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Abstract—The muon spectrometer of the ATLAS experiment the physics of the top quarks, and the search for new pagticle
at the Large Hadron Collider (LHC) is instrumented with |ike leptoquarks [2].

three layers of precision tracking detectors each consisty of One of the most challenging aspects for ATLAS is the
6 or 8 layers of pressurized aluminum drift tubes of 30 mm

diameter. The magnetic field of the spectrometer is generateby ~d€tection of muons with very high-precision momenta mea-
superconducting air-core toroid magnets. Already at the LHC ~surements. The ATLAS muon detector will be equipped
design luminosity of 10%* cm?s™*, the ATLAS muon chambers with three layers of chambers in a magnetic field of 3-6
have to cope with unprecedentedly high neutron and gamma Tm bending power generated by a superconducting air-core
ray background rates of up to 500 Hz/cn? in the inner and magnet system [3]. The spectrometer is designed to provide a
middle chamber layers in the forward regions of the muon uti fb h 0% f
spectrometer. At a high-luminosity upgrade of the LHC (S-LHC), Muon momentum resolution of better than 10% for transverse
the background rates are expected to increase by an order of momenta up to 1 Te\/over a pseudo-rapidity range pf| <
magnitude. The resulting high occupancies lead to a signitmt 2.7. This requires very accurate track sagitta measurement
deterioration of the muon detection efficiency compromisig the in the three layers of muon chambers and a high precision
physics goals. The possibility to improve the muon detectiv ., i-a) alignment monitoring system. Over most of the pseud
efficiency by reducing the diameter of the drift tubes, and idi f h. K . .
consequently lowering the dead time of the readout electrdos, 'aPidity range, measurements of the track sagitta are giyen
has been investigated. We report about the design and testselts ~precision drift chambers, the Monitored Drift Tubes (MDT).
of prototype drift-tube detectors with thin-walled aluminum The ATLAS muon spectrometer uses a magnetic field which
tubes of 15 mm diameter. allows for the precise measurement of muon momenta. How-
ever, a consequence of this design is the absence of an iron
absorber which could limit low-energy neutrons leaking out
. INTRODUCTION of the calorimeter and particles emitted from nuclei excited

HE Large Hadron Collider (LHC) at CERN will ul- by the low energy neutrons. This leads to high background
T timately collide beams of protons at a center-of-ma&®unt rates in the muon chambers, especially in the forward
energy of /s = 14 TeV. The first LHC proton beams areregion (Monte-Carlo simu!ations [4] predict backgroundieb
expected to be delivered in mid 2008, and stable runnifgtes of about 10 cm¥s™* in the barrel part and of up to 100
conditions of the accelerator and nominal luminosity a@M s ' in the end-caps).
expected to be reached 2-3 years after LHC startup. AnThe muon chambers are designed to cope with the expected
upgrade of the accelerator luminosity beyond its nominfRckground count rates at the LHC including an uncertainty
value, 1G*cm?s~1, is already under discussion, and it majactor (5). Nevertheless, for detectors any luminosityraplg
ultimately lead to increase the nominal LHC luminosity by aff the LHC beyond the design value is a big challenge for
order of magnitude, over a long term (years of operation) [#paintaining efficiency, resolution and operational religb

In the first phase (expected in the period 2009_2015)’{0éthe S-LHC ten times h|gherc_ount rates may be enco_untered
stretching of the machine parameters up to their limits mafythe background rate scales with the accelerator’s lusityo
lead to a luminosity increase of about a factor 2.3. Latéi this letter, we report on the development and test of
phases foresee an upgrade of the interaction regionsngzad-i”ft tubes with high rate capabilities for the ATLAS MDT
to stronger focussing (around 2015), followed by an inazea§hambers.
in the bunch number (much later), and finally an increase of

the center of mass energy by a factor of 2. Il. THE ATLAS MDT CHAMBERS AT THE LHC AND
Four particle physics experiments are currently beingt buil BEYOND

at the LHC. The ATLAS detector is one of the two general . .
purpose detectors, whose main physics goals are the se rc-|;he ATLAS MDT chambers consist of 2 triple or quadruple

for the Higgs boson and the measurement of its mass O&\é?rs of drift tubes. The tubes are filled with an Argon and

search for supersymmetric extensions of the Standard Mo ggs mixture with a 93:7 ratio. The inner diameter O.f the
Persy M tubes is 29.170 mm and a 5Mn gold-plated tungsten-rhenium
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Fig. 1. A three-layer MDT chamber equipped with 30 mm diametdéft Fig. 2. Schematic drawing showing a 8-layer MDT chamber gopd with
tubes. The gas, signal, and ground connections are showrcoRgparison, 15 mm diameter drift tubes.
15 mm diameter drift tubes are piled up on the left.

The spatial resolution degradation due to space charge

The main background in the muon spectrometer is givéiictuations is not a critical issue for drift radiuses small
by low energy neutrons and photons coming mainly from prihan 7 mm, due to the fast gas response in this region [5].
mary hadrons interacting with the ATLAS forward calorimeThe gas gain drop is estimated to be around 15% at counting
ter, shielding, beam pipe and machine elements. The MDPdtes higher by an order of magnitude than that at LHC.
chambers are known to suffer from the background count-Additional advantages of the reduction of the tube diameter
rates by a degradation of the spatial resolution due to spafi®m its present value of 30 mm to 15 mm are: an increased
charge fluctuations and by a degradation of the muon detecti@dundancy in the track measurement since more tubes can be
efficiency due to dead time effects leading to a loss of mu@acked into the same volume, which would partly compensate
hits [5], [6]. At ten times the nominal LHC luminosity, thethe single-tube efficiency loss; and a smaller background
resolution degradation leads to a deterioration of the nmemesount rate per tube due to less conversions taking place in
tum resolution of the order of 50% while the efficiency may smaller tube wall surface at the same background particle
go down by 45%, which is a even more serious concern. fiix. Moreover, a more linear space-time relationship @stic
even higher background rates the occupancy of the chamhelesser dependency on environmental parameters, such as
exceeds 50%. At this point efficient muon detection becomgsmperature, magnetic field, gas pressure and background
impossible and new precision tracking detectors are neededhdiation, than in the current design.

IIl. M OTIVATIONS FOR CHAMBER DESIGN WITH SMALLER |V. DESIGN OF CHAMBERS WITH SMALLER RADIUS DRIFT
RADIUS DRIFT TUBES TUBES

Convertedy particles usually create more than one hit in the The approach followed in the realization of the first smaller
read-out electronics. Therefore, in order to suppresgihigsto radius tube prototypes profits of the experience gaineden th
secondary threshold crossings, the MDT front-end ele@sondesign of the current MDT chambers. In the first design fase,
currently uses a dead-time of 790 ns, which correspondsdor strategy implies therefore minimizing as much as pdssib
the maximum drift time in an MDT tube. The maximum tubehe changes with respect to the current design. Thus theohos
drift time is directly related to the occupancy of the tubed a baseline is the realization of drift tubes with 7.5 mm radius
defines therefore the tube operating limit. With the curremtith a 400m Al wall and a 50um tungsten-rhenium wire. In
design, the limit count rate is 700 kHz/tube, which resultsrder to obtain the same electric field as in the current MDT
in occupancies larger than 50%. Lower occupancies can to@es for distances from the wire smaller than 7.5 mm, the
obtained with smaller dead times. operating voltage is set to 2760 V. This allows us to use the

The maximum tube drift time as a function of the drifistandard ATLAS MDT readout electronics for the first tests.
tube radius has already been studied for the ArGfas One of the main issues of the design of a prototype chamber
mixture used in the current MDT chambers [7]. The spacequipped with smaller radius drift tubes is the limited spac
time relationship shows that a maximum drift time of 200 navailable for electronics and gas connections (see Figinl).
can be obtained by halving the tube radius, leading to 30Btg. 2, the handling of gas and electronics connections is
lower occupancies than the current design. Owing to purediiown for an 8-layer chamber. The wires are connected to
geometrical considerations, the smaller volume tubessléad the readout electronics and to the high voltage throughtshor
the reduction of occupancies by an additional factor 2. Addi shielded cables. The aluminum support structure of thestube
up the two effects, one obtains 30% occupancy at a 15B0also shown.
kHz/tube count rate. This leads to an efficiency loss of 25% At the tube ends, a cylindrical element called end-plug
with respect to the current design, which is acceptable.  holds in position the wire (see Fig. 3). The end-plug deserve



a)

7 ground cable
gas connection

! Small tubes
signal cable

Standard
MDT tubes

b)

ground cable wire locator  brass | insulator

gas connection

. Scintillators
signal cable’ t

signal cap end cap

Fig. 4. Cosmic ray test stand realized at the Max Plancktindiir Physik
in Munchen.
Fig. 3. End-plug design for 30 mm diameter drift tubes. a) 3dbematic
drawing of the end-plug. b) Longitudinal cut through the -@hag. The signal
and end caps are also shown separately in the bottom draivireg signal,
ground and gas connections are shown.

Counts

[ ]Exp. data

. . . .. — Garfi
careful design, since it must ensure the centricity of the g0 arfield

wire with respect to the tube with an accuracy of gt 140
or better. Particular care must be paid to ensure the prope
gas connectivity. As in the current MDT design, the central
conductor holds the wire and serves for the gas transferdn an

out of the tube. Brass is used for the electrical connections 80
the end-plug, and PEEK plastic is used as insulator. Figgt hi &0
voltage tests show no leakage current for operating vadtage 40
up to 3500 V. 20
0 B R T - R R—T
V. COSMIC-RAY TEST STAND WITH SMALLER RADIUS Drift time [ns]
DRIFT TUBES Fig. 5. Drift time spectrum of a 15 mm diameter drift tube. @dasray data

) . . .are shown in the solid histogram. The GARFIELD simulatiosuiperimposed
As a first step in the development of smaller radius drijf ,oq. 9 perimp

tubes for the ATLAS MDT chambers, a low-rate cosmic-
ray test stand without magnetic field has been setup at the
Max Planck Institut fiir Physik in Munchen, Germany. Th&ermi functions:F(t) = —2¢—_, for the rising part of the
setup consists of a layer of 3 prototype drift tubes with 15 . l4+e ~T0 L -
pectrum, which allows for the determination of the minimum
mm diameter, and a a triple layer of 8 standard MDT dr@ it time ¢ 4G et oo falli t
tubes with 30 mm diameter, who serve as reference detectors ¢ ‘or @n () = - pmaes or the fafling par
(see Fig. 4). Two layers of scintillation counters provitie t Which allows for the determmatlon of the maximum drift time
trigger information for data readout. The distance betwen tmaz. Ao, To, s1, s2 and Tp,,,, are also parameters to be
small tube layer and the triple large tube layer is about Zietermined by a fit. A fit of the measured drift time spectrum
cm. Thus the precision of the tracking measurements that oiith the above defined functions(t) and G(t) results in a
be accomplished with this setup is limited by non-negligibimeasured maximum drift time of 180 ns, whereas a fit of the
multiple scattering phenomena. simulated spectrum gives a simulated drift time of 177 ns.
The drift tubes are filled with an Ar:CO(93:7) mixture = The measured space-time relationship for 15 mm diameter
operated at a pressure of 3 bar. The smaller tubes are operéttbes is shown in Fig. 6. As expected, the gas response
at 2760 V, whereas the larger tubes are operated at 308Gsvsufficiently linear for drift radius smaller than 7.5 mm.
The room temperature is monitored with external sensors dhe spread of the distribution is due to multiple scattering
the tubes, and is kept constant af 20 Fluctuations are of the however it is in qualitative agreement with the expectation
order of a few tenth ofC. Standard ATLAS MDT readout from previous studies [7].
electronics is used for data acquisition. One of the prerequisites for excellent momentum resolution
The drift time spectrum of the 15 mm diameter tubes is a very high single tube efficiency (higher than 99% without
shown in Fig. 5. The experimental curve is in excellent agrebackground), which is defined as the probability of detectio
ment with the simulated drift time spectrum obtained witbf a muon passing through a tube (with no requirement on the
GARFIELD, a program used to simulate drift chambers [8fuality of the measurement of the drift radius). As one can se
The drift time spectrum can be described with two modifiefilom Fig. 7, the measured single tube efficiency for 15 mm
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Fig. 6. Space-time relationship for 15 mm diameter drifteitirom cosmic
ray data.
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Fig. 7. Single tube efficiency as measured in cosmic ray igsssogram

with error bars). The GARFIELD simulation is superimposeded.

diameter tubes is very close to 1. The discrepancy between
cosmic-ray data and the simulation close to the tube wall is
due to the above cited multiple scattering phenomena.

VI. CONCLUSION

A very harsh radiation environment at the S-LHC, the
luminosity upgrade foreseen for the LHC, will force the
replacement of the current ATLAS MDT chambers in the
hottest part of the detector with a new technology that can
withstand such particle fluxes. In this letter we propose the
use of smaller radius drift tubes (7.5 mm vs. 15 mm as in
the current design) for the MDT chambers at the S-LHC.
We show that the two main problems that MDT chambers
encounter at high counting rates, i.e. the efficiency logstdu
high occupancy and the degradation of the spatial resalutio
due to space charge fluctuations, are not a critical issuge wit
15 mm diameter tubes. The new chambers will havel®
times higher operating limit than the current design. Weehav
tested first small tube prototypes in a low rate cosmic-ray te
stand, and the experimental results are in excellent agneem
with predictions from the simulation. Further tests areefaen
in the near future in an environment with high counting rates
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