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Abstract—The measurement of muon momenta with very high a safety factor of 5 has been considered in the design of the
precision is one of the most challenging aspects of the ATLAS ATLAS muon spectrometer. Hence the MDT chambers are
experiment at the Large Hadron Collider (LHC) at Cern. The designed to cope with particle fluxes up to 500 st

ATLAS muon detector is equipped with three layers of Monitored - .
Drift Tube (MDT) chambers in a magnetic field generated by a which corresponds to a counting rate of 300 kHz/tube for 2

superconducting air-core magnet system for precision traking M long tubes.
and is designed to withstand particle fluxes of up to 500 cés™'. The LHC upgrade schedule foresees an increase of the

However 10 times higher background rates are to be expected |yminosity of an order of magnitude beyond the nominal value
at the Super-LHC, the luminosity upgrade of the LHC. We of 1034cm?s~! [5]. If the background rates scale with the

investigate the possibility of improving the performancesof the . . .
MDT chambers at high rates by reducing the diameter of the luminosity, the degradation of the performaces of the MDT

drift tubes from 30 to 15 mm. We report on the results of cosmic Cchambers will compromise ATLAS physics goals. In this lette
ray measurements with a prototype detector equipped with te we investigate the possibility of replacing the current MDT

thinner drift tubes in particle fluxes of up to 1400 cm™?s™". chambers in the hottest region of the muon spectrometer with
new chambers equipped with smaller diameter drift tubes.
. INTRODUCTION

ARGE Monitored Drift-Tube (MDT) chambers in a Il. HIGH RATE EFFECTS ONMDT CHAMBER
toroidal magnetic field generated by superconducting air- PERFORMANCES
core magnets are used for precision tracking in the muon specy,
trometer of the ATLAS detector at the Large Hadron CoIIid%
(LHC) at CERN [1]. The MDT chambers are equipped wit
two triple or quadruple layers of pressurized aluminumtdriE
tubes of 30 mm diameter and 0.4 mm wall thickness, fille n be reduced by halving the drift tube diameter.
with an Ar:CQ, (93:7) gas mixture at an absolute pressure DO WE WANT A SHORT SENTENCE AND REE TO
of 3 bar. An operating voltage of 3080 V, corresponding tEAST YEAR PROCEEDINGS:
a 2 x 10 gas gain, is applied to the 50m diameter gold- i
plated tungsten-rhenium wire, which is positioned at theee
of the tube with an accuracy of 20m. The single tube
spatial resolution is 8@:m, which translates into a position
resolution of 30um for a 6-layer chamber. This allows for

t high background rates the MDT chambers are known
suffer from a degradation of the spatial resolution due to
pace-charge fluctuations [6], [7], and of the muon detactio
fficiency due to the increased tube occupancy [8]. Botlcedffe

The reduction of the tube diameter from 30 to 15 mm has as
a consequence a shorter maximum drift time of the electrons,
from 700 ns to 200 ns, and lesser dependence of the drift
velocity on the drift field, resulting in a more linear space-
time relation. Advantages of a faster and more linear gasaare
the measurement of muon momenta up to 1 TeWith a

: reduced tube occupancy and less dependency on space charge

resolution of better than 10% [2]. effects, which enables the drift tube to operate at 7-8 times

The main background in the ATLAS muon spectrometer ' P

o : -Targer particle flux than the present tubes [9].
consists in photons and neutrons in the 1 MeV range, maun%loR A LONGER EXPLANATION?

originated in secondary interactions of hadronic colhgiwod- . -
9 y fispo If one neglects electronics effects such as artificial dead

ucts with the forward calorimeter, shielding material, mea . d sianal shaping i the tub q d
pipe and machine elements. Detection efficiencies in the leﬁne and signal shaping ime, the tube occupancy depends on

: the maximum drift time of the electrons. The space-to-drift
0, 0,
chambers are typically-1% for photons and~0.1% for t{me relationship for the Ar:C@®gas mixture used in the MDT

neutrons [3]. The highest background rate predicted by klon . o . N
; : ; hambers is shown in Fig. 1. The maximum drift time is about
Carlo simulations in the ATLAS muon spectrometer at th 00 (200) ns for 30 (15) mm diameter drift tubes, therefore by

LHC design luminosity of 1®cm?s~! is 100 cnT?s™! in . . .
the inner forward layers [4]. Due to limited knowledge o alving the tube diameter the occupancy is reduced by arfacto
.5. Convertedy particles in the tube wall also contribute

the showering process in the absorber, chamber sensiiviti

proton-proton cross section and particle multiplicity nmpary :ok;ncrﬁalﬁhthe occup_ancyt alz h'?h rateist.hln 15 mm ?Qmﬁter
collisions at the LHC center-of-mass energys = 14 TeV, ubes nat INe conversions faxe place at e same partiete T

Overall, 15 mm diameter drift tubes have the same occupancy
Manuscript received November xx, 2008. as 30 mm diameter tubes at 7 times higher rates. An additional



TABLE |
COMPARISON OF OPERATING PARAMETERS FOR5 MM AND 30 MM

£ 700 DIAMETER DRIFT TUBES.
" 00}
Diameter 15 mm 30 mm
500 ¢ Gas mixture Ar:CO2 (93:7) | Ar:CO2 (93:7)
400 F Gas pressure 3 bar 3 bar
o Wire 50 um W-Re 50 um W-Re
Tube wall 400 pm Al 400 pum Al
200 Operating voltage 2760 V 3080 V
100F Max. drift time 200 ns 700 ns
. Gas gain 20000 25000

G2 B ér(ﬁm)
for 15 mm and 30 mm diameter drift tubes can be found in
Fig. 1. Space-time relationship for the Ar:g@@3:7) gas mixture at 3 bars Table I.
currently used in the MDT chambers. ADD MORE DETAILS ON ENDPLUG DESIGN AND

GAS CONNECTIONS??

advantage of the reduction of the tube diameter from 30 mm to
15 mm is the increased redundancy in the track measurement
since more tubes can be packed into the same volume, which

would partly compensate the single-tube efficiency los® Th A detector prototype with 15 mm diameter drift tubes has
effect of multiple scattering on the spatial and momentugken tested in a high radiation environment at the Gamma
resolution due to the presence of additional material wall Brradiation Facility (GIF) at Cern in April 2008. The GIF is
the subject of future investigations - estimation???. equipped with a 590 GBd37Cs source emitting 662 keV
The space-charge distribution generated by the ion clougisotons. Lead filters of various thickness are available to
drifting toward the tube wall changes the drift electric diel partially shield the source [11].
influencing both the drift velocity and the gas gain. By Tne experimental setup at the GIF consisted in two refer-
lowering the effective potential seen by the drift elecioifie ence chambers used for tracking, 6 15 mm diameter drift tubes
gas gain decreases at high counting rates. The effectit@geol of 1 m |ength placed between the reference chambers, and 2
drop grows with the third power of the drift tube radius [10]jayers of scintillator counters (6 counters of 1.15 m lerygh
and is therefore 8 times smaller in 15 mm diameter tubggyer) used to trigger on muons from cosmic rays (see Fig. 2).
The change in the electric field leads to fluctuations of thg,e setup was placed at a distance of about 1.50 m from the
space-to-drift time relationship, causing a deterioratb the  soyrce. The counters were shielded from the photon radiatio
spatial resolutlor! especially in non linear gases, sucthas by a 15 cm thick lead wall, who was also partly shielding
Ar:CO; (93:7) mixture used in the ATLAS MDT chambersihe |ower reference chamber. The reference chambers were
since the_ drift vel(_)cny is stro_ngly dependent_on the electryjade of 2 triple layers of 30 mm diameter drift tubes of
field. This effect is not crucial in 15 mm diameter tubes;o cm |ength (8 drift tubes per layer). The distance between
since the gas response is more linear fpr drlft. radii s_mallgfe upper and lower layers of each reference chamber was
than 7.5 mm. In general, a linear gas is desirable sincesf 5 cm, in order to have a good angular resolution for the
entices a lesser dependency on environmental parametehs, $racking. To minimize multiple scattering between the tiit
as temperature, magnetic field, gas pressure and backgrogifs and the reference chambers, two spacers made of hollow
radiation. Mixtures pthgr than_ Ar:GQwith fast and linear gas 30 mm diameter tubes were used to hold the 6 prototype drift
responses, are being investigated. However up to now nqQiges in place between the two reference chambers. Thealengt
has been found that has the same aging properties as Ar:Gfp the 30 mm diameter tubes has been chosen to have the
(93:7) - add reference??. same counting rate per tube as in the 15 mm diameter tubes.
This partly compensates the efficiency loss in the reference
Ill. DESIGN OF15 MM DIAMETER DRIFT TUBES chambers at high counting rates due to the large occupancy.
The 15 mm diameter drift tube design follows as much as The maximum measured counting rate in the small tubes
possible the current ATLAS MDT design. The aluminum tubaas 1400 cm?s~!, which corresponds to a particle flux 14
wall is 400 um thick, and a 5Qum tungsten-rhenium wire is times higher than expected in the hottest region of the ATLAS
placed at the center of the tube. The drift tubes are filleth wimuon spectrometer at LHC design luminosity (without safety
the same gas mixture Ar:Gd93:7) as 30 mm diameter tubesfactor). By placing appropriate filters in front of the soeirc
at 3 bar pressure. The tube operating voltage is set to 2760Méasurements were also made at counting rates of 50, 800,
which corresponds to a gas gain of 25000. The electric fiedshd 1100 cm?s~!. The uncertainty on the measurement of
being the same as in the current MDTs for drift radii smallehe counting rate was of the order of 50 ths—!. About 1
than 7.5 mm, standard ATLAS MDT electronics can be usedillion triggers were collected at each counting rate. Ia th
for the readout. A summary of the various parameters ustadlowing, a particle flux rate of up to 50 cnis~!, which

IV. COSMIC-RAY TEST IN A HIGH RADIATION
ENVIRONMENT



dependence on the drift radius. The hits below the thick band
which follows the expected space-time distribution for the
mixture Ar:CQ, (93:7) are due to delta electrons created by
the muon in the tube wall.
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Fig. 4. The space-to-time relationship in 15 mm diametees$uds a function
of the counting rate.
15 /mm diameler
Le—drift tubes s | The shown space-time distribution at low rate was used to
i : extract ther(t) relationship, which allows for the determina-

tion of the drift radiusr from the measured drift time, as

o N : .' ! =i ‘D\ described in [8]. At higher counting rates, however, the ham
| N, 2L ! reference of reconstructed muon tracks decreases by almost a factor
chambers 20, due to the degradation of the tracking in the reference

chambers and to spurious triggers coming from insufficient
shielding of the scintillators. Therefore thét) relationship
measured at low counting rate was also used to determine the
position of muon hits from the measured drift time at high
rates. The differences in th€t) relationships at various rates

Fig. 3. The experimental setup at the GIF. The lead wall haderen yet are smaller than the eXpe”mental uncertainties.
built at the time the picture was taken.

VI. PERFORMANCES OFl5 MM DIAMETER DRIFT TUBES
corresponds to 7.5 kHz/tube, is referred to as low counting AT HIGH RATES
rate. _ The resolution of the tracking from the reference chambers
The readout of both test drift tubes and reference chambgrss easured by fitting with a gaussian distribution the
was made with standard ATLAS electronics, which allows fQfitterence of the distances of the two reference tracks from
the measurement_ of the electro_n drift time and the collecfc wire of the 15 mm diameter drift tube crossed by the
charge from th_e signal pulse height and length. 'I_'he deadt'%%on,(dlow — duy)/2 (see Fig. 5). At low counting rates, the
of the electronics for the readout of the 15 mm dl_ameter drﬁ’ieasuredrgomm was 115+ 1 um. At high rates space charge
tubes was set to 200 ns, whereas for 30 mm diameter dfffcq,ations cause a significant degradation of the tracking
tubes the standard ATLAS value of 790 ns was used. performance, the reference chambers being equipped with
30 mm diameter tube, and the spatial resolution grows lipear
V. DRIFT PROPERTIES OFL5 MM DIAMETER TUBES up t0 o30mm = 224+ 14 um at 1400 c2s~! (see Table I1).
Muon tracks from cosmic rays were reconstructed sep-The spatial resolutiosrs,,,, of the 15 mm diameter drift
arately in both reference chambers. A vertical track wasbes was extracted from the gaussiag, of the residuals,
required in each chamber, and both tracks were requireddefined as the difference between the muon hit position -deter
have similar slope. The position of the muon hit in the 15 mmmined by the-(¢) relationship and the hit position measured by
diameter tube crossed by both tracks was given by the aver#ige external tracking reference- (diow +dup) /2 (€€ Fig. 6).
distance of the two reference tracks (one from each chamber),.,, was calculated by taking the quadratic difference of the
from the tube wire(diow + dup)/2. o of the residual distribution andsg.,. At the highest rate
In Fig. 4 the measured space-time relationship for 15 mai 1400 cnr2s~!, the measurement of the 15 mm diameter
diameter drift tubes is shown. As expected, the maximurasolution is domined by the uncertainty on the measurement
drift time is about 200 ns, and the drift velocity has a wea#f the track position.



TABLE I
TRACKING SPATIAL RESOLUTION, GAUSSIAN o OF THE RESIDUAL
DISTRIBUTION, AND 15 MM DIAMETER DRIFT TUBE SPATIAL RESOLUTION
(030mm» Ores, AND O15mm) AS A FUNCTION OF THE COUNTING RATE

VIl. DISCUSSION OF THE RESULTS AND COMPARISON

WITH PREVIOUS MEASUREMENTS

Counting rate || o30mm 030mm 730mm At low rates, the spatial resolution of 15 mm diameter tubes
[cm—2s7!] [nm] [nm] [wm] O15mm = 114+ 2 pm, is similar toozgmm. At higher rates
50 115+ 1 | 160+ 1 | 114£2 however 15 mm diameter drift tubes perform significantly
800 155+ 4 | 195+ 6 | 118+ 7 better (see Fig. 7), in agreement with expectations from
1100 174+ 9 | 221+ 13 | 136+ 15 previous measurements. The predictions were obtained by
1400 224+ 14 | 246+ 17 | 101+ 22 averaging the spatial resolution of 30 mm diameter drifegib
measured in a 2004 testbeam for drift radii smaller than 7.5
mm [12].
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Fig. 5. Difference of the distances of the reference trackenfthe wire
of the 15 mm diameter drift tube hit by a muon at low countingeral'he 80 [t L L L L L
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Fig. 7. Spatial resolution of 15 mm and 30 mm diameter drifietias a

function of the counting rate. The 30 mm diameter drift tubeasurement
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The 5% inefficiency at low counting rate for both 15 and
30 mm diameter drift tubes is due to the creation of delta
electrons in the tube wall. At higher rate the degradation of
the performances is due to background hits. Measurements
for 30 mm diameter drift tubes were made in a testbeam in
2004 [12], and correspond to data taken with the standard
ATLAS deadtime of the electronics, 790 ns, and with a shorter
deadtime, 200 ns. If a muon arrives in the dead-time window

The residual distribution is significantly non-gaussian faafter a background hit, the muon hit is not detected. Hence
tracks close to the wire [7]. Moreover space charge fluctteducing the electronics deadtime has as a consequence an
ations, who cause variation of the electric field over timmcreased tube efficiency. To improve the efficiency in data
and as a consequence a deviation from the expectgd taken with 200 ns deadtime and multiple hits in a single event
relationship, have larger effect at larger radii. The neald muon hits were recovered by using the second hit if the first
distribution is therefore given by the superposition ofesa one had a radius falling outside the required\@indow. The
gaussian distributions of increasing width. These effagse 3o efficiency for 15 mm diameter drift tubes is similar to that
neglected due to limited available statistics, and thelstism of 30 mm diameter tubes with 200 ns deadtime and second
was calculated as described above for all values. of hit recovery.

Fig. 6. Residual distribution at low counting rate. The gakesolution of
15 mm diameter drift tubes was calculated by taking the cataddifference
of the ores cOming from the gaussian fit of the residuals and of the tragki
resolution.
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Fig. 8. 3 single tube efficiency for 15 mm and 30 mm diameter drift tube
as a function of the counting rate. The green dots are maasuts from the
GIF tests described in this letter, whereas the remainingesuvere measured
in 2004 tests of 30 mm diameter tubes at the GIF [12].

VIIl. CONCLUSION
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particle fluxes up to 500 cris~!'. However counting rates
up to 5 kHz/cnt? are to be expected at a luminosity of
10*cm?s~! at the Super-LHC, the luminosity upgrade fore-
seen for the LHC. We investigated the performances of drift
tubes with smaller diameter (15 mm against 30 mm of the
current MDT design). A prototype detector equipped withhsuc
small tubes was tested in a high radiation environment, with
counting rates up to 1.4 kHz/cm. A spatial resolution of
114 +2 ym was measured at low counting rate, and the tube
performances were stable with increasing background.rates
At low counting rate the @ single tube efficiency was 95%
(inefficiency due to delta rays), and the degradation atdrigh
counting rates was found in agreement with expectations. Th
smaller diameter drift tubes can therefore be considered a
promising solution for the replacement of MDT chambers in
the hottest region of the ATLAS muon spectrometer at the
Super-LHC luminosity. However more conclusive tests are
still needed to demostrate that a chamber equipped withl small
tubes could meet the design requirements of the ATLAS MDT
chambers, i.e. ensure a chamber spatial resolution ofstt3&a
um. In particular, multiple scattering effects within a cHaan

due to the increased amount of material (in case more drift
tubes than in the present design are needed) need to be better
understood. We plan to build a chamber prototype equipped
with 15 mm diameter tubes and test it in the GIF during 2009.



