector elements, and an internal matrix of polypropyfders - the transition radiation material.
The drift tubes (straws) were constructed from two layersavfductively-coated polyimide film.
They form an approximately uniform array parallel to the heaxis, with an average spacing of
about 6.6 mm between centers radially and tangentially.|d@ywut of the drift tubes was designed
to optimize the probability of the detection of transiti@uiation as well as to maximize the number
of hits along a track. A more detailed description of the laywill be given when the straw
positioning planes are discussed later.
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Figure 3. The three types of modules are mounted in the Barrel Suppste®. The orientation with
respect to the beam intersection area is shown to scale. rilimgular sections on the space frame are
radially symmetric.

Table 1. TRT Barrel Module parameters.

Module Inner Radius (m) |n| at Rmin | Layers| # Straws| Mass (kg)
Type 1 0.56 1.06 19 329 2.97
Type 2 0.70 0.89 24 520 4.21
Type 3 0.86 0.75 30 793 6.53
Total for Barrel 73 52544 439

A triplet of modules comprising a stack in azimuthal angleh(") is shown in figurd 3.

The three sizes of Barrel modules are sequentially mount&@ 'phi” sectors. Each module
is a quadralateral prism with front and back faces in a plareendicular to the local radial ray,
and sides that follow the close packing array shape of strapoximating a 30deviation with
respect to a radial line. This design was choosen to minithie@mount of dead tracking area for
high momentum particles. The resulting numbers of stravesah module are listed in talfle 1. The
mass listed in the table are for modules only, with no eledtor external services connected.
The total number of straws for all 32 sectors, and the totalswd the 96 modules is indicated in
the bottom line of the table.

The straw diameter was chosen to be 4 mm as a reasonable coisproetween speed of
response, number of ionisation clusters, and mechanichbparational stability. The straw an-
odes are 3um-diameter gold-plated tungsten wires at ground poteatidlthe straw cathodes are
typically operated at a high voltage of 1530V, correspogdma gas gain of B x 10* for the gas
mixture chosen, which contains 70% Xe, 27% £@nd 3% Q. To accomodate the high occu-
pancy rate at the design luminosity, the sense wires atdrsplalf by an insulating glass wire joint
and instrumented with signal readout at both ends. The nimerimost layers are further divided
into three sections with the middle section desensitizdnther reduce the rate. The design and
performance of the straw is described in detail in other duents [6[211[ 32], as is the evolution of
the active gas mixturg [L4].

The dimensional specifications on the TRT were set by thanements for the tracking preci-
sion to be optimized for the drift tube straw intrinsic regan of 130um. Multiple measurements
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Figure 4. Layout of a Barrel module.

in each module linking through the three module layers meguihat the position (radially and tan-
gentially) of each straw in a module be preciset#0um, and the position of each module end to
+50um. All mechanical components were constructed to satiggelglobal specifications.

Figure[# illustrates the layout of a Barrel module. The Bavoenponents will be discussed in
subsequent sections.



2.1 Barrel Support System

The Barrel Support System (BSS) is the key structural cormpbaf the Inner detector assembly.
It is comprised of two endframes connected together by agriand outer cylinder. The BSS itself
is supported on rails mounted to the inside of the ATLAS Ligirgon Cryosat. It is shown in
figure[2. The three layers of TRT barrel modules are suppatexich end by the endframes of
the BSS, and in addition the SCT barrel structure is supgdoyerails attached to the inside of the
BSS inner cylinder.

The BSSis required to have minimal temperature relatedrtish, and maximal strength and
stiffness since it determines the alignment of both the T&Tdd modules as well as the SCT. These
constraints were satisfied, as well as restrictions on thesraad radiation length, by building the
structure from carbon composites. The extensive perfocmaaquirements are given in CERN
Technical Specification documenfs][42] 43].

The open strut system of the endframes was constructed friamge carbon fiber laminate
disk, 21 mm thick, that was machined to produce the 2 metenetier triangular strut array.The
strut system permits access to the ends of each module, atltile same time giving high structural
stability. The 3 mm diameter module mounting holes on thdrantes ( two for each module end)
were machined to within 50m position tolerance from the hole’s specified position ssithe 2 m
face. The two endframes are glued to a 2 mm thick continuotisondiber laminate cylinder at
the inner radius forming the “spool” shown in figte 5. The B&% manufactured in Russ[a]23].

Individual modules were inserted from the outer radius amdevheld at each end by two
steel pins that pass through the precision drilled hole®énBSS and engaged a hole and a slot
machined at two opposite corners of each module end assemfisr module insertion, two 3
mm thick carbon fiber laminate half cylinders were attachedhe outside radius. The struts and
cylinders were covered by copper foil to increase the cotidtyc of the carbon fiber to form a
Faraday shield.

2.2 Shell specification and acceptance

The module shells were designed to minimize the thicknessifeass) of material while restricting
the gravitational sag to less than 4 in any module supported only at the ends. The module-
to-module shell separation was kept less than 1 mm, to awritboomising the uniformity of the
array of tracking points. The module shell also acts as a gawfatd for the flow of gas (C¢) that
flushes the outside of the straw drift tubes and ensurestibabhization gas mixture, containing
xenon, does not accumulate outside the straws through ek or diffusion. The flushing gas
also ensures that we have a dry, high voltage insulatingpgeside the straws. This flushing gas
enters at one end of the type-1 modules and passes serialigtha “phi” stack of modules exiting
at the opposite end of a type-3 module.

A module shell with the required 4@0n wall thickness was produced in by a carbon com-
posites manufacturer in Californip[24]. It was shown tdségtthe deflection requirements of a
maximum of 4Qum sagitta sag under full load in any orientation. The reqluitatness for the
shell walls was 25(m. The design of the shell was based on 8 layers (90,+45,04518,+45,90)
of XN50A carbon fiber in a balanced, symmetric layup using R&kin. This fiber was chosen



Figure 5. Barrel Support System without the outer cylinder halveschhiias attached after the modules
were installed.

for the very high thermal conductivity (2004 -K)) since the module shells are cooled along
two edges, and must provide an approximately isothermalgupc

At full LHC rates, the average ionization current generaiggaificant heat in the gas. The
heat generated is directly proportional to the straw cogntate and is estimated to be as high
as 10— 20 mW per straw at LHC design luminosity. To satisfy the basmuirements on straw
operation stability and gas-gain uniformity, the tempamatgradient along each straw should not
exceed 10C. To meet this specification and to remove the heat, Fludfdiquid is used to cool
the modules (and the front-end electronics). The liquicaissed through cooling pipes in the acute
corners of each module in order to maintain the Barrel-m®odhElls at an approximately constant
temperature. A thin-walled Kapt@ tube was glued in the two inside corners to hold the cooling
line in close contact to the wall. The thermal conductivifyttte shell material was measured to
be 57W/ (m-K). With the present shell material and the properties of tldatar, the internal
temperature rise at full luminosity is calculated to be lgss 5C above the temperature of the
cooling tubes. The calculation has been verified inGn®long prototype modulg [P1].

The module shells were produced by hand lay up of the fibermahtn three different sized



aluminum mandrels. A 50m Kapton layer was bonded into the module as the first layehen t
layup. This was used for ensuring gas tightness and HV itisnlaetween the shell and the straws
which are at high volage. Upon receipt at our assembly ditesiells were checked for overall
dimensions and thickness. The shells were cut to lengthd{idd) and penetration holes for the
straw alignment planes were machined in the sides.

The modules were scanned with a touch probe device on a greafite to verify overall
straightness and out-of-plane side panel deviations. h&lshell edges near the corner at each
side of the module were required to be within a specificatibA=@00um along the full length.
The flatness requirement was that the module sides (whicmacé less stiff) were required to be
extend no more than 5@0n from nominal, which is the stay clear distance for each rneadlihe
average module shell weights were 570g, 7129, 8929 for tYpRsand 3 respectively.

2.3 Straw alignment plane (divider) specification and accepnce

The wire offset with respect to the center of each straw tifie must not exceed 3@@n for
stable operation at the LHC. The maximum wire gravitatiosed at wire tension of 70 grams-
force is< 15um, so the allowed offset is actually a specification on thaigiitness of each straw.
In order to meet this centering requirement, the strawgitaess must be maintained over the full
length of the Barrel module to less than 308. It is the shell stiffness that provides, via the straw
alignment planes, the necessary alignment of the strawen gihat the gravitational sag of a fully
loaded carbon-fiber shell has been measured ta #éum in any orientation.

Five alignment planes are positioned 25cm apart along thetutao Each plane has a straw-
locating main sheet with two tabs on each edge (fifure 6). abe pass through slots in the shell
and holes in the tabs are held on an external alignment framéthen glued to the shell. The
aligment planes also function to maintain the shell walfiggrainder all loads, and so to strengthen
them. To make assembly easier, each divider is sandwichibdtwd or three sheets of 1Q0n
thick Ultem® film glued to one or two polystyrene foam spacers. Each steeah appropriaxte
pattern of holes; the main sheet in each divider has hoesish in diameter and two alignment
tabs on each edge. The other sheet or sheets are stiffertieianger holes and no tabs. Four of the
five alignment planes have a main plane, foam spacer, andtiffeeer sheet. The central plane
has a stiffener, foam spacer, main sheet, foam spacer, aoddsstiffener, for symmetry.

The Ultem sheets and foam parts were wet machined by a medisstrument manufac-
turer [25]. The perimeter features and the holes were wehmad in stacks of Ultem. Calibration
testing had determined the expansion factor during wet machfor each type of sheet(1.004).
The machined sheets were washed and dried at an assembpnsitehecked for dimensional cor-
rectness by measuring the 4 corner positions with a Zeigsabmoordinate measuring machine
with 5um accuracy. The planes were then assembled at another dgsémb

Following assembly, each hole of each divider was inspaaséty a microscope to ensure that
clearance was maintained and that the sheets were propeely @ the foam stiffeners.

2.4 Radiator specification and acceptance

The transition radiator material which completely surmsithe straws inside each module consists
of polypropylene-polyethylene fiber mat about 3mm thjcK[Zghis material had been chosen after
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Figure 6. A straw alignment plane (divider). This figure shows a diviide the Type 2 module. The external
tabs are for alignment only. They extend through small hinlélse shell and are cut off after the divider is
glued to the shell.

an extensive series of tests with prototype modules in CEB&R]. The fibers are typically
19um in diameter and are formed from polyethylene clad polypiee material. The fibers are
formed into fabric plies with 3mm thickness and a density lof OOGg/cm3. The absorption
length for the lowest energy photons of interest (5 keV) sl 7 mm in the radiator material.

The fiber material was delivered as rolls 0.4 meter in widthe Tadiator fiber sheets were
formed by stamping the pattern of straw holes into the fibeeth Three die sets that accurately
cut the several hundred holes and the edges were producemdagion stamping comparly |27]
punched the 50,000 fiber mats necessary for the TRT BarralllAehgth module contains about
500 such pieces. The hole pattern is identical to that shaewiqusly in figurg[p for the divider
planes, except that the holes in the radiator material w&eun in diameter.

The radiators were produced over a period of two years bytémemng company. When a set
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Figure 7. Upper plot is a transparent view of the HV plate showing H\¢uits. Lower photos are front
and back view of a HV plate before bending the HV Kaptons. &l&ft hand photo one sees the thin plate
inserted into the well of the thick plate and in the right haoibto one sees the Kapton HV feed on the
reverse side of the thick plate. Connection between the 4 fand the thin plate is made via the capacitor
socket.

of radiators arrived, they were accompanied by a test stagrgiieet, so that obvious errors could
be spotted quickly.

The boxes of radiator, each containing a known number, weighgd and sorted by density.
Due to variations in the manufacture of the fiber, storage @mpaction, and handling during
stamping, the density varied considerably. However, eligbundles of mats were sorted and
shuffled to produce more uniform density. These bundles weyduced at one of our assembly
sites and distributed to all sites for insertion into the oled during assembly. Each of the bundles
fit between the divider plane sections. The average weiglhefradiator in each module was
1.12Kkg, 165kg, 259Kkg for types 1, 2, and 3 respectively, with a variation-c2%

2.5 HV plates

The high voltage (HV) plates bring high voltages from outside module into the straw cathodes.
They also play an important role mechanically for the moditacture and alignment. Figuff 7
shows a drawing and photos of an assembled HV plate. The Hi¢ Hamade of three main
components as described below.

2.5.1 HV feed

The HV feed is a Kapton flex circuit[R9] that plugs into thedusoxes and carries high voltage on
a number of copper traces embedded in between layers of Kaftach trace goes to a surface-
mounted 47kQ, 2.0mmx 1.3mm size filter resistor and is then connected to a pad thaptca
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socket for a capacitor to return cathode signal current &bognground. The HV feed is made in
three different layers. The center layer consists gfiB0Kapton sheet with 3m rolled copper
on each side. The two outer layers areu®b coversheets of Kapton with 26n acrylic bonding
adhesive. The circuits were chemically etched on both sifidse center layer. Then, the part
of each trace that will be in contact with the fuse boxes wéecteely gold plated. No nickel
or nickel flash were permitted before gold plating due todraacking problems that developed
during bending of early versions.

2.5.2 Thick plate

The thick plate is a tray shaped FRF4|[36ructure precisely machined to mate between the tension
plate and the shell and carries series of precision holandanting the module in the space frame,
for holding the straws in their positions, and for the feewtigh of the module cooling tubes.

On the outer perimeter, the side facing toward the radiatstidit properly inside the module
shell while the other end facing toward the space frame nmauappropriately sized to not interfere
with neighboring modules. The stated tolerance for outeinpter dimensions is-0.0mm and
—0.10mm per side.

The inner perimeter of the HV plate must allow clearance ieredge straws while simulta-
neously allowing clearance for the cooling tube holes wigiehetrate the HV plate at the acute
corners just outside the inner perimeter. The stated toderfor this inner perimeter’'s dimensions
is £0.03mm.The distance between the HV plate and the tension glataces is 5mm and must
be controlled to provide proper clearances for mechaniodledectronic components in between.

A major function of the HV plate is to locate each straw witkttie module. This is done by
holes in the thick plate through which the straws pass. Thess, as well as the holes through
the HV feeds and the thin plates (which are larger than thesbirough the thick plate) must be
aligned during assembly to allow subsequent insertion@&traws during module assembly.

The thick plate holes are located relative to the fixation lpites/slots at the acute corners.
These holes/slots fix the relationship between the moduldgtee attachment to the TRT Barrel
Support System.

Table[? lists the machining tolerance for the straw holesthadixation holes/slots. The final
precision on straw location requires that the deviatiornefdense wire from the center of the straw
shall not be more than.®mm [31,[2]. An accumulation of tolerance limits the allownalgircular
variation of straw hole-positions relative to the fixat@ignment holes. The tolerances listed in
table[2, combined with the twister, sleeve, end plug, amalstolerances result in an expected
variance of wire center position of @m. This represents the part of the accumulated tolerance
that can be allowed to HV plate assembly.

During production the thick plate hole positions were syegeusing a non-contact optical
measuring maching¢ [28] and compared to the theoreticabsahefore they were assembled into
HV plate.

1FR-4, an abbreviation for Flame Retardant 4, is a type of riztased for making a printed circuit board,
[http://en.wikipedia.org/wiki/FRA.
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Table 2. HV plate machining tolerance.

Parts Tolerance
Straw hole diameter +0.03mny —0mm
Straw hole position 0.075mm radius
Fixation slot width +0.03mny —0mm
Fixation hole diameter | +0.03mny —0mm
Fixation slot/hole position +0.03mm

2.5.3 Thin plate

The thin plate is a @ mm thick single-sided FR-4 printed circyit[29] which dasrpads that con-
nect each group of eight or seven straws to each other andapagitor-socket hole. This hole
is aligned with a hole in the thick plate and the capacitaksb hole in the HV feed. A capacitor
socket passes through all three pieces of the HV plate argbiarid bottom soldered to connect
traces on the HV feed to pads on the thin plate.

2.5.4 Assembly of the HV plate

The three parts of the HV plate, the HV feed, the thick plate ttwe thin plate are first glued with
Araldite® 2011 epoxy. Then, the resistors are soldered to the HV fewtithee capacitor sockets
are soldered to the thin plate and the Kapton circuit. Thesf#ghe HV feed are then bent 90
following the edge profile of the thick plate. This foldingdsne by heating and bending the Kapton
on a 250C heating block. The heating block is machined to match tlge guofile of the HV
plate. After bending to 90the Kapton is clamped against the heating block to cool dawhen

the temperature reaches below 100the clamp is opened and AY103 epoxy is applied between
Kapton and the thick plate. The assembly is then clampedagal the epoxy is allowed to cure
overnight as it gradually cools to room temperature. Elegltrcontinuity is checked between the
Kapton feed and the thin plate sockets to ensure no breakagwydhe bending process.

2.5.5 HV stability

The electrical stability of the HV plate is characterizeditsyleakage current, the micro-discharge
rate and the breakdown voltage under high voltage.

The leakage current measurement is repeated several tiomedriice to trace and from trace
to shield during module production, and is required teo80 nA at 3000V in dry air.

The micro discharge rate was sampled for a finished HV plateveas determined to be
< 0.01Hz at 5 pC threshold under 3000 V in dry Nitrogen.

Destructive breakdown voltage test was not carried out dashigd HV plate, however, the
HV plate operates at 3000 V in dry air without problem. Disges sometimes occur due to
contamination on the surface and can be eliminated by cigani

2.6 Tension plate

The tension plate is a 2-mm thick double-sided printed ditwoard made of FR-4. It provides wire
fixation mechanism using eyelets and taper pins, and, cadbiith the HV plate, forms a beam
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Figure 8. Tension plate and HV plate at module end.

structure that transfers wire tension to the carbon-fibeH simd the straws. In addition to taking
the wire tension, the tension plate also serves as theantetietween the module and the outside
world. The empty space enclosed between the tension pldttharniV plate is a gas volume. This
volume buffers the ionization gas from external pipelinge individual straws. The printed circuit
traces on the inside of the tension plate brings signals finode wires to an array of sockets on
the tension plate. These sockets are where the externaéioglies is connected. The outer side
of the printed circuit is a ground plane which provides sigedurn for the straws through HV
blocking capacitors connected to the HV plate. The grouadéehlso serves as the analog ground
for the external electronic§ [31]. Together with the shiék tension plate is also part of a Faraday
shield for the module. Figuf¢ 8 shows a cross section viewefension plate region and its related
components. The tension plate includes the following camepts:

2.6.1 Eyelets and taper pins

The eyelets are Stimpson stock item A1994 flat flange eyéléistaper pins are custom machined
part [3B] to fit the eyelets, 3.43 mm long with a taper of 37 mmButh eyelets and taper pins are
made of brass and gold plated. A crimping mechanism is uskmide the two brass pieces against
the tungsten sense wire during stringing of the module. Tduk lof the taper pin is machined

with a blind hole. This is to reduce material and to faciétaétandling and removal if needed. The
diameter of the blind hole, 0.71 mm, is made to the tap sizetdf screw so that a steel screw can
be threaded into the taper pin and grab it for extraction.

2.6.2 Capacitors and capacitor barrels

The capacitor barrel provides a pocket between the tendaia and the HV plate that allows a
capacitor to connect to the HV plate without disturbing theization gas volume. In the case of a
capacitor failure, the capacitor can be replaced withouinigato open up the tension plate which
would require cutting all the anode wires. The capacitorddsy distributed across the tension plate
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surface, also serve as spacers to maintain distance betiaeetmo plates and transfer wire tension
from tension plate to the HV plate. The capacitor bairdl [83hade of Ultem 1000 with a double-
sided pin glued at the end for electrical connection. Thebtisgided pin is gold plated brass and
designed to fit the sockets on the HV plate on one end and tlketsoan the capacitor on the other
end. Because the capacitor barrel is part of the ionizatEsnegiclosure, each assembled piece was
tested with 1.4 bar dry air and submerged in water for 5 sechégk for their gas tightness.

The capacitor is 875 pF NPO/COG type in a®mmx 3.0mm size package. A reduced
length Mill-Max PGA socket is soldered on one end of the capaéor connection to the double
pin. A custom made bent pin is soldered on the other end farexdion to the tension plate ground
socket. Both sockets and tail pins are gold plated brassnJuore reliability the capacitors have to
withstand a burn-in at 2750V in dry air for 10 days. In thigtabout 02% of the capacitors showed
signs of breakdown and were rejected. The final capacit@enalsly is coated with Hysol PC18M
urethane coating to protect against contamination and dityniThe capacitors are not installed
until the module is complete and ready for operation. Atheytare installed, a thin layer of AY 103
epoxy is applied over the opening of the capacitor barretitbradundancy to the gas seal. This thin
layer of epoxy can be removed with a small tip solder irorn'sfriecessary to replace a capacitor.

2.6.3 lonization gas fitting

Each tension plate is equipped with four ionization gasntiti [3B] near the four corners. The
gas fittings are machined from Ultem 1000. The gas fittingsseatthe HV plate and shoulders
against the tension plate. The fitting is hollow and threaatethe tension plate end for adapting to
external gas lines. Three openings in the gas fitting neatdthplate end, 120angle apart, allow
the gas to flow into the ionization gas volume uniformly. Irrmal operation, only one diagonal
pair of fittings is used on a tension plate. The other 2 areedegh as spares. On a module, the
opposite pair of gas fittings are used on each side of theoemate to force a more uniform gas
flow through the straws.

2.6.4 Pre-assembly of tension plate

After the bare tension plate is made and cut into shape, #letsyand sockets are soldered. When
soldering the sockets, they are held by a mock up electrdrtiasd so that the socket arrays will
fit for the electronics to plug in. The capacitor barrels dmel gas fittings are then glued to the
tension plate from the inner side. This glue is cured with aching HV plate plugged into the
capacitor barrel pins and the gas fittings seated to ensatdhé glued components will fit their
mating parts. After soldering and gluing, the componenttherinner side of the tension plate are
coated with a layer of sealing glue (AY 103) to ensure gadriggs. Figurg]9 shows pictures of the
various tension plate components.

2.7 Straw drift tube

The finished drift tube consists of a conducting ‘straw’ tubense wire supports at either end
and the centre, plus the sense wire with an insulating jeistjescribed in the TDIR[2], p. 653.
Details of the design and the performance of the drift tulsedascribed in a separate pagdet [22].
Mechanical assembly is described below.
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(a) Taper pin, eyelet, socket. (b) Capacitor barrel, capacitor. (c) lonization gas fitting.

Figure 9. Tension plate components.
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Figure 10. Wire support drawings and photos. In the photo: Left - a bare support (twister). Middle -
embedded in a cylindrical sleeve as a centre wire suppoghtRiembedded in a flanged sleeve as an outer
wire support.

2.7.1 Center and outer wire supports

The center and outer wire supports are designed to keep winesecentred in the straw. The wire
supports must not obstruct the flow of the ionisation gasgtiinough the straw, and must allow
installation or removal of the sense wire during module troction.

Wire supports consist of a twistgr]34] and a surroundingetdisleeve[[35]. The twisters are
cut from an Ultem rod with a machined helical groojd[36]. Tepth of the groove is 2%m
greater than the radius of the rod, forming &0 diameter hole along the axis. The length of the
twister is 7.7mm, a little over one pitch of a helix 6.88mm,tBat the sense wire is constrained
radially in all directions.

Figure[IP shows drawings and photographs of wire suppotts fifiished centre wire support
is glued in a sleeve to provide an uniform surface for glumthe inner straw wall. The outer wire
support is embedded in a sleeve with a flafigk [33] to faalitainductive gluing from the straw
end to the HV pad on the HV plate.

2.7.2 Straw preparation and acceptance

Reinforced straws arrived at the U.S. preparation sitesatiches from reinforcement sites at
PNPI [37] and Dubna[[38], sorted according to straightnessh straw was 1.65 m long. About
64,000 straws were processed.
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Figure 11. Glue dispenser in cut-away straw.

Figure 12. Center wire support in cut-away straw showing cured glue.

Since the centre wire support is not at the precise centieeddttaw (it is offset fromr| = 0),
each straw was first marked with a water-based latex paimieead, to establish its orientation.
Next, each straw was cut with scissors to a length of appratdiyp 1.48 m, about 4 cm longer than
the final length.

The next step was to glue in the centre wire support. This was by batch in a jig. First, a
drop of glue was placed by an glue dispenser at the centrecbfetgaw. The dispenser was a glue
reservoir at the end of a long stainless steel tube. Figlishaws the dispensing tip in a cut-away
straw.

The glue-dispensing process required careful adjustnfetip distance from the straw, glue
viscosity, air pressure, pressure pulse length, and sgaedchoval from the straw. Without correct
adjustment, drops of glue can be left in the straw in the seagiegion. (This did occur in initial
production, and led to the addition of a final quality assaeastep: visual inspection of the inte-
rior.) Centre wire supports were then pushed down each stvanthe glue drop (figufe [L2). After
a short time the straws were removed from the jig and allowexlite.

The next stage was to check the straws for leaks. This waswitm@n automated version of
the leak-test system described in the TIPR [2], p. 660. Artefasr seal was inserted into each end
of the straw and expanded against the inside with a supgartifar on the outside. At one end, a
central tube allowed the straw to be pressurized with dryoa@tbout 5 mbar. After a short time to
allow the gas to come to equilibrium, the pressure was medswer an interval of two minutes. If
the pressure fell at rate corresponding to a leak rate ofg@rédaan 1 mbar/bar overpressure/min, the
test was registered as failed. It would then be re-testedrafvsan be re-tested up to three times

—17 —



before it's rejected. Repeated tests were allowed bechasseling mechanism was imperfect:
the interior winding of the straw created a spiral channat ttould allow a leak. Overall, about
0.1% of straws failed this test, but that may have been dueabfailure, not straw leaks.

The design of the Barrel modules required that the strawe wka precise length: the end
wire supports in each end of the straw had to contact the H¥é @ad not interfere with other
components. The straw was cut to its final length, removiegptrt that had been in contact with
the leak-test seal, in a cutting machine modelled after tiged@scribed in the TD][2], p. 680. The
production machine had rotating bypass shears made oftemgarbide. The straw was mounted
with a spacing rod inserted to position the centre wire stipguad the cylindrical internal ‘blade’
inserted into the ends. Clamps then held the straw in pladie Whvas rotated so that the external
blade cut the straw.

The length of every straw was assessed in a measurementrjgaigligital dial gauge. The
nominal straw length was 1440+ 0.25mm. Figurd 13 shows the length assessments for about
65,200 straws, in terms of deviation from a nominal settifige jig was set by indirect comparison
with an Invar bar in combination with shims. One assembly siade and calibrated the Invar bars
used by the other sites. A carbon-fiber rod with metal tipsthas used to transfer the appropriate
length from the bar to the measurement jig.

In addition to the length assessment, the position of theeevire support was checked after
the final cut.

The final step before packaging was interior inspection efghuing side of the straw. This
was done with an endoscope, about 2 mm in diameter, attaotee@ €TV camera with the image
displayed on a monitor. Straws with glue drops or other ifgmtions were rejected. Finally, the
straws were packed in sealed polyethylene bags, with tleh ler code attached, and shipped to
assembly sites.

2.8 Signal wire

The straw anode was a Rin gold-plated tungsten wire. This wire was produced by Tushi the
Yokohama, Japan factory. The base wire material was pur@399 tungsten with a density of
19.22 g/cm3 and was plated with pure gold. The thickness of deposited\wak 05 m minimum
to 0.7 um. No nickel additives to the gold or nickel-flashing of theengurface before gold plating
were allowed.

Requirements on electrical stability for high rate op@mtigas gain uniformity for Transition
Radiation function, and radiation hardness for LHC envinent imposed very stringent require-
ments on the quality of the wire and its production proces3é® wire ellipticity corresponding
to wire diameter variation was required to be less th&%. The finished, gold-plated wire was
required to have a tensile strength 70800 MPa.

The base wire had to be free of cracks, splits, or other deféictvas electrically polished to
provide a smooth surface free from any pollutants and alssfully treated using light electrolytic
cleaning to eliminate all traces of oxides and other posgilallutants immediately prior to gold
plating.

The gold plating was required to be smooth, uniform and fifegefects. Specifically, holes
in the plating, poor adhesion, flaking, peeling, deep shestcand blisters were not acceptable.
The wire cleaning procedure following the gold plating @es is critical. It ensured that the gold
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Figure 13. Straw length checks. The shift in the first 120 days is due tasacalibration of 0.15 mm.

surface is free from any chemical residue. No mechanicalrtrent of the wire surface was allowed
after gold plating. This also implies special requiremdatsleanliness and surface quality of all
the parts of the set-up that are in contact with the gold qdasurface during the gold plating
process and the respooling process.

The wire was wound onto clean aluminium spools approxigat@bmm ID x110mm OD
x20mm height. Each spool typically held-34km of one continuous wire.

The wire was extensively inspected upon arrival using arsogrelectron microscope (SEM)
at North Carolina State University (Raleigh, NC). Typigakiges from these inspections are shown

below in figure Th.

2.9 Wire joints

Due to the high occupancy of the straw tubes, especiallyvatRoit is necessary to split each
sense wire into two electrically isolated wires, with eading read out from the corresponding
end. To achieve this electical split, each sense wire ciengitwo wire sections joined by a length
of glass tubing[[39]. The pre-cut tubing, before any meltisgs mm long with an inside diameter
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Figure 14. Two images of accepted gold plated tungten sense wire uhetgran microscope.

of 0.127mm, and an outside diameter o284 mm. The glass, Kimble EN® type, was chosen
for its superior bond strength when fused to metal. The ce®&mm of each glass tube was
first fused in a methane-oxygen flame to form a ball to preveatsubsequently inserted sense
wires from becoming electrically connected and to aid inalignment of the tube in the wire joint
tooling. Each center-fused tube was inspected for commste of melting and straightness. To
make wire joints, the sense wire is unspooled and cut neaethter of the wire joint jig. The glass
tube is held in the jig and the cut ends are fully inserted simpped by the fused center and then
fused by a pair of flames into the tube. The wire is then takebyug spool so that the next cut
is made 2m from the previous wire joint. This produces a contils batch of sense wire with
sufficient extra length to allow for handling during modutdrgjing. The finished length of each
wire joint is in the range ® — 5.5mm. Each wire joint was visually inspected for completenes
of melting, and periodically wire joints were tested by altiag to a force gauge and pulling to
destruction. Properly made joints are stronger than theeseire itself, so the wire breaks at 200g
of pull rather than pulling out of the tube or the glass bregkiThis is~ 3 times the maximum
tension that the wires will have in the modules. For the ssratthe smallest R, i.e. those in the
first nine layers of each Type 1 module, the high occupanayiresthat approximately the center
third of the wire not being read out. For this case sense wiere produced with two joints per
wire, spaced apart to create an 80 cm dead segment as shownre[#i(a). Figuré 15 shows a
completed wire joint.

2.10 Preparation and acceptance of components

An important aspect of the manufacturing process was thefstiin prototype methods to series
production with consistent quality assurance procedufesachieve a degree of uniformity, most
or all of several kinds of components were prepared at aesiiagility at Hampton University and
shipped to assembly sites at Duke University and Indianaeysity. These parts included straws,
wire supports,dividers, shells, HV plates, tension plagés. A total of about 500,000 parts were
processed, a database being used to track parts and batnbes, guide the preparation process
— instructions for each procedure were presented to thaitgiah on a screen and a response was
required on the completion of each step. Bar codes on iterhatohes were recorded so that there
was assurance that processing and assembly procedurefiimred.
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Figure 15. From the bottom up: a pre-cut glass tube, a center-fused glae, and, a glass wire joint fused
to two sense wires. The fused center of the glass tube peetleattwo wires from touching each other.
White mark on top is a ruler in mm scale.

2.10.1 Common preparation processes

There were common features to the preparation of many partisyarly in cleaning and gluing.

Cleaning of small parts made of metal or Ultem (twistersevginpport sleeves, capacitor bar-
rels, taper pins, etc.) was done via ultrasonic cleaningguai2% solution of Micro-90 detergent
in distilled water. Following this cleaning, the parts wereed in distilled water until the conduc-
tivity of rinse water was not distinguishable from that oftdied water. The parts were then dried
in an oven at 110-120C for 45 minutes, spread out on a tray in a single layer.

Assembly of composite parts (e.g., wire supports, dividaras done with an appropriate
epoxy. To speed up production, epoxy was set by baking the pasuitable jigs for 1.5 hours at
60 to 65 C.

Specifications and quality control tests for small partseearFor wire supports, samples from
each batch were tested for adhesion of the twister to theesley applying a longitudinal force;
the glue joint had to support a load of more than 9 kg.

The brass taper pins were finish plated witB1m of 99.7% gold (130 Knoop hardness) over
2.5um of nickel, and over B um of copper base plating. Quality control was by visual icsipa
of completeness of coverage. A similar specification wasd f@ethe tension plate eyelets.

3. Electronics and services

3.1 High voltage

High voltage is supplied to the TRT Barrel from power supplie the electronics room through
~ 100m of cables divided into 3 sections. The last sectiorissteom the outer edge of the Barrel
and distributes HV to the modules through sets of fuse bokaeh fuse box is a two-half FR-4
shell enclosure containing filter circuits, fuses and gpdantacts for direct connection to the HV
feed in front of the modules.
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Figure 16. HV cable routing and fuse box connections to the modules. fi&ig boxes for 1 stack of 3
modules are bundled into 1 HV connector at the outer edgéofindpf the Barrel.

A Barrel module has two HV feeds at each end to receive higtage| however, fuse boxes
and HV are only supplied to one end of the module. The two H\d$emn the other end are used
as spare and protected by empty FR-4 dummy fuse boxes. Reiaduammy fuse boxes alternate
between neighboring modules and split HV lines equaly betwtbe two ends of the Barrel. The
wiring and fuse boxes are designed such that if one end of allmb@s a defect and is unable to
receive HV, the other end can be used by swapping cablestwitieighbors. Figurg IL6 shows fuse
box connections on the modules.

3.1.1 Fuse box design and HV granularity

Inside each half of a fuse box is a 0.15mm thick double-sid@atgd circuit board glued on to
the FR-4 casing and holding all the components as shown ireffji. The HV mini coax cable
entering the fuse box first goes through a filter circuit cstirsy of 1KQ resistors on HV and return
lines bridged by a 875 pF HV capacitor. The filtered reture linen goes to a spring contact that
will connect to the analog ground of the electronics. The k¢ boes through fuses to the spring
contacts that will connect to the module HV traces.

The fuses are 5@ and custom designefl 40] to withstand occasional chambehaliges and
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power supply trips. When there is a broken sense wire andug® Has to be disabled, a special
HV pulse is injected from the power supply side to blow theefus

The nominal TRT operating voltage is 1530V. The fuse boxege@guired to hold 2 kV with
a leakage current less than 50 nA per HV line. After soldegind cleaning, they are baked and
coated with urathane conformal coating to reduce surfaadabge current.

The HV granularity is a trade off between cost, performanttalerance in losses:

1. In order for the straw gas gain to be uniform across thedBatre voltage drop over the fuses
and filter resistors due to current draw in the straws can eahbre than 7 V at the design
luminosity. This sets an upper limit on how many straws cafetddrom a fuse or a HV line.

2. In case of a HV failure inside the detector, e.g. a brokeseevire, we want to minimize the
number of straws that have to be shutdown by a fuse. This nuimbetermined to be 8, and
is implemented on the HV plate which groups 8 straws to shaedmce on the HV Kapton.

3. To minimize the cost, a HV power supply should drive as mstngws as possible up to
a limit either set by the number of straws or the current drBased on the power supply
specification, the nominal load assignment to a power supllyosen not to exceed 1.5 mA,
and, the maximum number of straws is chosen to be less than 100

With these criteria, GEANT simulation was used to estimateant draw on each fuse at projected
LHC luminosity. The fuses are then grouped to share HV powmaslwithin the current limit.
To simplify fuse box production and installation, symmeigytaken into account, and, the fuses
are grouped such that one fuse box layout can be used on adistbfoHYV Kapton positions in a
module. The results are 6 lines for a type 1 module, 6 lineafgpe 2 module, and 10 lines for a
type 3 module. The number of straws each line drives ranges 48 in a type 1 module to 96 in a
type 2 module. Type 3 module was assigned a uniform 80 stramng for simplicity, despite its
lower current draw{[41]. The HV circuit and a picture of thgdat with fuse grouping is shown in

figure[1f.
3.2 Electronics

The basic front end electronids [31] for the TRT Barrel isesolatically the same as the electronics
for the TRT End Cap - an ASDBLR (Amplifier, Shaper, DescriniimaBase Line Restorer) analog
signal processing chip followed by a DTMROC (Drift Time Maasment Read Out Chip) time
measuring.

The 8 channel ASDBLR ASIC in DMILL technology [B2] perfornteetamplification, shaping
and base line restoration. Itincludes two discriminatorg at low threshold for minimum ionizing
signal detection and one at high threshold for transitiatiatéon detection;

The 16 channel DTMROC in commercial 0.25m CMOS technologyopas the drift time
measurement (3 ns binning). It includes a digital pipelioeHolding the data during the level 1
trigger latency, a derandomising buffer and a 40 Mbits/mbiterface using LVDS (Low Voltage
Differential Signaling) for the readout. It also includég ihecessary interface to the timing, trigger
and control as well as DACs to set the ASDBLRs thresholds estdoulse circuitry for mimicking
analog inputs to the ASDBLRs. These ASICs are housed on-&dtboards attached to the
detector. Details of this electronics can be found in the BREtronics publicatior [31].

— 23—



Spring
Contact

(a) The fuse box layout for module types 1, 2, and 3 from lefiigbt with fuse grouping indicated in
white and current draw ranges in black.
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(b) Schematics showing HV circuit.

Figure 17. Fuse box and HV circuit layout.

—24—

710¢c0d € 1SN I 800c



3.2.1 Protection boards

Physical connections of the anode wires and the tensioe platund reference to the front end
electronics is made via a small 22 pin "protection board".cHEprotection board connects 16
anodes and 6 signal returns using 0.5 mm diameter gold ptaites$ pins in a common physical
pattern repeated across the faces of the modules. The qunsefor each protection board have
PEEK? standoffs to ensure a common mating height for all the ptiole®oards on a module. The
outer surface of each protection board has a miniature 56quinector for connection to the front
end electronics boards. The 50 pin connector has enoughaterd allow each anode signal to be
accompanied by a "dummy" signal from the protection boartbupe front end and the ASDBLR
inputs and for each pair of anode and dummy to be separatedigyal return trace. The remaining
surface area on both sides of the protection board is usedtmtna limiting resistor (24 Ohms)
and a clamp diode for each anode signal to provide additipraaéection for the ASDBLR inputs
against electrical discharge.

The other function of the protection boards is to allow a na@ital degree of freedom for at-
taching the front end boards to the modules - even the srafiéise front end boards has ten pro-
tection boards, 220 brass pins that would be difficult torinsienultaneously and the largest front
end board has 594 pins. The 50 pin connectors themselvesipsame 300 microns of mechanical
compliance which adds to the degrees of freedom for eachichdil protection board and yields
a mechanical system that allows a surprisingly easy andbielimanual insertion of up to 1350
individual connections between the largest front end baeadlits ensemble of protecion boards.

3.2.2 Front end boards

The front end electronics for the TRT Barrel has physical #nedmal constraints that are tighter
than those for the Endcaps, thus the Barrel final front enddodesigns turned out to be signifi-
cantly more challenging. Instead of a two board design feE&hdcaps which allows some physical
separation of the ASDBLR analog and DTMROC digital ciragitroth chips were combined on a
single physical triangular substrate. More details carobed in [31].

The readout is segmented in 32 stacks in “phi” to ease thé2avigiger task of data retrieval.
The readout uses 40 Mbits/s electrical LVDS links to patchepdoards (PP2) located up to 13
meters away just after the first muon chambers. Furtherlgletaput the back end electrinics and
the off-detector DAQ can be found ip [31].

3.3 Cooling plates

The electronics as well as the modules themselves need &Heat removed from the detector
area. This is accomplished by circulatingRg4 (Fluorinert) from a central cooling plant to four
distribution racks located near the detector and throughrtbdules in the detector. For the design
and tests of the cooling system it has been assumed, witlgbrafisafety margin, that FE electron-
ics generates 100 mW/channel. This heat is removed by ctoddmom surface of the DTMROC
chip directly to an aluminum cooling plate attached to eatthe electronic roof boards. The
Fluorinert is carried by a cooling manifold from the outsidelius of the BSS to the modules. In

2PEEK, Polyetheretherketone, is a thermoplastic with extiimary mechanical properties,
[http://en.wikipedia.org/wiki/PEEK.
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Figure 18. Exploded View of Cooling plate.

order to cool the modules themselves, which can produce 6Wémodule at highest luminosity,
the Fluorinert exits each cooling plate and passes alongetiggh of the module to the opposite
end before being carried away by a manifold to the outer sadfuhe BSS and ultimately back to
the pumping station. There is a module cooling tube insidestiell in each of the acute corners of
every module. This module cooling tube is made of 3mm PEEKiswdnnected to the electronic
cooling plate at one end, and exits via the manifold at therathd. The nominal entrance temper-
ature of the fluid is 15C, and the fluid flow is set to have a maximum temperature iserefless
than &8C at the return.The cooling plate itself is shown in figure 18.

The cooling plate is made from two triangles of aluminum wvatbhminum input and output
connections. All components are bonded with epoxy - Epibé2@l The top plate is machined to
produce a path for the cooling fluid directed over the topshefelectronic chips. For increased
protection against de-laminating, the two plates are eéivéh numerous places as well as being
glued. All plates were tested for tightness at 10 bar. Theinahoperating pressure is about 3 bar.

The specifications for leak tightness wasl00 l/year for the entire manifold and plumbing
system. The leak rate in any cooling plate was too low to nreasiwas expected that the major
loss would be in the interconnects of the manifold and plunglmonnections. The cooling plates
and manifolds have a total volume of about 3 liters while thanbing ditribution lines from the
racks in the cavern is more than 200 I. The coolant flows arémi6 for a type 3 module and 0.5
I/min for type 1 and type 2 modules.

3.4 Active gas, flushing gas and manifolds
3.4.1 Active gas

The active gas for the straw drift tubes is Xe(70%), LZT%), &(3%). This gas is supplied
through two ports at one end of each module, and exits frompwvts on the other end of each
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Figure 19. The cooling and active gas manifold for an 1/16 “phi” sectiutive gas (five leftmost fittings)
and cooling fluid (the next four fittings on the right) are sliggbfrom the large radius fittings and distributed
to the three layers of modules.

module. The gas volume within the module itself is the vollmeeveen the tension plate and the
HV plate and the straws themselves. For the three moduls tiygenominal flow rate is 110 cc/min
for type 1, 170 cc/min for type 2, and 240 cc/min for type 3, evhiesults in about one volume
change per hour. The exit gas is recovered, cleaned andulztiad.

3.4.2 Barrel manifold

At each end of the Barrel there is a PEEK based manifold thaiesaactive gas to each module.
For the innermost modules (type 1) one manifold line feeds nvwodules in parallel. The active
gas lines are part of the Barrel manifold shown in fiuie 1% attive gas and cooling manifolds
are physically grouped into a radial network that links thpmy line at the outer BSS radius to the
individual modules.

3.4.3 Flushing gas

In the TRT Barrel the individual drift straws are separatgdseveral millimeters. In between the
straws there is the TR radiator. It is very important that Xeslnot fill this region, otherwise the
transition radiation photons would deposit their energigiole the straws. In order to sweep away
any small amount of active gas that might have leaked ors#ffufrom the straw wall, the radiator
region is flushed with C@ The shell of the module has access holes that act as theataafuf
this gas volume. The C{yas flows at a rate of about 500 cc/min per stack of 3 modules.g@k
enters at the inner radius of the innermost module, flowsedhgth of this module and exits via
a gasket coupling to the inner side of the middle module. Adgdiows the length of the middle
module and exits into the inner side of the outer most mogaassing along its length and exiting
at the outer radii. This is done for each of the 32 module stacKphi”. The entrance end for
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the gas flow alternates between “phi” stacks. The connettighe input coupling is made via a
flexible PEEK tube that starts at the outer radius of the BS® éhown in figurg 19).

4. Assembly of modules

The assembly of a module is divided into two main parts, a ‘me@al assembly” that puts to-
gether aforementioned parts to form the structural bodyrabdule, and, wire stringing. In either
process QA procedures are embedded wherever possibleuredhat the assembly is done cor-
rectly. The following sections describe the assembly @ees in the sequence they occur. Module
production began in the Fall of 1999 and was completed in 2004

4.1 Alignment of straws

The assembly process starts with checking the alignmenponemnts of a module. The compo-

nents that maintain the straw positioning in the modulduitiog the shell, the two HV plates and

the five alignment sheets are placed in an “assembly framéé assembly frame is a portable
support structure made of precision machined stainles$ ikids and aluminum plates to hold a
module by its alignment components through out the assepriolgesses. The assembly frame
allows transportation of a module before its completionwieer, for most critical tasks the as-

sembly frame is mounted on calibrated stands on an optibld ta achieve repeatable alignment
requirements.

For checking the alignment components, nine fiducial striame 3x3 array are inserted in
pre-defined locations. A laser aligned to the module axisasmted on one end of the assembly
frame and shines onto a target that slides inside the fidatialv. The target is connected to a
CCD camera through optical fibers from the other end of therably/ frame. The CCD image
is read into a PC every 5 cm and analyzed for straw straightpesfile. Figure[ 40 shows the
setup and a typical module data. The measured deviatioredfdhcial straw is a combination of
deviations from the module components being evaluatedagkembly frame, the fiducial straws
and the precision of the measurement method itself gimb In this test we require the combined
deviation to fall within an envelope af180um.

4.2 Radiator insertion

After checking the alignment components, the HV platesemeved and replaced by an aluminum
rim to hold the shell. Four of the five alignment sheets, ektiepmiddle one, are also removed to
allow insertion of radiator from each end of the module. Reatisheets are pre-packed into blocks
for each section between alignment sheets, and insertéidrsdy section with alignment sheets
restored in between. In order to keep the straw holes aligueaks radiator packs, nine stainless
steel tubes, replacing the fiducial straws, are used to gh@lediator packs as they slide in. These
rods stay in place until they are replaced by straws.

After radiator packs are installed, the two HV plates are edsinserted and tested with 3000 V
relative to the shell to check for any defect in Kapton inata
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Figure 20. Laser survey system for straw straightness measurement.

4.3 Straw insertion

To avoid distorting radiator alignments and pushing raditdward one end, straw insertion starts
from the center of a module and goes outward in a spiral patt@he direction of insertion is
also alternated in sequential straws. When a straw is agtheittgoes through HV plates, radiators
and alignment sheets several times. To avoid de-lamin#tiagarbon fiber strips on a straw and
to avoid any debris that may fall into it, a “straw insertionllbt” made of a Mylar sleeve over a
rounded Delrin head is used to cap the straw end and guideiigh the straw tunnel. Figufe]21
shows a straw insertion bullet and the insertion path patter

With the straws inserted, the main body of a module is in plhogvever, at this stage, noth-
ing has been glued and the process is reversible. Sevemmlaescarried out, and any problem
corrected, before proceeding:

1. The straw ends are inspected, making sure there is no @aamaall 4 carbon fiber strips
are present. Any stray radiator fibers that come to the H\é@e also removed. To do this,
a stepping motor controlled camera is mounted at the strawaestep from straw to straw
and the image is displayed on a TV screen for the operatosfiet.
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Figure 21. A straw insertion bullet, the straw insertion direction aedjuence.

2. The nine stainless steel tubes are replaced by fiducastnd surveyed again to ensure the
alignment has not changed. After survey, the fiducial stramegeplaced by normal straws.

3. A 2500 V test voltage is automatically cycled through all khes, one line at a time, by
a PC controlled HV relay system to ensure no HV breakdown éetwstraw groups, and,
between straws and shell.

4.4 Assembly of HV endplates

With the HV plates referenced to the assembly frame, a fewsdod super glue, 3M CAS, are used
to fix the HV plates to the shell. Although it's possible to dkehe glue, this step effectively sets
the length of the module and the position of the module magnti

The straws need to be connected to the HV plate electricathyn@echanically. This is done by
using an Ultem “straw end-plug” and silver conductive glliee straw end-plug is a cylinder with
a cup shaped lip at one end, and housing the end wire suppieirA special tool is made to hold
the end-plug under a glue dispenser and rotating it suchthieaglue surrounds the end-plug, and
leaves an excess at one spot. When the end-plug is insettethenstraw, the excess is oriented
toward the HV pad, it gets pushed out and flows around the capeghlip to the outside of the
straw, and overflows to the HV pad on the HV plate. This wayjnkale of the straw is electrically
connected to the outside of the straw and connected to thead\that brings HV from the power
supply. A stopper plate on the opposite end of the moduledd t stop the straws from slipping
while inserting the end-plugs from one end.

The silver glue takes 24 hours to cure. After one end is cue=sistance from the glued HV
plate to the opposite open end of the individual straw is mnemsto check the glue quality. An
2500 V HV scan which steps through each individual HV line ovi while holding the rest of
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the lines on ground is repeated to ensure no stray silverigiceusing problem. The same gluing
and testing process is repeated for the other side, exchpt oth ends of the straws are glued,
resistance for individual straws are no longer availabkbthe resistance for straws grouped in the
same HV pad are measured.

After both ends of the straws are glued to the HV plate withdmtive glue and tested. A layer
of AY103 (Araldite 2019) epoxy is applied around the strawl®to provide mechanical strength.
The low viscosity nature of AY103 also provides a first roufidi@as seal between straws and HV
plate.

4.5 Gluing the shell

The shell is connected across the five alignment sheets amadthHV plates to form the structural
support together with the carbon fiber re-enforced strawsebch alignment sheet, Araldite 2011
is applied along the four edges by inserting a flattened &g lsyringe tip between the shell and
the alignment sheet through the shell holes cut out for th&rymting alignment sheet tabs. This is
a blind operation inside the shell and one has to be carefubrmmoke holes on the straws or apply
the glue in the wrong place.

When the glue is cured the module structure is complete. Tignenaent sheet tabs are cut and
the module is taken out from the assembly frame. A bead ofdkeaR011 is applied between the
shell and the HV plate to strengthen the bond and as a sedidqurging gas volume confined in
the shell.

To strengthen the gas seal of the ionization gas volume, tiduba is stood up vertically on
a stand and a very low viscosity epoxy (Sty@stL266) is injected through pre-cut holes on the
shell to pot the back side of the HV plate with @ ghm thick layer of glue. The glue slips through
any crack or pin hole between the HV plate and the straws. Jthjs completes the mechanical
assembly of a module.

4.6 Finishing mechanical assembly

Before proceeding to stringing sense wires, a series of ggstcarried out to check for the proper
construction of the module. Glue blockage on mechanicaivas or electrical contacts are
checked and corrected. Continuity of HV traces and HV stgkile tested and repaired if needed.
The gas tightness of the ionization gas volume is requiredeet the specification of leaking less
than 1 mbar/bar/min. For most modules the leak rate was mahbelow 0.1 mbar/bar/min.

After all the above test are passed, the pre-assembledtepisite is attached to the HV plate
and the module is sent to the stringing station.

4.7 Wire stringing and testing

The presence of wire joints greatly complicates the stnggif sense wire into the modules, since
the joint must be consistently located within 1 mm of the eemtire support for straws with single
wire joint, and, equally spaced for straws with double wanafs. Figurd 4 shows positioning of
wire joints inside the straws. The sense wire is pulled ihtogtraws from “C” side to “A” side.

The first step in stringing a sense wire is to attach a “stdpigethe sense wire, which will
be stopped at an external reference when the sense wirelésl oo the module. The external
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reference provides a stopping point at a known distance fhrenmiddle wire support and sets the
wire joint position inside the straw. With a “pre-stringinidg, the wire is put under tension and a
stopper using eyelet and taper pin mechanism is attachéa atailing edge of the sense wire at
a preset distance referenced to the leading edge of the euirie jThis distance is different for a

single-joint or a double-joint wire and is set accordingly.

From the “A” side of the module (see figUre 4), a leader wireststing of 5qum diameter cop-
per/beryllium is blown through the straw using filtered amig:dl compressed air flowing through
a tapered syringe tip inserted into the eyelet on the terdme. The end of this leader wire exits
the “C” side of the module and is attached to the sense wirg/ing &a knot. The leader and the
sense wire together are then pulled back through the strisag asnotorized spooling system until
the stopper is stopped by the external reference. Then, aéllsopn is applied to the sense wire
from “A” side and the wire is pinned to tension plate on “C” eifirst and then on “A’ side, and
the tension is measured. The wire tension measurement washyovibrating the module with a
loudspeaker and sweeping an audio signal through the 100 H2Gange. When the frequency
matches the resonant frequency of the wire under tensienyitte vibration amplitude increases,
causing a capacitance change in the wire/straw system vehictbe detected. This peak in the
audio spectrum provides the wire tension, according todlstion:

T = 40%2t2(p/980)

whereT is the wire tension in gramg, is the length of the vibrating wire segment 71 cm to the
center wire supported; is the resonant frequency in Ha,is the linear density of the wire which
in this case is 001475 gcm.

The stringing system is computer controlled and logs atigiing activity including restringing
attempts and the wire tension measurements. If the tersiwithin the acceptable range of 55-80
g the wire excess is trimmed at the eyelets. If not, the “Atdidper pin can be removed and re-
pinned to slightly change the tension, or the sense wire earfilaced. These procedures enabled
> 99% of the straws to be strung, with the remainder havingrobbns such as an irregularly
shaped wire support or stray glue from mechanical consbruct

After stringing is complete the wire tensions are measugaiheand logged. This is to verify
that the cumulative effect of the tensions of all the wires hat caused dimensional changes in
the module, and also to provide baseline data to be compadtkedhat obtained during acceptance
testing.

4.8 Finishing module assembly

After wire stringing, taper pins and eyelets on the tensitateg as well as the edges between
tension plate and HV plate are sealed with AY103. This coimplthe sealing of the ionization gas
volume.

All holes on the shell, except the two reserved for purging fiitings, are sealed with Kapton
pads to complete the sealing of the purging gas volume.

A ground wire running from one tension plate to the other Idex@d on to the tension plates
and glued to the edges of the shell with conductive glue wiarbon fiber is exposed. This
completes the electrical ground path way of the module.
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5. Production testing

Before a module leaves the production site, a series of QA tae performed. The data collected
is the characteristic of a module and a part of a “passpodt titavels with the module. Most of
the tests are repeated when the module is received at CERNeSts include:

e Re-measure wire tension
e Dimension tests
e Gas volume leak tests

¢ Signal and gain uniformity tests

5.1 Dimension test

The mounting holes of a module need to be in the right placélsadhe module can be mounted
on the Barrel Support System. The dimension of a module asdsto fit inside a dimension

envelope so that it doesn't interfere with others when meditn the Barrel. To check this, the
module is test mounted on a stand that simulates the Barmgdd®uSystem. This ensures the
conformity of the mounting holes and the module length. Tloelate is then checked against a flat
surface and documented/corrected for any bulge that egdhed:nvelope.

5.2 Gas volume leak test

The ionization gas volume is required to have a leak ratethess 1 mbar/bar/min. To test this, the
ionization gas volume is pressurized with t¢ 20 mbar and compared to a reference volume with
a pressure gauge connected between the two volumes. Tegrelfference between the module
and the reference volume is recorded over time and calclfatehe leak rate. The process often
takes more than 12 hours. The environmental temperatuessyre, humidity are monitored for
bias correction.

The ventilation gas volume is required to leak less than 2B@rfbar/min. This is much less
stringent than the ionization gas volume. Because the shedisily deformed, this is measured by
pressurizng ventilation gas volume with 0 10 mbar and monitoring the pressure drop with a
analogue gauge over 2—3 hours period of time.

5.3 Signal and gain measurement

To ensure a module can operate as it is designed to, the misdiuighed with Ar(70%) - CQ(30%)
in the ionization gas volume and put on high voltage to selgg&s generated by an X-ray source.
Amplifiers and a DAQ readout system are set up to collect pelisege information.

The first pass is a signal test to make sure that all channeladive and getting signals
as expected. The second pass steps the X-ray source alongpthde to map out the gas gain
variation along the sense wire. For gain mapping, the X-cayce is collimated and filtered with
50um Cu foil to concentrate on the 8 keV characteristic energyraduce the energy spread.

The gas gain uniformity is important for stable operatiomohodule under LHC conditions,
and for the TR function. However, non-uniformities also eefs construction irregularities in
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a module. Figuré 22(a) shows a non-conforming straw. Thieesipi the middle indicates that
the sense wire is not seated at the center of the middle wingosty This problem can often be
corrected by re-stringing the wire. Figyré 22(b) shows lamohon-conforming straw. The periodic
humps indicate that the straw is bent between alignmengeplafor this kind of straws, the wires
are removed and the channels are not used.

6. Acceptance tests at CERN

This section presents a complete list of acceptance tedtg@ality control criteria used for the

TRT Barrel modules. Many of these tests were first performaiihd module assembly but all

were repeated during the quality control process at CERMNridormity and conformity before the

modules were accepted for insertion in the Barrel Suppatedy. The first modules were qualified
in 2003. All modules were qualifed in 2004 and were instailfeéd the BSS in 2005. The completed
Barrel TRT was installed in the ATLAS detector in August, 800

6.1 Quality control testing sequence

Each module upon arrival at CERN underwent the followingliggiaontrol testing sequence. The
tests themselves are described in details in the followdogians.

1. Dimension checks

2. Tension test

3. Initial leak test

4. Initial HV checks

5. Rework: all miscellaneous repairs and restringing ofiiified problematic wires

6. Final HV checks

7. HV conditioning

8. Gain mapping

9. Final leak test for active gas and purging volumes
10. Weight
11. Quality control review

The results of the tension test and initial HV checks done RIS as well as results from
the gain mapping performed at the production sites were tsédentify wires that needed to
be replaced at CERN. A first leak check was also performed erstitaw volume and the shell
to identify leaky straws and leaky shells at the earliestsiibs stage. Replacement of known
problematic wires and repairs for blocked cooling sleetscked electronic sockets and leaky
straws were performed before the module underwent the fidaliécks. After rework, the module
was tension and HV tested again before undergoing HV camiliti and gain mapping with the
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indication that the straw is bent between divider planes.

Module Gain Mapper (MGM). When all tests and repairs were geted, the module was leak

tested and certified for readiness before shipping it to $iserably building for installation on the

Barrel Support System. All tests results were compiled imadule passport”, where a summary
of all results, anomalies, repairs and dead channels wardext.
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6.2 Dimension checks

All main dimension parameters were re-measured once thelBaodules arrived at CERN. The
length of each of the three sides measured had to be betw&2n0ldkhm and 1464.0 mm. All
modules were found to be between 1461.5 and 1462.95 mm. A shial was added for the
shorter modules during insertion on the Barrel Support édgst Bulges in the shell could not
exceed 0.8 mm and twists of one tension plate with respebgetother had to be less than 1.0 mm;
twists larger than 0.2 mm were recorded in the module passfithbulges and twists found were
within these limits. The two cooling sleeves were checkadofockages and repaired if needed
before undergoing the HV tests.

6.3 Wire tension measurements

The tension was re-measured at CERN for each wire to ensatenthwire had slipped during
shipment. This value was compared to the tension measutdatem at the production site after
stringing. The tension was required to be larger than 47 desslthan 100 g, and with no more
than 5 g change since stringing, or show a tension differdmteeen the front and back wire
segments greater than 8 g. Out of the 58592 wires tested, 42 (0.24%) were found to be
outside these specifications and were replaced, as well agréé (0.02%) that had broken or
slipped out of the wire-joint during shipment. Only two warbad to be permanently removed
due to tension anomalies. In some rare cases, the spectawedta double peak, indicating an
electrical connection with one or many nearby wires due téeaepof wire caught between the
tension plate and the HV plate. The extraneous piece of vaided be removed and these channels
could be restrung.

6.4 High voltage tests
6.4.1 Check of all electrical connections

The electrical connections between each capacitor bamelm the HV trace on the Kapton con-
nector were all checked for continuity to ensure there wagamage to the HV distribution chain.
Broken traces were noted in the module passport. Eight reeduére found with a broken HV
trace and were mounted on the Barrel Support System sucththfiisebox was connected to the
undammaged Kapton connector at the other end. We also ah#oieconnection for the ground
wire between the front and back tension plates and recordéatimodule passport all HV groups
that were inadvertently interconnected according to tloelpetion site passport. These groups
were detected while testing the HV plates by applying 2000nvbone HV pad and holding all
others to ground.

6.4.2 HV checks

Both the initial and final HV checks were conducted with Ar/i@ the active gas volume while
flushing with CQ in the radiator volume. All wires were kept at ground potaintvhile -1550 V

was applied to the straws. This corresponded to a gain.6100*, namely four times the nominal
gain. The module was prepared for HV checks by flushing dry f©Oseveral days in the radiator
volume prior to testing to reduce the water content. Theiveldaumidity level in the laboratory
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itself was maintained at or below 30%. For both tests, weireduhat each wire held -1550 V
without tripping the HV power supply at a limit of 20A x 5 sec for a minimum of three days.

6.4.3 Initial HV checks

Non-complying wires identified during the initial HV checkeere replaced. The leakage current
was required to be below 20 nA per module at -1550 V (withoytaapacitors). Typically, leakage
currents of the order of 10 nA per module were measured. Hnisd/ slightly between modules but
largely depended upon the relative humidity level in the Tedcure wires drawing excess current
or modules having too many trips during the HV checks, rexemdtage was applied at a maximum
of +1300 V. The duration depended on the current behaviomasdusually of the order of 30-60
minutes. This helped removed residual dirt or contaminanthe wires, reducing the overall num-
ber of trips and amount of leakage current. In total, 300 svileat could not be cured by reverse-
voltage or caused repeated discharges even after revétagestreatment were replaced following
the initial HV checks and were found to satisfy the minimutitecia in subsequent HV tests.

6.4.4 Final HV checks

The module was given a final HV check under the same conditisrtbe intial HV checks after
all rework was completed. An additional 222 wires that cdusi@s during this test were removed
permanently, including 150 replaced wires that kept givigproblems.

6.4.5 Rework

Table[B summarizes the causes for wire replacement thatiack prior to the final HV checks.
A third of the wires needing replacement were detected duhia initial gain mapping in the U.S.
prior to shipment to CERN. The vast majority of them were witieat got hung on the central
or end twister, causing a large wire offset. Only a handfuhwhg wires could not be restrung
successfully due to a problem in the twister itself.

Another third of the replaced wires were problematic wiantified during the initial HV
tests. These wires either had a defect, a kink or were simply. ®Replacing the wire cured the
problem. On the other hand, some replaced wires kept cadiseharges, most likely due to a
problem in the straw itself or in one of the twisters. Theseewiwere found during the final HV
checks and had to be permanetly removed.

Many channels proved difficult to string at the productiotre,soften due to pieces of wires
or small debris caught inside the straw. In many of thesesgasmall pieces of wires could be
retrieved by “fishing” inside the straw with a piece of twidte 50— 100um wire. By twirling
it inside the straw, the small pieces of wire would get caughtt and could be pulled out. This
operation was successful on 194 of the 347 channels leftuntstt the production site. In some
cases, tiny pieces of wire, solder or even long sections & had fallen between the tension plate
and HV plate, causing HV shorts and/or occasionnal dis@sar§ome were identified during HV
checks or during the tension test. Some were located usirnadoscope through an eyelet and
fished out using a tiny hook on a piece of lead wire, while athweere retrieved using a vacuum
pump or even using a large industrial vacuum cleaner on ottleeddictive gas inlets. Some wires
were temporarily removed to allow various repairs. A sumnudithe causes for wire replacement
is given in tabl]3.
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Table 3. Total number of wires successfully replaced for the 111 nexitested.

Cause for wire replacement # wires | % of total wires
Problem found during gain mapping in the USA 352 0.60%

HV problem found during early HV checks 300 0.51%
Straw left unstrung at production site 194 0.33%
Tension too low or too high, slippage, front/back differenc 142 0.24%
Removed temporarily to fish out pieces of wires 80 0.14%
Broken wires 10 0.02%
Removed temporarily to fix a straw leak 2 < 0.01%
Total: 111 modules with 58592 straws 1055 1.80%

6.5 HV conditioning

The HV conditioning took place over a four week period after final HV checks and all prob-

lematic wires had been removed. The purpose of the contlijostep was to ensure that no
problematic channel had been missed during the HV checks.HMand gas conditions used for
this test were the same as the previous HV checks. The nunfiltksabharges and the leakage
current was monitored for the whole module over the entirgoge Individual channels were not

monitored during this test. A module was required to holbal¥ without discharges for the last
two weeks. Occasional discharges during the first two weeke attributred to some initial clean-
ing processes. The leakage current was required to be b@lovk per module at -1550 V (without

any capacitors). If a module failed to satisfy these cratdtiwas returned to the HV test station for
investigation. Problematic wires were removed and the neodas conditioned a second time.

6.5.1 Leakage current at -2000 V with CQ in the straws

After one month of HV conditioning performed as describedvaly pure CQwas circulated in the
straws overnight. We then measured the leakage currentl&tminutes while applying -2000 V
on the straws with all wires and the shell grounded. The mepaas to detect any HV problems in
the absence of amplification in the active volume. The lealagrent had to be below 20 nA per
module. Six wires shorted out in GQvhile applying between -1900 and -2000 V on the straws
and were removed.

6.5.2 Gain mapping

Modules were placed in the Module Gain Mapper (MGM) and sepplith Ar(70%)/CQ(30%)
mixture in the ionization gas volume and €@ the purging gas volume. The MGM scanned a
12 keV X-Ray beam (from a bromine transition) along the fefigth of each module. All module
channels were instrumented and a switching network steggaels from sixteen channels at a time
to histogramming ADCs. Fifty points on each straw were sahbr gain. This gain mapping
took place either before or after HV conditioning, to ensarsteady module flow on every test
station. The wire acceptance criteria were similar to thesed after gain mapping in the U.S.:
gain variation less than 8 % and peak width less than 7.5 %.ddlitian, wires having a gain
variation higher than 7 % were also examined to ensure3patwas less than 25 %, whe&
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Table 4. Dead channel statistics.

Cause for removal # wires | % of dead channels % of entire TRT Barrel
Bent straw 349 44.9 % 0.66 %

HV problems 222 28.6 % 0.42 %
Unstrung at production site 153 19.7 % 0.29 %

Wire offset 37 4.8 % 0.07 %

Broken socket 14 1.8% 0.03 %
Tension 2 0.3 % <0.01%

Total out of 525442 wires | 777 100 % 1.48%

represents the half-width at 20 % of maximum height of thecspen of the highest gain point
and A the maximum amplitude. Th&/A value was corrected for ADC offsets. New wires and
wires that did not receive a valid measurement during gaippimg in the U.S. were particularly
scrutinized. Non-conforming wires were removed.

At this stage, the module had reached its final state and etitifted problem channels had
had their wires removed. The largest number of dead chaopates from bent straws (44.9 %),
mostly in Type 3 modules where 74 % of all bent straws weredoUinese straws have large wire
offsets and large gain variations, compromising HV stgbduring operation and hence, had to be
removed. The second largest category comes from channgigyhdV problems, either identified
at CERN during acceptance tests (28.6 %) or at the produstier{19.7 %). Tablg]4 summarizes
the final number of dead channels in the TRT Barrel and th@warcauses for wire removal. In
total, 98.53 % of all TRT Barrel channels were fully operatibat the time of installation.

6.6 Final fluid-tightness tests
6.6.1 Active gas volume

For the active gas, the target was to achieve a leak rate Wetbwnbar/min/bar. Nevertheless,
modules with leak rates up to a factor 10 times larger werefed. The test was done with Argon
at 20 mbar (0.3 psig) over-pressure and conducted over allhour period. This test was done
after all non-conforming wires found during the HV conditing and found with the Module Gain

Mapper had been removed and sealed. All but 15 modules hadt adiz below 0.1 mbar/bar/min.

The remaining 15 modules had leak rates up to 0.6 mbar/bar/iiter capacitor insertion, the

leak rate was remeasured and 30 modules exceeded the t@gebf 0.1 mbar/bar/min, but only

five of these modules had leak rates between 0.3 and 0.6 rabamib.

6.6.2 Ventilation gas volume

The cooling/ventilation gas connections and seals hadhigee gas leak rates below 1 mbar/min
at about 5 mbar over-pressure. The test was done by prdaaguitie module with about 10 mbar
of water column. The decay time had to be greater than 5 ngniden-conforming modules were
repaired and all satisfied this criterion.
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6.7 Module acceptance passports and Quality Circle review

The module passport contains the results of all acceptaests, tanomalies and repairs done at
CERN as well as selected information from the productioassiin which rework and repair deci-
sions were based. The module passport contains:

e A summary of all dead channels,

e A summary of all remaining anomalies either reported by ttoelpction sites and not fixed
at CERN, or discovered at CERN and found impossible to repair

e A report on dimensions checks and final module weight,
e A comparative study of tension data between the productieraad CERN,

e A summary of gain mapping results in the United States andE&Cshowing a 2-D map of
the gain variations for all wire segments (front and baclkj arsummary table of the status
of all wires having a gain variation of more than 8%,

e A summary of all repairs, including a list of replaced wireslaemoved wires,

e A complete report on HV tests, HV conditioning, leakage ents without capacitors and
anomalies noted during the various HV tests,

e The leak rate for the active gas volume before and after dapadsertion.

The passports are kept at http://trt-wts.web.cern.eitstpassp/blogin.html. The informa-
tion resides in a CERN-based Oracle database. A web inteddowved users to enter or review
information from anywhere. Based on the module passporyality Circle composed of several
physicists reviewed the information for each module andd#etif it could be used in the TRT
Barrel. Of the 111 modules shipped to CERN, the 96 best medukye installed on the Bar-
rel Support System whereas an additionnal seven modulis§ysaj all acceptance criteria were
prepared as spares. The remaining four modules were r@jaatd will be used for testing and
educational purpose.

7. Beam test performance

TRT Barrel performance was evaluated using electron, pioimauon beams with energies from 1
- 300 GeV. For this purpose two TRT barrel “phi” stacks, cep@nding to 1/16 of the final Barrel,
were assembled and installed on the H8 line of CERN SPS, fggiréhe detector was equipped
with the final TRT readout electronics. This test was congalénh August, 2006.

In order to obtain a precise particle trajectory and idgritie beam particle auxiliary detectors
were used. A three plane silicon telescope with intrinssohation of 1Qumwas used as an external
tracking to define the beam trajectory. A Cherenkov countstesn and preshower and lead glass
calorimeter were used to identify the particles. Measurédmwith TRT modules were carried out
using the baseline mixture 70%Xe+27%&£€8%0,.

One of the most important parameters which defines the deteetformance is the drift-time
accuracy. This is defined as the sigma of the distributiorhefttack residuals by comparing the
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Figure 23. Two "phi" stacks of the TRT Barrel installed in H8 beam lineefipicture - preparation for the
tests beam. Right picture - TRT Barrel installed on the beaednd equipped with front-end electronics.

space points measured using drift-time information to tttea particle position projected by the
silicon-telescope. Another critical parameter is the TRifttime efficiency which is defined as
the probability for finding the drift-time measurement hitiin a +2.50 window from the beam
particle track. The uniformity of these parameters acrossletector reflects its production quality.
On the top plot of figur¢ 24 the total straw efficiency and th#&-time measurement efficiency are
shown as a function of Barrel straw layer number (countingfinner to outer radius). The bottom
plot shows drift-time accuracy as a function of the samerpatar. All these values are well within
the specifications presented in the TDR.

The drift-time accuracy for the first 9 layers is 13® while it is 137um for following layers.
This is explained by the fact that the active wire for the Bxtyers is shorter than that for the other
layers, resulting in a shorter time difference between thextisignal and the reflected signal from
the wire joint termination. Wire paosition accuracy is aicat parameter for the track reconstruction
procedure. Figurg 5 shows wire placement deviation fremmdminal geometrical position as a
function of the TRT Barrel depth measured with a beam of 80 @ievis. It can be seen that the
TRT module production accuracy is very good and this dewiaits less than 50m.

Particle identification properties of the TRT Barrel usingnsition radiation were studied at
several different beam energies. Here we report studie)dBe¥ beam energy. Extensive MC
and test beam studies at this energy had been carried owt pagt and published in the TDR. The
results are shown in figufe]26. On this figure the pion rejactiower is shown as a function of
the high level threshold at two beam positions along thenstiehe upper points are when beam
particles crossed the Barrel module 40 cm from its edge. idfdbsition the first 9 straw layers are
not active. The lower points are when the beam was positi@@exim from the edge of the Barrel
where all 73 straw layers are active.

As seen in this figure the best particle identification prapsrfor the TRT Barrel are at a
threshold of about 7 keV. Pion efficiency in that case.5-13% at 90% of the electron efficiency.
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Figure 24. Hit efficiency registration (top plot) and drift time accaya(bottom plot) as a function of the
Barrel straw number for incident pions of 80 GeV.
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Figure 25. Wire placement deviation as a function of the TRT Barrel dept

8. Summary

We have completed the construction of the TRT Barrel for ti&AS Inner Detector. A total
of 111 modules were constructed over the period 1998 to 2003 ee sites within the United
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Figure 26. Electron/pion rejection power as a function of the high leékeeshold. Red markers: all Barrel
straw layers are active. Green markers: particle crosgeBdlrel in the central area where the first 9 layers
do not have active anode wires.

States. These modules were extensively tested and the 8&fbeach of the three types were
selected for assembly in the Barrel Tracker. The 96 moduléke BSS frame have been tested
as a unit, and the associated services such as HV, activamghspoling have been contructed to
operate and take data. At the time of assembly 98.5 % of tH&182jrift tubes were operational.

Individual modules have been tested in the CERN test beamnmiddule performance was within

specification for tracking resolution and transition raidia performance.
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