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ABSTRACT. A straw proportional counter is the basic element of the ABLTransition Radiation
Tracker (TRT). Its detailed properties as well as the maoperties of a few TRT operating gas
mixtures are described. Particular attention is paid tawsttube performance in high radiation
conditions and to its operational stability.
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1. Introduction

As described in details in the ATLAS Inner Detector Techhibasign Report (TDR)[]1] and
in [B], the Transition Radiation Tracker (TRT) consists bfee parts - a barrel and two end-
caps. Its basic elements are thin-walled proportional dibes, hereafter callestrawtubeor
simply straws Straw tubes were chosen as detecting elements becauseffirey high degree of
modularity of the detector and because they can easily legratied into a medium producing
transition radiation without compromising the continudtecking concept. The barrel part is
comprised of 52 544 straws 144 cm in length oriented paralltie beam. The two end-caps each
contain 122 880 straws 37 cm in length radially aligned tolibam axis. The detector geometry
guarantees that particles cross 35—-40 straws in a pseudityapterval from 0 to 2, providing
continuous tracking at larger radii of the Inner Detectorlevenhancing its pattern recognition
ability. The operating conditions in the ATLAS experimentlae Large Hadron Collider (LHC)
impose stringent requirements on the straw propertiesci#dices of materials, the straw design,
the active gas, and the operating point were made to endfigreasa efficient operation in the high
radiation environment.

This paper presents the final design of the TRT straw pragmaticounter, the basic properties
of a few gas mixtures and straw performance results achmvéat which are common for different
parts of the TRT.



2. TRT straw design and basic properties

Many of the requirements for best performance at the LHC araiafly exclusive, hence some
compromises have to be made. For example, a large tube d@iametld assure a high hit effi-

ciency, however it would not be able to collect all the elecsrin the short bunch crossing time of
25 ns because of the long drift-time in the straw. Tubes of 4immar diameter were chosen for the
TRT, representing a good compromise between speed of respoamber of ionization clusters,
and mechanical as well as operational stability. In thisiseave describe only the properties of
the TRT straws common to any chamber design. Design defatiteantegration into the actual

mechanical and electrical structures of the real detectdrtlae different solutions for the Barrel

and EC parts of the TRT are presented fh [3] afid [4].

2.1 TRT straw design and production

The straw tube wall (figurf 1) is formed from two layers of 88 thick multilayer film which is
produced from 2%5m Kapton 100VN film. A special film coating technology was deped to ob-
tain the desired mechanical and electrical propertieshdrfitst manufacturing step an aluminium
layer of 0.2um thickness was deposited on one side of the Kapton film. THay&r is then pro-
tected by a 5—@um thick graphite-polyimide layer, containing 55% of carbdvihile the Al-layer
provides good electrical conductivity, the carbon-loagetyimide protects the aluminium against
damage from cathode etching effects during high rate dperand evaporation from occasional
discharges. The other side of the film is coated with adrbpolyurethane layer acting as a heat-
activated adhesive and sealant. The straw was manufadiyrieaimina Dielectrics Ltd. First, the
coated film was slit into tape 10-mm wide. Two tapes were wowitld a pitch of about 13 mm on
a precisely tooled mandrel at a temperature-@60°C, with the adhesive layer of the inner tape
facing out and the adhesive layer of the outer overlappipg facing in, figur¢]2. The allowed gap
between tape during winding was specified to be 10043®0and was continuously controlled.

The adhesion between the two coated polyimide films was medjtd be at least 0.5 Mn?
and was controlled by a tensile strength test performed @amgke of the straw (minimum length
200 mm). This test was carried out until the point of rupturd demonstrated that the straw breaks
only for loads above 30 N. It was observed that for rupturdevb®&0 N, the coated film breaks
before the disruption of the adhesive bond between layemsder to ensure a gas tightness quality
of the bond regular pressure tests with similar samplesettraws where performed during the
production process.

With Kapton film alone, the straw has poor mechanical pragertThe straws would be af-
fected by environmental factors, such as humidity and teatpee, and significantly change size
or even creep under tension or compression. In order tdigmtie straw geometry they were re-
inforced by carbon fibre bundles. Carbon fibre has a numbeivafraages: lightness, high elastic
limit and specific rigidity, no water absorption, very lowatexpansion, good heat and electrical
conductivity, among others.

Four 1000-filament carbon fibre bundles were bonded to ther sutrface of approximately
150,000 straws 160 cm in length, figyte 3. Fibers were attheh®0 with respect to each other
using a special machine developed at CERN.

1| amina Dielectrics LTD, Myrtle Lane, Billingshurst, Westi&ex RH14 9SG, England.
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Figure 2. Schematic view of straw manufacturing process.

Figure 3. The TRT straw made from multilayer Kapton films and reinfareéth carbon fibre bundles.

In the reinforcement process the carbon fibre bundles passaoseries of rollers and an im-
pregnation pot that wets the fibres with epoxy resin enswrimifprm resin distribution and tension.
A 120 um thick film of resin, controlled by an adjustable stationacyaper, is applied to the im-
pregnation roller by dipping. The final thickness of the gboated bundle is about §dm and
width is about 80Qum. After cutting, the 37 cm end-cap straws show a deviatiomfstraightness
of less than 30Qum, while the 144 cm barrel straws have a deviation from dttaigss of less than
1 mm, well within the TRT specification. The basic straw metbta properties are now defined
by the carbon fiber’s Young’s modulus of 200 GPa and theil totass section of 54-10~7 m2.
The Young’s modulus of the straw film is about 4 GPa.

The reinforced straws have a modest weight increase (fr@moll.5 g/m), however they
have a substantially reduced expansion due to humidity lagid thermal expansion coefficient is
about one order of magnitude smaller. (& °K 1) compared to non-reinforced straws. In fact,
the straw tubes are now an integral part of the TRT's mechhsioucture. They take the own wire
tension load and support inner structure of the wheels iretitecap TRT[[4] and the radiator in
the barrelTRT [[3].



Table 1. Electrical properties of the assembled straw tube.

Parameter Value
Cathode resistance < 300Q/m
Effective cathode resistance

after reinforcement ~10Q/m
Anode resistance 60Q/m

Straw impedance at 30 MHZz 300Q
Assembled straw capacitange< 10 pF
Inner-Outer layer capacitange~100 pF/cm
Signal attenuation length 4m

Signal propagation time 4 ns/m

Strict quality control steps were implemented in the strawdpction and assembly process.
These include surface conductivity measurements, fibrdibgmuality checks, fibre delamination
tests and straw geometry measurements (straightness,andeouter diameter and local defor-
mations or defects). The total production yield was 92% 2% of the straws rejected after
reinforcement and 6% during or after the final straw tuberabbe

2.2 TRT straw electrical properties

In drift tube detectors with anode read-out the cathodestaaste must be kept as low as possible
(the TRT specification is< 300 Q/m). In the TRT straws the thin aluminium layer ensures a
sufficient cathode conductivity of the tube (three ordersmafgnitude higher than without Al-
coating). The outer conductive layer which is identical ie thner surface ensures reasonably
good operational properties of the straw even in case ofrsal@mages of the inner layer due
to electrical discharges. The carbon fibre reinforcemeatsonly provide very good mechanical
stability, but also improve the signal propagation prapsrby reducing the effective resistance to
10-20Q/m. An electrical connection of the outer and inner condecsiurface of the straw is made
to avoid loss of conductivity in case of possible damage efitimer tube layer through erosive
effects. This connection is realised by coating the strasg evith a conductive epoxy resin.

The anode wire for the TRT straws was chosen to be of golagblaingsten and 3Qm in
diameter. Dedicated studies were devoted to finding a glagohnology insusceptible to gold
damaging effects from the former fluorine-containing gastune [$]. Best results came from
gold plating techniques involving no additional substsatdhe thickness of the gold layer was
chosen to be 0.6-0.Am. In order to ensure gas gain uniformity, deviations fromewdiameter
and circularity were specified to be less than 1% and 2% ré&splc The resistance of the anode
wire is 60Q/m. The wire was manufactured by Toshiba at the Yokaham nXagtory.

An overview of the assembled straw electrical propertiggvien in tabld L.

3. Choiceof the TRT gas mixture

The basic properties of the TRT straw tubes were publishedstiten years ago[][1]. However
there remained a strong motivation to continue studies $arerreliability and stable performance



of the ATLAS TRT during ten years of operation at the LHC. Maesgults of the extensive follow-
up research efforts have been published jn[[5—10]. Tests performed with the originalo{d)
TRT gas mixture, which was Xe + GH CO; in the proportions 70%, 20% and 10%. This gas
mixture combined the advantages of efficient transitiomataah absorption, high electron drift ve-
locities, a wide operating plateau and good ageing resistadi; as an additive not only provides
fast electron collection times and a large operating platbat also serves as an ageing inhibitor.
Electro-chemical reactions occurring in the straws ofrgainder irradiation produce fluorine ac-
tive species (HF, F, £..), which inhibit or remove silicone-based wire depositinfortunately
these species (particularly HF) can also attack and danwge detector materialg] [5]. The HF
component strongly depends on the water content in theeagéig. Even a tiny concentration of
water is enough to produce a substantial amount of HF spetigs is particularly critical for the
glass wire-joint that separates the 1.44 m barrel TRT wit@} [After a year of intensive R&D on
alternative wire-joint technologies and operating gastunes, it was decided to abandon QR
the active gas mixture.

At that point the TRT detector was already designed and liaigeproduction, hence a new
gas mixture needed to be found that had similar propertigsput containing components that are
potentially aggressive or subject to ageing phenomena.

The main requirements on the TRT gas mixture are:

¢ Efficient transition radiation photon absorption (xenaacfion of 65—70%)

e Performance (signal shape, maximum drift-time, diffusiett.) similar to the old gas mix-
ture

e Good electrical stability for straws with wire offset of up400um
e Compatibility with front-end electronics design [11]

e Absence of polymerization effects (basically no hydroocarlgases)
e Dissaociation products must have minimum aggressive ptigser

e Compatibility with the detector and gas system materials

¢ Non-flammable

Xenon is the base component of the gas mixture, needed fffitent X-ray absorption. The
fraction of 70% marks the balance between transition rextigierformance, operational stability
and electron collection timg JILP,]13]. As a common neutrarmher carbon dioxide (Gppro-
vides a plateau of constant drift velocity over a large ddfige in the straw tubes, low longitudinal
diffusion and a small electron deflection in magnetic fiekladll Lorenz angle). It also has stabi-
lizing properties in the gas mixture by its ability to abs&f photons produced in the ionization
processes. However for the TRT straw parameters descriime dhe UV absorption capacity in
not yet sufficient and an addition of a third component is meglLfor stable operation.

Hydrocarbon gases are often used to stabilise the amgliiicatocess, but are prone to poly-
merisation on the anode wire.
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Figure4. Straw gas gain as function of high voltage for different gasunes.

One of the hydrocarbon candidates, ethangH(}, is known to show no tendency to polymer-
ize at relatively high radiation dosds]14]. However, foresded irradiation areas fast straw ageing
was observed 19, 16].

The choice of non-organic gases is very limited. Eventuatlygen was found to be a suitable
additive to the Xe-C@ binary mixture. The optimal gas composition was found to 6&Xe +
27%CQO + 3%0, (newgas mixture).

The change of the TRT operating gas required a repetitiohefeasurements of all straw
parameters important for the detector operation.

3.1 Gasgain working point and operation stability

The straw gas gain working point is determined by many pat@arseuch as detector performance
requirements, the lowest electronics threshold, secgreffects at high gas gain etc. The working
point is set at a minimum possible gas gain which allows a comjse between these constraints.
It was chosen to be.2-10* [fl]]. In figure [4 one can see that this value is reached in batotth
and the new mixtures at the same voltage of 1530 V. As a referdre gas gain curve for Ar-
CO, 70/30 is shown in the same plot. This mixture is used durin§ A& eptance tests and in the
initial commissioning phase (see also secfion 5).

One of the most important parameters related to the workingt ;s the width of the working
plateau or, in other words, the difference in voltage betwhe working point and the point of
breakdown. An increase in the fraction of @creases the working plateau, however oxygen is
a strongly electronegative gas and increasing its coret#r quickly deteriorates straw perfor-
mance.

The straw operation stability depends strongly on the dsmhent of the anode wire from
the tube axis. This value was required to be generally bel@@v(8n, but in some cases it was
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Figure 5. Difference between the TRT straw working-point and breakuooltages as a function of the
wire offset for different gas mixtures.

accepted up to 40Qm. Wires with larger offsets have been disconnected from widtage during
acceptance testing and assembly of the full detector.

Figure[b illustrates how the distance between workingpaimd breakdown voltage (opera-
tional plateau) varies as a function of the wire offset idedlént gas mixtures. It clearly demon-
strates that the addition of about 3% of ethane or oxygentantislly improves the operational
stability of the binary Xe-C@mixture and ensures a comfortable safety margin for thevsiser-
ation. This margin is necessary to allow for an increase sfggan due to several different factors
such as: possible need to increase the gas gain after somettioperation at LHC intensities to
enhance signal to noise ratio (35 V), heavy-ionizing phrtaffect (30 V) and temperature varia-
tions (15 V). These factors are summed up and reduce themgpbkeakdown margin by 80 V and
for the binary Xe-CQ mixture leave safety margin of about 40 V, which cannot besittared safe
for the ATLAS TRT.

As was mentioned earlier, an ethane gas addition wouldligelihe amplification process but
at the TRT straw operating conditions it manifests ageirigces. This is illustrated in figurf 6,
showing the amplitude variation along a straw of the sigrsithgi an®>Fe source. The test was
conducted with the two gas mixtures Xe-g&€thane 70/27/3 and Xe-GaD, 70/27/3. During the
ageing run a 40 cm long straw was irradiated by a 11 cm wideyXsemm producing an ionization
current density of 0.JuA/cm (the irradiated region was located at the position @%&1). Gas
flow was set to 0.15 cAtmin (gas-flow direction is from left to right in figurg 6). At 30 hours
of irradiation using the ethane gas mixture, a significanplaéade drop was observed at the straw
position 18-26 cm (i.e., the aged spot starts 3 cm downsti&atime beginning of the irradiated
area). These results, supported by further studies, shaiitb ethane itself is not prone to poly-
merization, and if irradiation area is not wide or gas flonaigge the non-saturated hydrocarbons
compounds produced in the avalanche are efficiently reméresa the irradiation area. But in
case of extended ionisation they are accumulated dowmstaed reach a concentration at which
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Figure7. Electron attachment coefficient for various gas mixtures.

a polymerisation process creates a deposit.

In a second run the same straw was irradiated under the saenatiog conditions using the
oxygen-containing gas. After 18 hours of irradiation thepéitade in the affected area was restored,
i.e., the wire deposit was removed. This demonstrates thegtleaning effect of oxygen, which
acts efficiently on hydrocarbon deposits.

Oxygen itself is transparent to UV photons, so the staliitinds provided by the ozonég)
molecules created in the avalanches. Increasing the oxygetion leads to more stable straw
operation and concentrations below 3.5-4 % do not affect p&Tormance, however, more than
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2 % is needed to provide good operational stability. Oxygesvery strong electronegative prop-
erties particularly for electrons which have low energiesv(electric field regions) and this may
deteriorate amplitude characteristics particularly far $traws with some wire offsets.

Figure[T shows the attachment coefficient for different TR¥king gases. One sees that all
of the mixtures have a large attachment coefficient at hightet field near the anode wire but
oxygen very strongly absorbs electrons near the straw daths well. The larger wire offset lead
to more electron losses near the cathode. Ford®Qvire offset wire attachment at 2%, the
same as for 0 offset at 4%,0

A magnetic field makes this effect stronger because the phit increases. The effect of



the magnetic field as a function of the wire offset on the dignaplitude measurements is shown
in figure[8. Taking all these effects into account, 3% Oxyges wonsidered to be enough for
satisfactory TRT straw operation.

As was mentioned above, the main stabilising factor in orygentaining mixture is ozone
production in the avalanche near the wire. Under largeimtanh dose rates ozone has a tendency
to be accumulated downstream of the straw chamber leadiagctmsequent loss in amplitude
because of its extremely high electro-negativity (muchdathan for oxygen). Figulg¢ 9 shows the
signal amplitude variation from the®Fe source along the 140 cm straw (TRT Barrel straw) at a
current density of 0.125A/cm (maximum LHC luminosity). The gas flow corresponds tcaa g
exchange of 1 volume/hour (nominal for the TRT barrel) andiiected from the left side of the
picture to its right side. One sees that a substantial drépecdmplitude (about 13%) happens in the
first 40 cm of the straw. A balance between ozone productidntarissociation under irradiation
is reached. The measured €ncentration was found to be of about 150 ppm. Ozone primuct
does not significantly affect TRT performance. However itliemically highly aggressive and
special measures have to be taken in the TRT gas system tweetmie component from the
circulating gas. We have also shown that the TRT materialsabust in the presence of ozone.

3.2 Electron drift properties

The charge collection time in the straw is an important patamfor the tracking performance of
the TRT at the LHC. It is determined by the electron drift wilp in the gas as a function of the
electric field in the straw, by the magnitude and directiohef magnetic field, and by a possible
wire offset.

The presence of a magnetic fieldX.5-2 T for the TRT) alters the trajectory of the electron
due to the Lorentz force, which generally leads to an iner@ashe total electron collection time.

The impact is most significant in the low electric field regiatnere the drift velocity compo-
nent perpendicular to the electric field is not negligiblénisTregion corresponds to the outer 1.2
mm of the 2 mm radius of the straw tube.

The magnetic field effect in a Xe-GAD, 70/27/3 gas mixture (Garfield simulation) is shown
in (figure[1I0). Although the effect of the magnetic field on drét velocity is quite significant,
the difference of the drift velocity component parallel e €lectric field is small as can be seen in
figure[1].

The simulated maximum charge collection time as a functidghemagnetic field is shown in
figure[12 for two gas mixture§ [[L7]. One sees that at magnetit @ = 0 the difference between the
mixtures is 7 ns where as for B=2 T itis only 4 ns. Detailed dations for the nominal LHC lumi-
nosity show that this increase leads to an increase of mamisttaw occupancy from 50% to 53%.

It is natural to expect an increase in the maximum drift-tima straw with an eccentric wire.
The electric field near the straw cathode is about 1.6 kV/cthamresponds to a region of very
steep rise of the drift velocity curve, as seen in fiuje 11aAfirect consequence this affects the
mean value and the variation of the arrival time of electrivos the outer radii in the straw. The
simulated maximum drift-time as a function of wire offsesisown in figurd 113. However beam
tests showed that an offset has a negligible impact on the gtrift-time accuracy for the new gas
mixture if extrapolation of the R-T dependence is used.
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measurements) and Xe-G@, 70/27/3 (from simulation only) TRT gas mixtures).
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Figure 11. Drift-velocity component parallel to the electric field agumction of the electric field in the
Xe-Ck-CO, 70/20/10 (B=2 T) and the Xe-CL0, 70/27/3 (B=0 and B=2 T) TRT gas mixtures.

For the TRT tracking performance it is very important to hawtable or very slowly changing
R-T dependence. (i.e. the drift-time as a function of théadise from the wire). The dependence
of drift velocity on variations of the composition of the gas<ture remains a critical issue.

The ATLAS SCT and Pixel detector have a common gas enveldpd filith nitrogen (N),
while the TRT uses C@®as an envelope gas. The common Inner Detector (Pixel+SCT}TR
envelope is filled with C@as well. In a complex system like this it is not possible tolede a
leakage of N into the TRT envelope. Both CQand N, have the ability to diffuse through the
straw walls or micro-holes into the operating gas volumetrddien contamination, as well as a
change in the C&fraction, has a significant effect on the electron drift wétpand thus alters the
R-T relation (figurd 14).
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Figure 13. Simulated maximum electron drift-time in the straw as a fiomcof the wire offset for the old
and the new TRT gas mixtures.

The amount of C@in the operating gas is actively controlled in the TRT gadesyisand its
concentration stability is expected to be at the level o%€).2atisfactory for TRT operation. It is
not foreseen to have nitrogen removal in the TRT gas systertheslevel of nitrogen in the TRT
envelop gas volume has to be kept below 0.5% according tdfiadions.

3.3 Straw signal

A critical issue for the choice of the new gas mixture was catitlity of the front-end electronics
with the shape of the signal from the straw. This has pagiciumhportance for operation at high
counting rates, because preserving the straw drift-tinceracy and efficiency requires a precise
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Figure 15. Comparison of the straw signal amplitudes versus time feiotd gas mixture and for mixtures
containing 3% of ethane and 3% of oxygen.

cancellation of the long ion tai[J[{, ]L0]. Fortunately the itils for the old and new operating gas
mixtures are identical, although, as seen from figuie 15 evtiee measured signal amplitudes for
different gas mixtures are shown, the new gas has a 7% deaétise fast electron component of
the signal. The straw signal shape for a mixture containthgree is however very different. This
difference probably arises from a contribution of electcapture process to the observed ion tail.
Negative charged ions created in the avalanche ia @CQCF,; containing mixtures move towards
the wire and create a current which partially compensategdtatively fast drop of the current
from the movement of the positive charged ions.
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Figure 16. Differential spectrum of energy deposits in a single strawZ0 GeV/c pions (pion dE/dX
spectrum).

4. TRT straw performance with the new operating gas mixture

To test the performance of the TRT with the new gas mixtureersé small-scale TRT prototypes
were built and tested in the H8 beam line at the CERN SPS aatade The performance was
evaluated using electron, pion, and muon beams with momremgarying from 5 to 300 GeV/c.
Three precise silicon micro-strip detectors with intranggsolution of 1Qum were used to deter-
mine particle trajectories. Two Cherenkov counters anckalmwer detector, together with a small
lead-glass electromagnetic calorimeter, were used fanhgaticle identification.

4.1 Energy deposition and transition radiation measurements

The prototype used for measurements of a dE/dX spectrum auperposition of the dE/dX
and TR (Transition Radiation) spectrums consisted of teawskayers interleaved with removable
stacks of radiator foils. Precise amplitude measuremeete made using 10-bit ADCs. Figules$ 16
and[1} show energy deposit spectra of these straws for pimhslectrons in both the Xe/GLCF,

and the Xe/C@O, gas mixtures. The most probable energy loss in the new nebtuslightly
smaller due to removal of the heavy £Eomponent while the absorbed TR spectrum remains the
same.

Quantitative agreement between test-beam data and Maite-S§imulations is important for
prediction of the electron/pion separation of the ATLAS Té8tector. A dedicated Monte-Carlo
program was developed to simulate the dE/dX and TR energysitegn in a TRT straws. Figufe[18
shows the excellent agreement between the data and the I@anie simulation for the new gas
mixture.
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4.2 Drift-time measurements

As described in sectiop 3.2, straw signals from the old aechtw gas mixtures are almost identi-
cal, so one should not expect a substantial change of thetdefgerformance at high rates using
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anode wire obtained from extrapolation to the straw of themioéack reconstructed in a silicon micro-strip
telescope for Xe/C@O, gas mixture.

the same front-end electronics. For a detailed compari§dmecstraw performance using differ-
ent operating gases, only the analog front-end electraringoonent (ASDBLR) was used, while
time measurements were performed with a multihit timeigptal converter (TDC) with 1 ns bin
size. Measured relationship between drift-time and mimmalistance from the particle tack to the
anode wire obtained from extrapolation to the straw of thanbéack reconstructed a in silicon
micro-strip telescope for Xe/CfD, gas mixture is shown in figurg.]19. This distribution allows
to establish time-distance relation to be used for cootdin@asurements.

The results of the analysis of the straw coordinate measameproperties are presented in fig-
ures[2P and 21, showing respectively the drift-time mezsent accuracy (coordinate measure-
ment accuracyF) and the drift-time measurement efficiency (probability & the reconstructed
coordinate to be withint2.50 of the projected track) for the old and the new gas mixturea as
function of the straw counting rate. The drift-time measueat accuracy for the Xe/GfD, gas
mixture is better by 10-2@m than for the Ch-containing one, while the drift-time measurement
efficiency remains the same even at the highest expectedinguates (20 MHz) at the LHC. The
somewhat worse drift-time measurement accuracy in Xe/CRB) is not only due to its faster drift
velocities compared to the oxygen-containing gas, but ipaimmes from large fluctuations in the
arriving electron cluster size, due to the strong electttachment at high electric fields (figyre 7).

At high patrticle rate of up to 500 kHz/cm, as expected in thestheaposed parts of the TRT
during operation, space-charge effects could affect t@tgrerformance. This effect has been
studied in detail for the old TRT gas mixture, where no chamge observed in the signal amplitude
at rates up to 500 kHz/cm or in the drift-time accuracy up t0 KBz/cm [§].

These studies were repeated for the new gas mixture. A stiasegin a test beam with a
silicon tracking setup was at the same time exposed to th&/ 6<keays rays from ar?°Fe source
that gave a maximum rate of 350 kHz/cm. The space-chargetefxpected from this rate of
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Figure 21. Drift-time measurement efficiency as a function of the stawunting rate for the original
(Xe/CO,/CF4) and new (Xe/CQ@O,) gas mixtures.

6 keV X-rays correspond to those expected from minimumsiogi particles (about 2 keV) at a
rate of 900 kHz/cm (about twice the maximum expected at th€L.ISome results of the studies
are shown in figur§ 22. One sees that the straw drift-timeracgus degraded from 110m (no
rate) to 130um (maximum rate). There was no significant change of the-tilnii¢ hit efficiency
registration observed. Since the straw drift-time acoutss not been observed to be affected at
these high rates for the original gas mixture, the degradaibserved in these measurements most
likely arises from the local high ozone concentration inakialanche region.

The complete TRT read-out chain contains a DTMROC chip wiias 3.125 ns time bin-
ning [L§]. This time binning has an impact in the drift-timesasurement precision. TRT straw
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Figure 23. Drift-time measurement accuracy as a function of the trolestor the complete TRT read-out
chain (Xe-CR-COy).

drift-time measurement accuracy and drift-time measurgrafficiency as a function of threshold
for the complete TRT readout chain are shown in figlrés 23 pfd These show the drift-time
accuracy which can be achieved in the TRT with the final TRTtebmics is about 13@m and
drift-time hit registration efficiency is about 85% for th&®T operation thresholds of 250-300 eV
what corresponds to 10 primary electrons.
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5. Operation with Ar-CO, mixture

Xenon is a very expensive gas. During detector assemblgpéaece testing, and the initial com-
missioning period a mixture of 70% Ar + 30% G@as used. This mixture provides stable operat-
ing characteristics at lest up to gas gains af @, which is reached at about 1500 V, figlife 4. This
binary gas is less stable than the 70%Xe+27%€3%00, mixture, particularly for heavy-ionizing
particles, in the wire regions with hot spots or at high petidensities. However it still offers a
long working plateau (up to 1770 V) at the detector testingditions and can be considered safe
for operation at 1450 V.

To obtain a reference point for the TRT commissioning pergichw performance with this
mixture was studied at the test beam. The results in figurean2§2p show that a drift-time
accuracy of 19um and a drift-time hit registration efficiency of 78% was abéal. The somewhat
worse results in comparison to the TRT xenon mixtures aris@lsnfrom the lower density of this
mixture, which results in fewer primary ionisation cluster

This binary gas mixture has a much shorter collection timshasvn in figurd 25. Operation
of the TRT with this gas would lead to a reduction of the strassupancy from adjacent bunches
by about factor of two at the nominal LHC luminaosity.

6. Conclusions

The TRT straw performance requirements are defined by thetipg conditions in the ATLAS
experiment at the LHC. The TRT is situated close to the prptmton interaction point and the
particle fluxes through the straws are therefore very higbl¢t?). The TRT detector will be
operated with the gas mixture Xe-G@, 70/27/3. This gas mixture has been extensively validated
in terms of high-rate performance and ageing behavior.
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Table[B summarises of the straw operation properties wigmtw gas mixture and with the
Ar-CO, mixture, used during production, acceptance testing, lamdhitial TRT commissioning.

The results on straw performance and straw ageing (to béspell separately) lead us to the
firm conviction that the TRT will reach its expected perforroa at nominal LHC luminosity.
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Table 2. TRT straw operation conditions in the ATLAS experiment.

Parameter

Value

Neutron fluence over 10 years

Straw counting rate

lonising particle density in the straw
lonising current density

Total charge accumulated over 10 years

Charged particle dose accumulated over 10 years up to 10 MRad

up to 210 n/cn?
up to 20 MHz
up to 500 kHz/cm
up to 0.15uA/cm
10 C per 1 cm of wire

Induced Xe radioactivity stored in the TRT 8 mCi
Table 3. TRT straw operation properties.

Parameter Value
Working point (gas gain 2:50%) 1530V
Operation plateau: about 200 V
Maximum electron collection time:

B=0 40 ns

B=2T 48 ns

Maximum straw occupancy
Straw operation threshold:
Low Level
High Level
Particle density effect at 900 kHz/cm:
Drift-time accuracy change
Drift-time measurement efficiency
Counting rate effect at 18 MHz:
Drift-time accuracy change
Drift-time measurement efficiency chan
Operation with complete TRT read-out chain
Drift-time accuracy
Drift-time measurement efficiency
Total efficiency
TR performance
Operation with Ar€O, mixture:
Drift-time accuracy
Drift-time measurement efficiency
Total efficiency

53% (50% for old gas mixture)

250-300 eV
7 keV

from 110 to 13Qum
no change

from 100 to 12Qum
ydrom 81% to 52%

about 130um

about 85%

about 95%

the same as with old gas mixtu

187 um
78%
88%
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