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Abstract— In the ATLAS muon spectrometer, large drift-tube  spectrometer. The neutron andackground is created in inter-
chambers are used for precision tracking. These chambers Wbe  actions of primary hadronic collision products with theviard
operated at a high neutron andy background resulting in count  .5orimeter, shielding material, and other accelator efets:

rates of up to 500 counts s' cm™2 corresponding to 300 kHz per L ¢ duced durina the ab i f
tube. The spatial resolution of the drift tubes is degraded fom -OW-€Nergy neutrons are produced during the absorption o

82 um without background to 108 um at 500 Hz cnt 2 background ~hadrons. They excite nuclei of the absorbing material which
count rate. In order to limit the background count rate, the drift ~ deexcite by emittingy particles. The neutrons and particles
tubes are read out with an artificial dead time of 790 ns which |ose any correlation with the initial proton collisions b&tLHC
causes an efficiency loss of 23% at a rate of 300 kHz per tube. by frequent rescattering. Some of the neutrons angrticles

The space-to-drift-time relationships of the tubes vary wih the th terial and enter th ¢ t th
background rate, the temperature, and the magnetic field stength. escape the material and enter the muon spectrometer wiegre

They must be recalibrated in short time intervals with an acaracy ~ form a permanent background. [1]
better than 20 um which is guaranteed by an autocalibration In order to test the performance of the MDT chambers under

procedure using muon tracks and by applying measured magne&t  an ATLAS-likey background, one of the largest precision muon
field corrections to the relationship. chambers of the ATLAS detector was operated in the Gamma
Index Terms— ATLAS, muon spectrometer, high rates, magnetic Irradation Facility (GIF) at CERN in 2003. This facility ised-
field, autocalibration. suited for the investigation as it provides a 100 GeV muon
beam and a radioactive 664 GBt Cs source emitting 662 keV
~s for the simulation of the ATLASy background [4]. The
chamber was equipped with the final read-out electronics.
N the muon spectrometer of the ATLAS detector at the The space-to-drift-time relationships of the tubes varthwi
Large Hadron Collider (LHC), large drift tube chamberghe background rate, but also with the temperature and the
the Monitored Drift Tube (MDT) chambers, are used fomagnetic field strength. They must therefore be recalibrate
precision tracking in the toroidal field of superconductaig short time intervals with an accuracy better than20 which
core magnets. The MDT chambers consist of two triple ¢ras to be guaranteed by an autocalibration procedure using
guadruple-layers of aluminium drift tubes with 30 mm diaeret muon tracks and by applying magnetic field corrections to the
and 0.4 mm wall thickness mounted on either side of an alielationship. The development of a performant autocdiima
minum space frame containing optical deformation monitpri algorithm and the measurement of the change of the space-
systems. In order to achieve a momentum resolution of betterdrift-time relationship-(¢) with the magnetic field were the
than 10% up to muon momenta of 1 TeV, the chambers havajor issues of another test in the GIF in summer 2004.
to provide a spatial resolution of 4bm. With a positioning
accuracy of 20um of the sense wires within a chamber, the Il. TEST-BEAM SET-UP
spatial resolution of a drift tube has to be better than L0 N the GIF, a chamber with 432 tubes of 3.80 m length in
using an Ar:CO2 (93:7) gas mixture at 3 bar and a gas gain pf two triple layers separated by a 317 mm thick spacer was
2-10%. [1] installed at 2 m distance from the radioactive source asBket
In the ATLAS experiment, the muon chambers will expein Figure 1. The chamber could be rotated by up té &8»und
rience unprecedentedly high neutron and photon backgrouhd vertical axis in steps of 25In another test a chamber
count rates which have a significant impact on their perfowith 3x3 tubes in the middle of the telescope was operated in
mance [2] [3]. At the LHC design luminosity of #cm=2s~!, a 0-0.9 T dipole field parallel to the anode wires of the tubes.
count rates of up to 500 Hz cm (including a safety factor 5) A telescope consisting of four silicon strip detectors was
have to be expected in the inner forward layers of the muphaced 50 cm in front of the chamber. Each strip detector

I. INTRODUCTION
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Fig. 1. The experimental set-up at the GIF in 2003 with the 68& *>’ Cs~y L

source, the MDT chamber, and a silicon tracking detecto20®4 a chamber
with 3x 3 tubes in the middle of the silicon detector was operatedGr0z0 T 20 H’ o*
dipole field parallel to the anode wires of the tubes.
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measured the lateral positions of the incident muons with an o | '*'*'H'H'H;|EI:.¢‘ .Hoi‘l‘lorH.
accuracy of 1um. The two outermost detectors measured the
vertical positions of the muon hits with the same accuraty, i _10 | | | | | ‘
addition. The active areas of the silicon detectors had e afiz 0 2 4 6 8 10 12 14
5x5 cn?. r Imml

The beam telescope was enclosed by two fast scintillatioin 5
counters Of_the same active ar?a_‘ A_COInC|dence of these tg\'%mction of the muon impact radius The round points show the results of
counters with a 1810 cn? scintillation counter protected test-heam measurements, the crosses the prediction byaitiiel simulation
from the photon source upstream in the beam provided tbi@gramme.
trigger signal for the data acquisition. Because of the higle
resolution of less than 200 ps, the time jitter of the trigiee o o ]
was negligible with respect to the time resolution of theftdribackground rate measured in this area of 3, inis possible
tubes, which is about 3 ns. The merit of the silicon telescoffe calculate an- — ¢ relationship of 200um accuracy with
is that it allows for the accurate reconstruction of the mudh® Garfield simulation programme [7]. Muon tracks are used
trajectories independently of the hits registered by thié-dr © refine the initialr(t) estimate to the required accuracy of
tube chamber. 20 pm.

The read-out of the ATLAS muon chambers is performed The muon tracks can be considered straight inside a multi-
in groups of 24 tubes in the following way: bundles of 24aYer. Thgy are _reconstruc;ted vyith the initigl—t relationship_.
tubes (3 times 8 in a triple layer) are connected to so-calldfe quqllty of thisr—t relationship is determined by calculating
"hedgehog cards A hedgehog card capacitively decouples thi€ residualsdy, := r(t,) — d, whered, denotes the track
signals from the tubes connected and leads them to the Sigfance from thé:-th anode wire hit and(ty) the drift radius
called "'mezzanine cardsnounted on top of the hedgehog card®f the k-th hit. By making use of the residuals from tracks
The mezzanine card contains the amplifiers, the shapers, ¥ different incidence angles and the functional depewde
discriminators, and the time-to-digital converters faz tiignals Of the residuals om(¢), a better estimate of(t) can be
of each of the 24 tubes connected to the hedgehog card. Eaféiracted from the residuals [8]. The new estimate can be
beam tests in the GIF [2] and simulation studies [5] have led#Proved by repeating this procedure. The iterative refieem
to the decision to use bipolar shaping with a peaking time 8f 7(t) is terminated when the quantify;, [Ax/o(r(tx))]* is
15 ns. The front-electronics also permits the measuremient”®t decreased by the new estimate of ¢) relationship.
the pulse heights in all 24 channels [6]. The dead time of tfffudies based on Monte-Carlo and test-beam data show that th
electronics is adjustable between 200 ns to 790 ns. As the mé4tocalibration prodecure provides the- ¢ relationship with
multiplicity of ~ hits is 1.5 at 200 ns dead time and the bandwif® accuracy of 2@m with 1000 tracks which corresponds to a
of the further read-out chain is limited to a hit rate of 500zkHdata acquisition time in ATLAS of about 1 hour per calibratio
per tube, the electronics is operated with 790 ns dead-iime ZONe at a luminosity of0** cm—?s~1.
order to keep the data rate below the bandwidth limit.

Change of the(r) relationship caused by different magnetic fields as

IV. B-FIELD CORRECTIONS TOr(t)

1. AUTOCALIBRATION USING MUON TRACKS HE component of the magnetic field parallel to the anode

HE space-to-drift-time relationshigt) of the tubes inside wires of the drift tubes in some chambers at the end of the
a chamber changes with the operating conditions, maintyagnet coils varies by 0.4 T along the tubes. As the Lorentz
the temperature and the background rate. The operating ctimee bends the electrons drifting to the anode wires,rthel
ditions are expected to be the same in an area of about 1 relationship is altered by the magnetic field along the tubes
of a multilayer of a chamber. Using the temperature and tleeder to be able to perform the autocalibration procedure, t



magnetic field dependence of the- ¢ relationship has to be ?300 i Threshold: (16+2) p.e.
corrected for. Figure 2 shows how the magnetic field chang&275 -4 Irradiation rates:
r(t) relationship as a function of the muon impact radius. They 4 990/ (crﬁz s)
round points show the test-beam measurement, the crosses ¢hog( + o ° 5
prediction by the Garfield [7] simulation programme. Measur -5 670/ (cm?s)
ment and simulation agree on the level of 3 ns. An error G\g 225+ = = 342/ (cm?s)
3 ns on the prediction of the change of the maximum drif o # 187/ (cm?s)
time corresponds to an erreft) of about 60um at large radii. >~ 200 - o 0
It decreases to 10m when measurement and prediction agreg
on the level of 0.5 ns. The measured magnetic-field depen%? 175 % N
of r(¢) will allows us to improve the simulation to required v 150 =&
accuracy of 0.5 ns. RS s
125 8 i 4 o
V. IMPACT OF THEHIGH BACKGROUND RADIATION ON © ﬁ “ N -
THE TUBE PERFORMANCE 100 - © % ;3; A % Q} i D
HE neutron andy background in the ATLAS cavern will 75 2 iR
lead to count rates of up to 500 Hzc (including a . . . . OIO © 0 oo o

safety factor 5) in the MDT chambers. The ions created by the 50 ' '
e . 0 2 4 6 8 10 12 14
hits in the gas volume of the tubes lead to a space charge in the
tubes which lowers the electric field near the anode wiresa As
Consequ_ence the gas gain is decreased. The gain drops by 9%{;%. Spatial resolution curves obtained at differentkigaound rates. The
the maximum expected background rate of 500 Hz€nThe discriminator threshold used corresponds to the 16th pyiralctron.
reduced gas gain leads to a spatial resolution deminished by
30 um for hits near the anode wire of a tube. The quctuatio@lGO: 100“;;’25 aitas ks
in time of the space-charge created by the background r@r%” without time-slewing correction
implies a fluctuation in time of the electric field inside tsbe gi‘;z
Since Ar:CQ is a non-linear gas, the fluctuation of the electrig ol
field translates into a fluctuation of the— ¢ relationship. The %,1107
larger the drift path the more add up the fluctuations. Tkgelooi
fluctuation cannot be resolved so that the spatial reseiutio |
of the drift tubes is degraded with increasing drift radimsla |
background rate. This behaviour is demonstrated in Figure 3, . . . . . | ol N
which contains the radius dependent spatial resolutiondsf O ckround aount rats [Hzlom ® " packground count rate Hziem)
tube for different background rates.

Figure 4 shows the quadratic average of the resolution surveg. 4 Left: single-tube resolution with and without tiralewing corrections.
which is, by definition, the average single-tube resolutipn Ri9nt spatial resolution of a six-layer chamber.
does not meet the requirement of a resolution better than

11(.) pm. The requwement can, hoyvever, be ach|ev§d by a&)]; of the tracks reconstructed with the silicon detectors from
plying time-slewing corrections using the pulse-heightame

surements of the front-end electronics. With no backgrountg|e corresponding anode wires. If

a resolution of 82:um is obtained corresponding to a chamber r(t) — dg| > 30(dy)
resolution of 34um in a six-layer chamber; the tube resolution

is 108 um at 500 Hz cm? irradiation rate, which correspondswWhereo(dx) denotes the spatial resolution of the tube at the
to 45 ym chamber resolution. radiusdy, the hitk is considered a background hit and the tube

inefficient to the traversing muon.
Figure 5 shows the single-tube efficiency as a function of the
~ background rate. It decreases with increasing backgroand a
expected for a dead time of 790 ns. It starts at 94% with no
HE neutron andy background also leads to a decreasduhckground, at less than 100% becadselectrons knocked
muon detection efficiency. After each hit in a tube, the tubsut of the tube walls by the incoming muons can cause hits
does not detect another hit within the (artificial) dead tiofie at radii closer to the anode wires than the muon hits. It
790 ns after the first hit. Hence a muon is not detected bydacreases to 89% at the maximum count rate expected for the
tube when it falls into the dead-time window after a precgdiroperations of the muon spectrometer at an LHC luminosity
background hit. In the test-beam data background hits candfe10** cm=2s~!. If the safety factor 5 is considered, the
identified by comparing their drift radii(¢;, ) with the distances efficiency is significantly diminished, namely to 72%. Ifd¢kas
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VI. | MPACT OF THEHIGH BACKGROUND RADIATION ON
THE MUON DETECTION EFFICIENCY
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Fig. 5. Left: Single-tube resolution as a function of the Kgground count 51 2 3 4 5 & 7 8 9
rate at a dead-time setting of 790 ns. Right: Correspondguzking efficiency background normalized to ATLAS maximum

achieved in a six-layer chamber at perpendicular tracldergie.

Fig. 6. Muon detection efficiency of a single tube as a fumctid the v
background for different dead-time settings. The dasheel dire the results of

of perpendicular incidence on the 6-layer chamber in the tdigear regressions to the measured efficiencies.
beam are reconstructed, a higher efficiency is achieveduseca
of the redundancy of the track point measurements (seed-igur
5). Track-reconstruction efficiencies between 90% and 95% VIIl. CONCLUSIONS
are observed at background rates similar to those in 6-layer
chambers in the muon spectrometer. At five times higher rates
efficiencies between 80% and 85% are reached. HE drift tube chamber of the ATLAS muon spectrometer
A ten times higher background than expected may be enl are precision tracking detectors able to measure track
countered in the muon spectrometer after a luminosity uprgraPoints with an accuracy better than 4. The high accuracy
of the LHC to 103 cm2s-!. In this case, the tracking iS achieved by 2m position accuracy of the sense wires and a
efficiency will be significantly reduced to about 65%. knowledge of the space-to-drift-time relationship on taeel of
20 um or better. We have shown that an autocalibration prode-
cure using muon tracks in a multilayer of a chamber allows
us to recalibrate the — ¢ relationship with 20um accuracy in
N order to explore the efficiency limit at very high backa chamber area of 1 fronce an hour during the operation at
ground rates with the present front-end electronics, datee LHC with 164 cm~2s~! luminosity. In chambers close to
were acquired with the minimum dead-time setting of 200 nthe ends of the magnet coils of the muon spectrometers, the
The data were analysed in two ways: magnetic field varies by up to 0.4 T within an autocalibration
1) Whenever more than one hit was detected by a tube inZ#n€- In these zones magnetic field corrections based on our
event, the hit first in time was considered. As the ded@St-beam measurements and a Garfield calculation must be
time is much shorter than the maximum drift time ofPplied to ther — ¢ relationship.
about 700 ns, the single-tube efficiency is increased (seeThe drift-tube chambers will encounter a high neutron and
Figure 6). At a rate of ten times the ATLAS maximum;y background in the ATLAS cavern. The spatial resolution of
the efficiency gain is 10%. the chambers was shown to be better thanu4% even at a
2) Whenever the first had a wrong radius and another hit waackground count rate of 500 Hz crhwhich is — including a
detected in the same tube in the same event, the secsatkty factor 5 — the highest background rate the chambers ca
hit was used. This enabled us to recover muon hits. A&ncounter during the operation at the LHC. In order to keep th
a consequence, the efficiency is further improved. It mount rates of the chambers within the bandwidth of the whole
greater than 80% for rates of up to 10 times the maximuraad-out chain, the tubes are read out with an artificial dead
rate expected in ATLAS. time of 790 ns. The tracking efficiency of a single chamber

Studies in the early stage of the ATLAS experiment [9] shof#ifns out to be above 90% for the background count rates of
that the tracking efficiency in the entire muon spectrometite chamber at the LHC; it stays above 80% if (including the
where three chambers are traversed by the muons should &&tty factor 5) five times higher rates are encountered.
improve. These studies, however, were done based on anothéthe chambers are able to cope with even higher rates
(linear) gas mixture and simplifications. The authors of th@®00 kHzcnt?) if the artificial dead time is reduced to its
present article plan to repeat the cited analysis with monginimum of 200 ns: a single tube has a muon detection
realistic assumptions based on the test-beam measuremesitgiency of 80% at these high rates. This result indicates t
The results shown before indicate that the muon chambers émcreasing the bandwidth of the read-out chain could be a way
their front-end electronics are capable of the higher ratdse to operate the muon spectrometer with high performance afte
encountered after the LHC luminosity upgrade. the LHC luminosity upgrade to 20 cm=2s71.

VIl. PERSPECTIVES FOREFFICIENCY IMPROVEMENTS



ACKNOWLEDGMENT

The authors would like to thank M. Clayton, L. Gatignon,
and P. Pierre for providing us the dipole magnet for our gsidi
and A. di Girolamo and M. Kollefrath for lending us equipment
We also want to express our gratitude to T. Christiansen and
J. Gregory for helping us in the development of our read-out
software.

REFERENCES

[1] The ATLAS Muon CollaborationATLAS Muon Spectrometer — Technical
Design ReportCERN/LHCC 97-22, Geneva 1997.

[2] M. Aleksa et al., Rate Effects in High-Resolution Drift Chambers
Nucl.Instrum.Meth.A446 (2000).

[3] M. Deile et al., Performance of the ATLAS Precision Muon Chambers
under LHC Operating ConditionsNucl.Instrum.Meth.A518 (2004).

[4] S. Agosteo et al.A facility for the test of large-area muon chambers at
high rates Nucl.Instrum.Meth.A452 (2000).

[5] W. Riegler et al.Front-End Electronics for Drift Tubes in a High-Rate
Environment Nucl.Instrum.Meth.A446 (2000).

[6] C. Posch et al.CMOS front-end for the MDT sub-detector in the ATLAS
Muon Spectrometer — development and performagoetribution to the
7th Workshop on Electronics for LHC Experiments LEB 2001acRholm,
Sweden , 10 - 14 Sep 2001 - pages 199-203.

[7] R. Veenhof, GARFIELD: Simulation of gaseous detectors, Versign 8
CERN 2002.

[8] M. Deile et al., Autocalibration: The Influence of the Track Incidence
Angles and a New MethodTLAS internal note, Geneva 2000.

[9] J.F. Laporte et al.On the Number of Layers per Multilayer in MDT
Chambers Partl ATLAS internal note, Geneva 1996.



