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Abstract—ATLAS (a toroidal LHC apparatus) is a general pur-
pose experiment that will start its operation at the large hadron
collider (LHC) at CERN in 2007. The ATLAS detector is designed
to explore numerous physics processes by recording, measuring,
and investigating the products emerging from proton-proton col-
lisions at energies up to 14 TeV. High-precision muon momentum
measurement{p/p ~ 10% atpr = 1 TeV /c) over large areas
using monitored drift tube (MDT) chambers is crucial for the
ATLAS experiment. More than 1200 MDT chambers, consisting
of approximately 370 000 drift tubes, will provide a total coverage
of 5500m?2. Three Greek universities have taken the responsibility
to construct 130 barrel inner small (BIS)-MDT chambers using
30 000 drift tubes of ~ 1.7 m length that have been quality tested
before assembly. The design of the muon drift tubes aims at high
detection efficiency ¢ 95%) and a spatial single tube resolution
of < 80 pm. This paper describes the cosmic ray test setup,
which has been instrumented in order to verify that the BIS-MDT
chamber Module-0 fulfills its design requirements. The analysis of
its data shows that the chamber meets these requirements; it has 500 cm

low noise levels, uniform drift properties, good spatial resolution,
and high particle detection efficiency. Fig. 1. Hodoscope and the BIS-MDT chamber setup at the X5/GIF area. The
) chamber is inclined by 45° to detect both the cosmic ray muons and the
Index Terms—ATLAS, cosmic rays, gas detectors, muon spec- source photons.

trometer, particle detectors.
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energies of up to 14 TeV. The outermost part of the ATLAS
I. INTRODUCTION dgtect_or, the_ muon spectrometer, is o_le5|gned to |d_ent|fy muons
i with high efficiency, and measure their momenta with a resolu-
T HE ATLAS detector for the large hadron collider (LHC) atjon, of ~ 10% at pr = 1 TeV/c. The measurement is per-
I CERN [1], the construction of which has already startégyrmed inside the toroidal field created by powerful air-core
will study the products of proton—proton collisions at ¢.m.§q,pig magnets with the help of the ATLAS muon precision
tracking system.
Manuscript received February 24, 2003; revised May 29, 2003. ~ Acosmic ray setup has been constructed (Fig. 1), in order to
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Athens, Zografou, GR-15780 Athens, Greece (e-mail: egazis@central.ntua.tpPK place in the Gamma Irradiation Facility (GIF) [2] at CERN,
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along the wire. The BIS-MDT chamber, constructed in Greece,
consists of two multilayers composed of four layers each. Each
layer consists of 30 aluminum drift tubes 1700 mm long (in-
cluding the endplugs). The multilayers are separated by seven
6 mm thick aluminum strips [5], [6]. Each individual drift tube
has undergone a series of quality controls before its gluing
on the chamber [7], [8]. The BIS-MDT chamber construction
quality has been checked at the CERN X-ray tomograph facility
in order to verify that it meets the specification requirements
[9].

The cosmic muon rate is 7 Hz, in agreement with calcu-
lations, taking into account that the overall angular distribution
of muons at ground level is proportional ¢os? § (character-
istic of muons with energy~ 3 GeV) and that the flux per
unit solid angle per unit horizontal area about the vertical
direction isI, = 80 m—2s~'sr~! [10]. A small difference
between measurements and calculations, of the order of 5%,
is due to the inefficiency of the system (gaps between the
scintillators).

Below the scintillator upper layer there is aniron layer of 1 cm
width and an additional piece of lead of 2 cm, which covers 3/4
of the scintillator overlap area. The lower scintillators layer is
covered by lead bricks of 5 cm thickness plus an iron layer 5¥: 2. The BIS-MDT chamber Module-0 at the X5/GIF area at CERN.
1 cm width. The stopping power of the existing material puts an

energy cut ok~ 0.2 GeV. of CSM-0 is used, which also does the event building and pro-

The mean energy of the muons at the grounevist GeV  yides an internal 40 MHz clock for the simulation of the LHC
[10]. Their most probable energyis 1 GeV, as it comes from proton-proton collisions.

Monte Carlo simulation [11]. The data acquisition system is based on a C language pro-
gram written in a LabWindows/CVI environment. There is also
Il. PERFORMANCE OF THEBIS-MDT CHAMBER a slow control data program in LabVIEW for the registration of

parameters like pressure, gas flow, high voltage, high-voltage
current, and temperature.

The basic detection element of the MDT chambers is a pre-About 13000000 cosmic ray events have been collected
cision aluminum drift tube of 30 mm diameter and 4061 in order to have high statistics. Some of them have been
wall thickness, with a 5@um diameter gold-plated W-Re wire taken using different high voltage and different discriminator
[12], [13]. The single-wire resolution is typically §n. Toim-  threshold values for the study of the dependence of the drift
prove the resolution and the efficiency of a chamber beyond theperties on these variations.
single-wire limit, the BIS-MDT chambers consist of two multi- The analysis [16] includes typical drift time spectra, au-
layers of 4 layers each that are glued on either side of a suppedalibration studies, track reconstruction derivation, spatial
structure. resolution and efficiency studies. Simulation studies using the

The BIS-MDT chamber (Fig. 2) is fully equipped with a gassARFIELD program [17] on muon drift tube parameters have
system and electronics [14], [15]. There is a parallel gas suppliso been done.
for each tube and multiplayer, and the gas flow is 35 Nl/h
(1 volume change per day). The gas is the nominal MDT g&S Individual Tube Time Spectrum

0, 0,
of Ar (93%)ICO, (7%) at a pressure of 3 bar (absolute). The The drift time spectrum (Fig. 3) is obtained for each drift tube

applie4d high voltage is 3080 V, which corresponds to a gas g%igming out from all the detected muons, taking into account
2x10°. '

Each MDT is read out by an amplifier—shaper-discriminatc%ornly the first hit of each everitThe values of the characteristic

circuit at one end and the other end is terminated in the chara{'f:p arameters are obtained by fitting the time spectrum with an

teristic impedance of the tube (38D. The preamplifier input appropna?e function. The nonex!stenc_e O.f exfcra hits on the_nght
. . . 4 g and left sides of the spectrum is an indication of low néise.
impedance is relatively low 100  in order to maximize the . . . i
L The nonlinearity of the-t relation for the ArCO, mixture

collected charge. The shaper has a peaking time of 15 ns. The . . e L '

. o . ecomes evident from the time distribution and it is confirmed
nominal discriminator threshold is the 60 mV that corresponds comparison with the simulated drift velocity curve (Fig. 4)
to the arrival of the 20th primary electron 64 ;5. [14]. The y P y 9- 4.
time measurement is taken by a TDC of 32 bits with time res-1The gas, which has been selected for aging reasons, has the disadvantage
olution of 250 ps (rms) and bin size of 0.78 ns. The data ofits relatively slow and not linear drift properties. The long drift time and the

A . s . onlinearity in conjunction with the bipolar shaping cause multiple threshold

each TDC are read out individually via a serial link Fo a smgl@rossing& from which we keep only the first one.
Chamber service module (CSM), V‘_/h|Ch puts t_hem IN registershis concerns mainly the noise due to bad grounding, bad connections,
and is responsible for the multiplexing. A special VME versiopickup noise etc.

A. Introduction
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Fig. 5. Distributio® of the maximum drift timet,,.. for the tubes of the
Fig. 3. Typical time distribution of the muon hits for a single tube. BIS-MDT Module-0 chamber.

on the drift characteristics of the tube and so it does not pro-
vide any relevant information. Its only function is to equalize
the starting point time distributions of the tubes, which are used
for the computation of the space-time relation.

Contrary, the value of,,,.. depends on the drift properties
i 1 of the tubes and for this reason is an indicator of the uniform

L)

(cmfusec) <
>

ar 1 operational behavior of the chamber. Fig. 5 shows the distribu-
- ] tion of t,,.x for the tubes of the BIS-MDT chamber. Its root
s 1 mean square (rms) amounts<¥@ ns and it is comparable with
B ] the statistical error in the determinationtqf, ., which is domi-
Al ] nated by the error oty due to low statistics. This means that the

same space-time relation, which depends on temperature, pres-
sure, gas mixture, and magnetic field can be applied for all the
tubes.

.
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C. High Voltage and Threshold Scans

Fig. 4. Electron drift velocity as a function of the distance from the wire Th : : :
e : e drift properties of the chamber are functions of the
(Garfield simulation program). T .
electric field. So measurements have been taken at different

The double peak in the time distribution is explained by t H_V values for a better understanding of these variations. In

. . ; . 6(a) the TDC spectra for three different HV values are
corresponding double peak of the electron drift velocity, as the? T :
event r?umbea?N atatimpe(jlt is proportional to the drift vel)(/)city presented, whereas in Fig. 6(b) the left side of the spectrum has

been enlarged.
u (dN/dt = dN/dx - dx/dt = ¢ - u). S . e
(The/ physical/time wi{1dow, whic):h corresponds to hits in- The rse time changes with HY, as the_ gas amplification n-
duced by muons, is characterized by the start pojrhalf of creases with the applied voltage. The rise time changes with

L ; : ; the increase of the high voltage because the drift velocity in-
the rise time-leading edge), the end painthalf of the falling o .
time-trailing edge) and the width definedtas,, = t; —to. The C'SaS€S due to the stronger electric field. This remark could also

value oftg5, which is determined from the fit does not depen?e explained l_)y the fact that a smal_l_er n_umb_er of primary elec-
rons (due to increase of gas amplification) is required for the
3In this distribution, 230 out of 240 drift tube maximum times were plottedhreshold crossing (for a fixed peaking time of the electronics).

This was because almost all of the tubes of the same mezzanine electronic cargthere is a similar result for the quantity [Fig. 7(b)]. The

(24 drift tubes) appeared as distorted TDC spectra (different shape, more hitg, . . . .
additional peak at the trailing edge, larger..). As this was explained as effect of the different HV values is more evident for the guantity

an electronic effect (cross talk problem), the worst cases were not taken ihtgax, Which decreases with increasing electric field,.; o
account. ‘ - - . ‘ ‘ o (Vdrift)71 x (p/E))
4The physical time window is defined by the point (half of the rise time- The variation of the discriminator threshold provides addi-

leading edge), which is related to the tube resolution and affected by the diffu- . . .
sion and clustering effects and the end poinghalf of the falling time-trailing Tional information to the HV scan. The increase of the threshold

edge). As there are hits coming earlier tharwhich are also induced by cosmic discriminator changes the timg, which is visible in the plot
mudo?hs,\llvetdﬁ_ftinethe actual time window as the time window-between the fi(ﬁig. 7), because a larger number of primary electrons is re-
and the fast it o . quired for the threshold crossing. The quantity, is affected
5The error on the determination of is of the order of 400 ps for number . .
of events larger or equal tt)* and in this case does not contribute to the  OY larger measurement errors, due to the relatively poor statis-
relation errors. tics in the determination of th quantity, which obscure its
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Fig. 8. Space-time relations coming out from the Garfield simulation program

and the autocalibration procedure.

dependence on the threshold and are expected to be similar to

lation is used for the next iteration. This task is repeated until
a maximum number of iterations is reached, converging to the
final r-t relation. In this part of the analysis 10 iterations have

to for the same reasons.

D. Autocalibration Method

One of the most important steps to reconstruct tracks is tg
computation of the space-time relation [18]-[20] (Fig. 8). It hg
been performed using the CALIB program [16], which is bas

each MDT, and the, fit parameter, which corresponds to the
minimum drift time, is obtained for each tube. This informatiorrln

is used for the determination of the relation.

een used (thet relation is equal within errors to the previous
ﬁe). This number depends on the goodness of the initia¢-
tion. The initialr-t relation that has been used was coming

t from the analysis of similar chambers in high-energy muon
on the following method [20]. The TDC spectra are derived cheam (CERN H8ytest beam [21]) g 9y

For the autocalibration procedure it is necessary for the
uons to have an angular spread to avoid errors coming

from track mirror symmetry. The required angular spread that

The procedure is the following. A first approximation re-  q\ides a systematic error of 16n in the measurement of the
lation is used, tracks are reconstructed in the full data sample .o |ation is~ 100 mrad [19]. In our case, this requirement
and the residuals, between each drift circle attributed to the tra}gl‘fulfilled as the cosmic muons impinge in different angles

and the distance of minimum approach of the fitted track to thg,.-, range, depending on the setup geometry, betwean®
tube center, as a function of the measured drift time, are calgyp (0-244 rr,1rad). '

lated. The residuals are taken separately for negative and pos-
itive values, which correspond to the two directions of drift i
the tube. The values of thet relation corrections are extracte
from the histograms by taking the mean of a Gaussian fitted toThe single tube resolution is obtained by selecting tracks
the residual data in each drift time slice. The correatede- with eight consecutive hits. One of the hits is excluded from the

. Spatial Resolution
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fit and a straight lin@ is computed from the remaining seven

ones. This fitted line is compared with the excluded hit and the
differences between the line and the measurement are plotted as 150 F
a function of the drift path. These residuals are divided in slices
of drift path, each corresponding distribution is fitted with a

Gaussian, whose standard deviation represents the individual L
tube resolution for the given drift path, after subtracting in
guadrature the contribution of the extrapolation error (Fig. 9).

The resolution is computed separately for positive and negative % @ @

residuals and the final result is given by the average value. o _

The procedure is repeated to properly assign the measurement ‘ ST

errors to the points used in the track fit. B o
The resolution deteriorates close to the wire, due to the lack (b)

of uniformity of the drift paths of the primary electrons and theig. 10. Track reconstruction is shown in both (a)with seven drift tubes and in

charge fluctuations. Generally, the parameters that contributeltowith eight drift tubes.

the spatial resolution are the gas gain fluctuations, the fluctua-

tions of the electron cluster positions, the diffusion, the charge

fluctuation, the electronic noise (tube resistor termination), and | | | | | |

—mainly for the low energy muons- the multiple scattering. As = 1F -

the signal is created after the arrival of the 20th electron, the firs & (snonnnn, o, o aarar aantathas ot

mentioned parameters make a dominant contribution to the re'é‘

olution error near the wire. The multiple scattering effect dom-&% %

inates near to the tube wall, where the spatial resolution he

75

smaller values and the contribution of this effect is comparable 4, ] ] I L |
5 10 15 20 25 30
F. Track Reconstruction Muon Drift Tubes

The muon tracks are reconstructed using the cotsectlues, , B _ '
the best-t relation and the MDT spatial resolution. In Fig. 1O(a§qg 11. Single tube efficiency, integrated over the full drift path, for a sample
f 33 tubes of the BIS-MDT chamber.

and (b) some reconstructed tracks are shown. In Fig. 10(a) t

track is not tangent to the isochronal curve and this is possibly

because of the presence of a delta ray, which obscures the muoAs shown in Fig. 11, under this definition, the single tube
_ o efficiency for a typical sample of 33 tubes, almost equally dis-

G. Single Tube Efficiency tributed in eight layers, averaged over the full drift path is typi-

A tube is considered inefficient when either no hit is presef@lly 97%-98%. N _ _
or the distance between the hit and the track is larger than thre&ig. 12 presents the efficiency as a function of the drift path
times the resolution at this distance. for a single tube of the BIS-MDT chamber. The inefficiency
close to the tube wall is clearly visible. The drop of the effi-
6The v2 (chisquare) fit that has been applied on the reconstructed tracks a?ncy up to a 14 mm drift path is understood as dué—tay
duces the number of the accepted events by a factor, which approximately equa
the number of low energy muons (1.6 GeV) as it comes out from the Monte prOdUCt'on After this distance the drop in the efficiency is due

Carlo simulation of the muon energy spectrum. to the tube wall effect.
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Fig. 12. Single tube efficiency as a function of the drift path.
3]
[ll. CONCLUSION
[4]

The operation of one of the BIS-MDT chamber prototypes
has been studied using cosmic rays. The variations of the time
spectra have been studied using different discriminator threshs;
olds and operation HV values. The tubes show, within errors,
uniform performance concerning their drift time properties. As (6]
a consequence, the samerelation is obtained for all the tubes
and after the autocalibration procedure is used for further anal{7]
ysis. Using the reconstructed tracks the chamber resolution is
derived as a function of the drift patk (100 gm forr > 5 mm).

The single tube efficiency is high~( 98%) and deteriorates
close to the walls. Overall, the cosmic ray study shows that
the chamber Module-0 fulfills the ATLAS muon spectrometer
requirements.

(8]

(9]
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