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ABSTRACT

The muon spectrometer of the ATLAS-experiment at the Large Bidron Collider
consists of drift tube chambers, which provide the precisegasurement of trajec-
tories of traversing muons. In order to determine the momeunm of the muons
with high precision, the measurement of the position of the non in a single tube
has to be more accurate than 100 m.

The large cross section of proton-proton-collisions and eéhhigh luminosity of the

accelerator cause relevant background of neutrons and in the muon spectrome-
ter. During the next decade a luminosity upgrade[1] to 30**cm 2s ! is planned,

which will increase the background counting rates considdsly. In this context

this work deals with the further development of the existingdrift chamber tech-

nology to provide the required accuracy of the position measement under high
background conditions. Two approaches of improving the dtitube chambers are
described:

In regions of moderate background rates a faster and moreder drift gas
can provide precise position measurement without changinidpe existing
hardware.

At very high background rates drift tube chambers consistig of tubes with
a diameter of 15 mm are a valuable candidate to substitute th€ SC muon
chambers.

The single tube resolution of the gas mixture Ar: C@: N, in the ratio of 96:3: 1
Vol %, which is more linear and faster as the currently used iirgas Ar: CO, in

the ratio of 97 : 3 Vol %, was determined at the Cosmic Ray Measment Facility

at Garching and at high -background counting rates at the Gamma Irradiation
Facility at CERN. The alternative gas mixture shows similarresolution without

background. At high background counting rates it shows begr resolution as the
standard gas. To analyse the data the various parts of the sgt have to be aligned
precisely to each other. The change to an alternative gas nixe allows the use
of the existing hardware.

The second approach are drift tubes with halved radius, whicalso provide better
high rate capability. The single tube resolution of these 1&m drift tubes was
determined to be 95 m at the H8 test facility at CERN using a muon beam with
an energy of 140 GeV.






ZUSAMMENFASSUNG

Das Myonspektrometer des ATLAS-Experiments am Large HadnoCollider be-
steht aus Kammern von Hochdruckdriftrohren, die die Trajetorien der Myonen
vermessen. Damit der Impuls der Myonen aus der Kammung d&pur mit hoher
Genauigkeit gemessen werden kann, muss der Ort des Myondgangs in einem
einzelnen Driftrohr mit einer Genauigkeit von 100 m gemessen werden.

Der gro e Wirkungsquerschnitt far Proton-Proton-Kollisionen und die hohe Lu-
minositat des Beschleunigers verursachen bedeutendentergrund an Neutronen
und Photonen im Myonspektrometer. In der machsten Dekadest geplant, die
Luminositat auf 5 10**cm 2s ! zu erhemhen [1], was mindestens im selben Ma e
die Untergrundzahlrate erhehen wird. Die vorliegende Abeit beschaftigt sich in
diesem Zusammenhang mit der Weiterentwicklung der bestetaen Driftrohrkam-
mertechnologie, um auch bei hohem Untergrund die gefordertGenauigkeit der
Ortsmessung zu gewahrleisten. Es werden zwei Ansatzer fdie Verbesserung der
Driftrohrkammern beschrieben:

In Regionen mittelma iger Untergrundzahlraten kann ein schnelleres und
lineareres Driftgas weiterhin die prazise Ortsmessung gehrleisten ohne
die vorhandene Hardware auszutauschen.

Bei sehr hohen Untergrundraten liefern Driftrohrkammernbestehend aus
Rohren mit einem Durchmesser von 15 mm, die geforderte Ortsasung.
Diese kennen die CSC Myon-Kammern ersetzen.

Das Ortsau@sungsvermegen des Gasgemisches Ar: GON, im Verhaltnis 96:3: 1

Vol %, welches linearer und schneller ist als das bisher vemdete Gemisch
aus Ar:CO, im Verhaltnis 97:3 Vol %, wurde am Hehenstrahlungsmessahd

in Garching sowie in der Gamma Irradiation Facility am CERN ach bei ho-

hen -Untergrundzahlraten gemessen. Das neue Gasgemisch tetsiergleichbare

Ortsauesung ohne Untergrund. Bei hohen Untergrundzahlaten weist es aber
ein deutlich besseres Auesungsvermegen gegensber deBiandardgas auf. Far
die Auswertung der Messdaten wurden die verschiedenen Balteile des Mess-
aufbaus prazise zueinander ausgerichtet.

Durch die Verwendung von Driftrohren mit halbiertem Rohrralius erreicht man
eine deutlich bessere Hochratenfestigkeit. Das Ortsawsaingsvermegen dieser
15 mm Driftrohre wurde am CERN in der H8 Messhalle mit einem D4GeV
Myonstrahl zu 95 m bestimmt.
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1 LHC AND THE ATLAS DETECTOR

1.1 LHC

To understand matter and the fundamental interactions, hig energetic particles
are collided. At the European laboratory for particle physis CERN near Geneva
one of the largest particle accelerators the Large Hadron {ider LHC [2] is lo-
cated. The LHC ring has a circumference of about 27 km and issigned for a
center of mass energy of 14 TeV for proton collisions. For gom acceleration the
energy losses due to synchrotron radiation, which are progional to the fourth
power of E/m, are far smaller than for electrons.

The layout of the LHC and the stages used for particle injeain and pre-accelera-
tion are shown in g.[L. Free protons are produced by ionizg hydrogen atoms,
which are accelerated in a LINAC to an energy of 50 MeV. After gssing the
booster and the proton synchrotron PS the protons are fed wviitan energy of 25
GeV into the super proton synchrotron SPS. This is a storageng with an cir-
cumference of about 6 km, which brings the protons up to an emgy of 450 GeV.
After injection into the LHC ring the protons are acceleratd to the nominal beam
energy of 7 TeV. To keep the particles on their circular orbisuper-conducting
dipoles are used producing a magnetic eld of around 8 T. Thevb proton beams
are moving in opposite direction in separated beam pipes aiade brought to col-
lision at 4 interaction points where the experiments are siated.

The design luminosity of the LHC is 1& c¢cm 2 s ! and the spacing between
consecutive clustered proton bunches in each beam is 25 nsresponding to a
frequency of collinding bunches at the interaction pointsfat0 MHz.

There are 4 main experiments at LHC. ATLAS[[3] and CMS]4] are ofti purpose
detectors to cover a wide range of physics processes (e.graefor Higgs or SUSY
particles). The dedicated experiment for the detailed insigation of B-mesons
is LHCb [5]. The LHC can also be operated with heavy ions (e.§b). Therefore
the detector ALICE (A Large lon Collider Experiment) [€] is h place.
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Figure 1.1: Schematic layout of the Large Hadron Collider. [f]

1.2 The ATLAS Detector

The ATLAS (A Toroidal LHC Apparatus) detector is built in lay ers around the
particle collision point. It has a cylindric shape with a legth of 44 m and a
diameter of 25 m and weighs about 7000 t ( d_112). The centrgdart commonly
known as 'barrel' is arranged concentrically around the bea axis of LHC. The
outer circular sections are called 'endcaps'. Starting athe interaction point,
the barrel as well as the endcaps of ATLAS consist of the Innddetector, the
Electromagnetic and Hadronic Calorimeter and the huge MuoBpectrometer.

1.2.1 Inner Detector

Closest to the beam pipe is located the Inner Detector![9], alvn in g. It
is responsible for a precise track reconstruction, the momem measurement as
well as for the vertex reconstruction. The components, stang with the inner-
most, are the Silicon Pixel Detector (SPD), the Semiconduet Tracker (SCT)
and the Transition Radiation Tracker (TRT). The SPD has a po#ion resolution
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Figure 1.2: Cut-away view of the ATLAS detector. [8]

of 60 m in beam direction and 12 m perpendicular to it and is arranged in
three layers. This system is surrounded by the SCT, which csists of 4 barrel
layers and 9 endcap layers of silicon strip detectors. The TRsystem completes
the Inner Detector and provides up to 36 points for each paudie trajectory and
further allows the separation of electrons and pions. The wke Inner Detetcor is
embedded in a strong solenoidal magnetic eld.
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Figure 1.3: Cut-away view of the ATLAS inner detector. [8]
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1.2.2 Calorimeter

The calorimeter system ( g.[T.4) [10] is surrounding the Iner Detector. The inner
part, the electromagnetic calorimeter (ECAL), is measurig the energy of elec-
tromagnetic showers produced by electrons, positrons andiqgions. The ECAL
consists of accordion-shaped lead absorber plates and tpace inbetween is lled
with liquid argon. Finely segmented electrodes collect thdeposited charge of
passing particles and it is possible to precisely measureetishower shape. The

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic 7
end-cap (EMEC)

LAr electromagnetic

barrel ¥
. LAr forward (FCal)

Figure 1.4: Cut-away view of the ATLAS calorimeter. [8]

outer part, the hadronic calorimeter (HCAL), performs the @ergy measurement
of charged and neutral hadrons. The HCAL is a system of iron abrbers and
scintillating tiles in the barrel region, whereas in the enchps a liquid argon sam-
pling g;\l_orimeter with copper absorber i%lged. The desigmergy resolution is
(10%= E 1%) for the ECAL and (50% E 3%) for the HCAL [1U].
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1.2.3 Muon Spectrometer

The largest part of the ATLAS detector is covered by the muonpectrometer [T1],
forming the outer shell of the experiment. Two di erent types of detectors are
used. Trigger chambers are providing fast information onriing and rough posi-
tion information for throughgoing muons and tracking chambrs provide precisely
reconstructed muon trajectories. Due to the presence of theroidal magnetic
eld muon tracks are curved and the muon momentum can be det@ined via
p=R q B, whereR is the track radius, g the muon charge and the B- eld.

4 Inner Middle Outer MDT
2t Y \ end=cap layer
RPCs
10 I\
Outer
a EEL 5
Middle ;
{5 -
Inner
4 ]
MDT EL  Engoap = T6es
barrel toroid
layer
CSCs
o : : : : L
{ 12 14 168 18 20

Figure 1.5: Cross-section showing a quarter of the muon spgometer in a plane con-
taining the beam axis. [3]

Fig. [L3 shows a cross section of the muon spectrometer. Iretharrel region
the rectangular muon chambers are arranged in three concantcylinders (Inner,
Middle and Outer) around the beam axis. Whereas in the endcajphe trapezoidal-
shaped chambers form discs. In the endcap region nearest bhe tbeam pipe cath-
ode strip chambers (CSC) are used, which provide higher ratapability. The
precise track reconstruction is performed by monitored dtitube (MDT) cham-
bers (see chaptel2) and as trigger resistive plate chamb¢RPC) are used in the
barrel region and thin gap chambers (TGC) in the endcap regis.
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The design goal of the ATLAS muon spectrometer is a transversnomentum res-
olution of

Eqgn. 1.1: =10%

°lg

for a momentum of 1 TeV. This translates into a single tube redution of about
80 m [11].
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2 MUON CHAMBER

This chapter describes the principle of drift tube chamber{il?Z, [13,[14]15], the
readout electronics and the performance under normal andgh rate conditions.

2.1 Principle of Drift Tubes

In the ATLAS muon spectrometer drift tubes of 30 mm diameter ad a wall
thickness of 400 m are used. The length of the tubes diers from 1 m to 6 m
depending on the position in the muonspectrometer. The tulseare lled with an
Argon and CO, gas mixture of (93:7 vol%) at an absolute pressure of 3 bar. &h
voltage at the gold plated W-Re anode wire (diameter 50m) is 3080 V.

Cathode tube

*.. Anode wire .

Figure 2.1: The principle of a drift tube. [8]

An ionising particle creates on its path through the drift ga electron-ion pairs.
In the radially symmetric electrical eld

Egn. 2.1: E(r) = F;

20



whereU is the anode wire potential bthe tube anda the wire radius, the primary
electrons drift towards the wire ( g.[Z1). Near the wire thedrift eld exceeds the
critical eld strength for secondary ionization and a gas alanche develops.

Due to the gas gain of 20000, the signal on the wire reaches aeleto be mea-
sureable. The time di erence between the appearance of theggnal and the pass
of the ionising particle through the tube, given by the triggr chambers, de nes
the drift time. If the particle passes the gas volume near theube wall, the drift
time is about 700 ns. As described in chaptdd 4 the drift radgican be derived
from the measured drift time. To reach a spatial resolution foabout 50 m per
chamber, the drift radius in a single tube has to be measuredittv a precision of
better than 100 m.

The upgrade of the muon drift tube chambers at increasing raation rates at
high-luminosity-LHC is the topic of this present work.

2.2 Assembly of a Drift Tube Chamber

To be able to reconstruct muon tracks, multiple drift tubes s assembled to a
drift tube chamber, shown in g.[Z2. The MDT chambers constsof 2 multilayers
with 3 or 4 layers of drift tubes. These multilayers are gluedn a support struc-
ture, which consists of two longitudinal (parallel to the almde wires) and three
cross bars.

The wire is centered in each tube to a precision of 20n. In order to monitor geo-
metrical deformations of a chamber[16], an optical alignmesystem is included
in the support structure (RasNik) [17].

2.3 Readout Electronics of the Drift Tube Chamber

To enable electric services (see ¢.2.3), hedgehog boarde ased. These boards
are plugged on the endcaps and the grounding pins of the tubeBor noise re-
duction it is essential that each tube is equipped with a growding pin. The high
voltage (HV) hedgehog board connects the HV power line by a 1 Murrent lim-
iting resistor to the anode wire. It terminates the tube withits transmission line
impedance of 383 to suppress signal re ection at the open ehof the wire. It
also contains voltage stabilizing capacitors. The signakdgehog board connects
the tube to the mezzanine board, which contains the active agout electronics
and decouples the HV by a 470 pF capacitor. The 10 k resistornpvides coupling
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Figure 2.2: Mechanical structure of a MDT chamber. An aluminium space frame carrys
two multi-layers of three or four drift tube layers. The optical alignment rays
allow for monitoring of the internal geometry of the chamber [8]

of the signal line to ground potential.

The mezzanine board contains the Time to Digital ConverterAMT [18]) chip and
three Ampli er/Shaper/Discriminator (ASD [19]) chips. It is the basic readout
element of the MDT chambers.

The raw signals from the tubes are routed via the signal hedgeg board to the
mezzanine boards where they are ampli ed, shaped and disainated by the ASD

chips. The signals output of the ASDs are then routed to the AW chip, where
the times of leading and trailing edges are digitized. The rasured times, includ-
ing the information of the corresponding tube channel, areest to the Chamber
Service Module (CSM). The time is measured in units of the beh crossing fre-
guency (40 MHz) of the LHC machine. In the TDC the bunch crossg interval

of 25 ns is subdivided by 32 via a Delay Locked Loop (DLL). Thefore the unit
of time measurement is 25/32 ns.

The CSM collects the data of one muon chamber (up to 18 mezzaeiboards)
and routes this data via an optical bre to the MDT Readout Driver (MROD),

22
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Figure 2.3: Service connections to a MDT tube. [[20]

which then routes the combined data stream of several MDT chabers nally to
the read out system. The CSM further distributes the controbnd trigger signals
of the Trigger Timing Control (TTC) system, which receives he bunch crossing
frequency of the LHC and the trigger signal of the trigger chraber system, to the
mezzanine boards.

2.4 Performance at High Rate Conditions

2.4.1 Background Hit Rates at ATLAS

LHC plans to increase luminosity steadily from 1.20%_1,- to 5 10*_%, in the
next decade. So the MDT chambers will have to cope with highdrackground
counting rates. Slow and fast neutrons as well as secondaris are the main
sources of background, whilst charged hadrons, electronwda 's will not pass the

calorimeters.

Simulation results of the background rates at the nominal dggn luminosity of

10*_L_ in the di erent detector regions are shown in g.CZ#[[21], whre a quad-
rant of the ATLAS detector is displayed.

To account for uncertanties in the simulation a saftey factoof 5 has been included
in the results. This factor contains uncertanties in the pdicle production cross
section, in the conversion probability of neutrons and's in the tube walls and

the gas as well as in the particle transport through the detéor and dead material.

Including the safety factor, the expected counting rates ithe barrel region (MDT

23
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Figure 2.4: Expected simulated background hit rates in Hz/crh at ATLAS without safety
factor. [21]

In, Mid, Outer) and the big wheel (BW) of the muon spectrometeare in the range
of 30 to GOCHWZZ. In the rest of the endcap, especially close to the beam pipleet
counting rates are partially ten times higher. The countingates in the large wheel
(LW) rise from 65 to 3400'%2 and the small wheel (SW) expects rates between
150 and 5001 for the MDTs. In the innermost sector of the small wheels the

cm?2

CSCs have to cope with rates of 1708 .

Background measurements with the ATLAS detector were penfimed at a lumi-
nosity of 1.510%_%,. and extrapolated to the design luminosity of 1¥_%,- [27].
These data show, that the background hit rates are 2 - 1§n2—2 for the barrel region
and the big wheel and 4-30C% for the large wheel. Regarding the small wheel
counting rates in the range between 45 and 12&%2 were determined. These re-

sults are in agreement with the simulation without safety fator.

After the luminositiy upgrade all rates will be 5 times highe
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2.4.2 Space Charge E ects

As s and neutrons are also ionising the drift gas, their signalgerimpose the
muon signal and particularly produce space charges. The mence of space
charges on the performance of a drift tube with the present ATAS gas mixture
are described in the following[[23, 24, 25,726]. The ions cted in the avalanche
at the wire drift to the tube wall. Assuming that the ion mobility is constant and
its value is = 0:52 ™ and the drift velocity is given by

Egn. 2.2: V= E(r);

one can derive the drift time ions need to get from the anode i to the tube
wall as:

Z
dx dx In2 =P gr
Eqgn. 2.3: t= — = =2 —:
an vV E (r) u , 1=r

The integration leads to the following expression for the mdmal ion drift time:

. In2
Eqn. 2.4: tion = 2Ua (¥ ad);

whereb is the tube radius of 15 mma the wire radius of 25 m and U = 3080 V
is the anode voltage. This leads td°l, = 4:23 ms being the time scale ions
need to reach the tube wall. Using tubes with half = 7.5 mm radis leads to
tione =1:13 ms  Ztion (15mm).

These ions modify the electric eld for subsequent events. hE eld is lowered
between anode wire and ion cloud and raised between ion cloadd tube wall.
In case of a non-linear drift gas the drift velocity dependsrothe electric eld
and space charge e ects will account in a resolution deteration. Close to the
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wire the decreased electric eld leads to a reduced electromultiplication. There-
fore the gas gain is lower (gain drop) and the signals are sedldown. Since the
discriminator threshold remains xed, the threshold crossg is shifted and the
resolution deteriorates.

U=3080V
a=50 mm

constant
mobility

t_max = 4ms

Figure 2.5: Drift tube with space charges.

According to [Z23,[24] the density of space charge (a schengatiiew is given in
g. £5) is given by

Eqgn. 2.5: (r)= _NGQ

" 2rE (r)’

where N, is the count rate per unit wire length along the tubeQ is the average
charge deposit per background evenG is the gas gain and is the ion mobility.
Using Gauss' theorem leads to the following expression:

Eqgn. 2.6: 2(E ()= —+ = 2r 0 (I’O)dra,
0 0

with  being the line charge (eqn[219) on the anode wire. Di erergting both
sides yields the di erential equation
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de(r) _ . with c=

. 2
Eqgn. 2.7: E(r)>+r E(r) ar 2

for the changed electric eld. The solution of eqnZ217 is

Eqgn. 2.8: E(r)=

where the parameterk is de ned by the boundary condition%’E(r)dr = U. So
the electric eld depends onk and c and therefore on the background count rate
N.. Fig.[Z8 shows the shape of hoth parameters versus the cogtirate. While k
is decreasing with increasing rate, c is increasing. The gas gait is depending
on the line charge on the wire :

Eqgn. 2.9: =2 jaE(a):

Using Diethorn's formula [27],G can be calculated:

" # In 2 " #aE(a)InZ
2 g V _ E(a) v

Emin( 0) =

S
0

Eqgn. 2.10: G=

2 OaEmin( 0) =

S
0

Enmin ( o) and V are gas dependent parameters and are taken from earlier mea-

surements. Eni, (1bar) = 24 kV/cm [28] is the minimal electric eld necessary

for secondary ionisationE (a) is the space charge dependent electric eld at the

wire, V =34V [28] is the average ionisation potential of the gas mixtre and
gas and o are gas densities.
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Iterating eqns[ZT -[ZD, due to the fact that di erent gain poduces di erent
space charge, one can calculate the electric eld and the ggairbas a function of
the background rate. The charge dependent parameteksand =~ ¢ are shown in
g. Z8lfor the 30 mm and 15 mm tube geometry.

— P
5 —— 30 mm tube E — 30 mm tube
= >
(0] =
g Do ol
g 102 — 15 mm tube 5 10 — 15 mm tube
I =
Q o
X 2]
10 10
L1l Lol Lol Lol Lol \ L1l Lot LoLrin Lol Lol L1l
10" 1 10 10? 10° 10" 1 10 10° 10°
rate [Hz/cm”2] rate [Hz/cm”2]

Figure 2.6: left: k parameter versus rate; right: square rob of ¢ versus rate. The rate
is given in Hz=cm?and the parameters are plotted for 30 mm and 15 mm
tubes.

The relative change of the electric eld at a rate of 1400(3%22, corresponding
to high-luminosity-LHC conditions, and the gain drop as fuotion of the rate is
shown in g. 2. The eld changes up to 16 % for big radii of the80 mm tubes.
Hence the electrons drift velocity is higher and the rt relabn changes signi cantly.
Fluctuations of the space charges with time are then leading a declined radius
measurement. The gas gain is reduced by 30 % for 30 mm tubes andounting

rate of 1400&—@, whereas 15 mm tubes are less a ected.

This e ect and the gain drop are responsible for the measuregtsolution dete-
rioration of the 30 mm drift tubes shown in g.[Z8. One can se@ black the
resolution without background. It is about 200 m for small radii and 60 m
for big radii. Due to -background rates of 190%—22 the resolution deteriorates.
For small radii the gain drop and for big radii eld uctuatio ns account for the
degradation.
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2.5 Solutions

Drift gases with electron drift velocities independent onhe electric eld strength
are called linear drift gases. These gases are supposed tindependent on space
charge uctuations due to electric eld changes. The gain ap e ect close to the
anode wire remain.

For detector regions with moderate background counting ras, as the barrel and
the outer parts of the endcap wheels, an alternative drift gacan be a good possi-
bility to achieve less resolution degradation. In this comixt a drift gas has to be
faster to reduce the dead time of the tubes, and more linear &chieve less sen-
sitivity to space charge uctuations. Studies and resultsi@ presented in chapter 5.

MDT's consisting of 15 mm drift tubes (half of the present radis) can fulll
the requirements of the muon spectrometer at very high backgund counting
rates. The gain drop (g.[Z1, right) is reduced compared to @ mm tubes and
the change of the electric eld ( g.[2Z1, left) stays in the pecent range leading
to almost no shortening of the drift time spectrum and henceat almost no space
charge uctuations. Full details are given in chapter 6.
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3 EXPERIMENTAL SETUPS

This chapter describes the three experimental setups, whiavere used for this
thesis.

3.1 Cosmic Ray Measurement Facility

The CRMF (Cosmic Ray Measurement Facility) [[30] is locatedhi Garching (near
Munich). A schematic cross section of the setup is shown in. .. It consists of
three ATLAS MDT muon chambers. The upper and the lower chamlveare called
reference chambers. The geometry, especially the wire piosis, were determined
using a x-ray tomograph[[3l]. These two chambers are used toowde precise
muon tracks in order to analyse and compare data taken with ghchamber in the
middle, the test chamber.

To trigger on cosmic rays 3 layers of scintillation counterare included into the
setup. One is located above the upper reference chamber, thteer two below a
34.5 cm iron absorber. The coincidence of the three scirdition layers provides
the start signal for the readout system. Due to the double-{er of the lower ho-
doscope with photomultiplier readout on opposite sides thigme resolution of the
trigger is 1 ns. The steel is used to harden the selected mugrestrum. Triggering
muons have a minimal energy of about 600 MeV.

The two reference chambers were operated with the standardgmixture Ar:CO,
in the ratio of 93:7 Vol % at an absolute pressure of 3 bar, in dimatized room
at 20 C and the voltage on the anode wire was 3080 V. The test chambeas
lled with the alternative gas mixtures containing partially N.
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Figure 3.1: Schematic side view of the CRMF in Garching (Munch).
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3.2 Gamma Irradiation Facility

The Gamma Irradation Facility (GIF) is located at CERN. In g .32 the setup
iIs shown schematically. It is possible to irradiate muon clmabers with high -
background rates. The activity of the Cs137 - source was 566 (2009) enabling
in a distance of 90 cm a ux density of up to a few thousand C%

The setup consists of two muon chambers with 48 drift tubes,saembled in two
multilayers with 3 tube layers each. Each tube has a diametaf 30 mm and is
50 cm long. The distance between the multilayers di ered fothe two chambers.
It was 32 cm for the upper chamber and 9 cm for the lower one. Beten the
two chambers, 6 drift tubes with half the diameter, 15 mm, and length of 1 m
were located. The chambers were operated at standard ATLASmditions. For
the 15 mm tubes the high voltage at the wire was reduced to 2730in order to
have the same electric drift eld and gas gain as for the 30 mnubes.

To trigger on cosmic muons a segmented hodoscope with fouydes of scintilla-

tion counters was designed[37]. The counters of layer 1 andBper layer) were
parallel to the anode wires and their width was 40 mm. So one wtter covers
approximately one tube and therefore we get a raw muon roadgched by the

hits in each of the two layers. In layer 2 and 4 the counters (5ep layer) were
perpendicular to the wires with a width of 90 mm. These two lars enable a
raw information of the muon track along the wire. The 4 -fold cincidence of the
layers de ned the start signal for the readout system.

Since background in uences the track reconstruction, theopmost and lowermost
multilayer was shielded with lead bricks against -irradiation. Furthermore 15 cm
of lead, located between the lower reference chamber and tlogver hodoscope,
hardened the selected muon spectrum.

Besides the determination of the high rate behaviour of thesImm tubes, a second
issue of this test period was the determination of the singtebe resolution under

- background using the alternative gas mixture Ar:C@N,=96:3:1, which was
lled into the unshielded lower multilayer of the upper refeence chamber.
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Figure 3.2: Schematic view of the setup in the Gamma Irradiabn Facility at CERN.
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3.3 Muon Beam at H8

To determine the single tube resolution of 15 mm tubes with gh energy muons,
measurements at the H8[132,"33] facility at CERN were perfomd. The muon
beam had an energy of 140 40 GeV.

The track reference for this measurement should be providday a silicon tele-
scope, but unfortunately this system didn't work properly. So the 30 mm muon
chambers from the GIF setup were used to provide the referentracks. Fig.[3:B
shows the setup, where a bundle of 96 tubes with 15 mm diametand 1.2 m
length was tested.

The beam muon trigger was set up as the coincidence of two diiation coun-
ters with a surface of 5 5 cn?, slightly smaller than the available beam pro le.
Therefore only a small part of the chamber was irradiated.

We will see later in the data analysis that the muon beam was mstly parallel.

ATLAS standard parameters were used for the 30 mm tube chamtse for the 15
mm tubes two voltages were investigated: 2730 V and 2760 V.
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4 DATA ANALYSIS

4.1 Drift Time Spectrum and Space -Time Relation

The drift time spectrum, as shown in g.[4], provides the bds data for the
analysis.

—'\t', a bin of the spectrum, corresponds to

@N_ @N@r

Eqgn. 4.1: @t arot

Since the illumination level of a tube is very homogeneousn® assumes

Eqgn. 4.2: ——  const;

and therefore

@N @r

Eqgn. 4.3: G

So the drift time spectrum expresses the drift velocity as aufction of the drift
time. The shape of the spectrum is characteristic for the dtiproperties of a
tube.

To characterize the spectrum a fermi function
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Figure 4.1: left: Drift time spectrum; right: rt-relation.

A
Eqn. 4.4; Fi)= ——>—

t tg
1+eTo

is tted to the rise of the drift time spectrum (cf. [B4]). To the end of the drift

time spectrum a similar function

Apent
Eqn. 4.5: F() = —

l+e™n

is tted, which includes the descent of the spectrum beforehe trailing edge.

The in exion point of the leading edge, given byty, must be subtracted from the
measured time to obtain the drift time. The length of the spettum t,,
maximum possible drift time and is mainly depending on gas xture, pressure,

temperature and electric eld.

By integrating the drift time spectrum, one obtains an initial space-time (rt)
relation. This roughly determined relation can be used as jut for the precise rt

calibration described in the next section.
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4.2 Tracking and Autocalibration

The wire positions of the tubes are de ned in the y-z-plane, ere y runs along a
tube layer and z gives the layer coordinate. The x axis is thein parallel to the
anode wires of the tubes.

ZA

v=<

b 0

Figure 4.2: left: The coordinates and the parameters of a muo track; right: Scheme of
tracking.

4.2.1 Reconstruction of a Muon Track

The path of a muon through a drift chamber is assumed to be a stight line with
equation

Eqn. 4.6: y=mz+ b:

So the reconstruction of a muon track with n hit tubes is constent with the
minimization of [35]

2 — X (rdrift;i rtrack;i )2_
- (Farifei )?

Eqgn. 4.7:
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The distance of the track to the wire in the ' tube is given byryac.i , Whereas
rarifei  corresponds to the measured drift radius in this tube ( gC4d). The transla-
tion function to get the drift radius from the measured drifttime will be explained
in the next section. The single tube resolution (r 4 ) iS taken from earlier anal-
ysed data, namely millions of events taken at the CRMF in Gatkeng (Munich).
For the minimization of 2 the quasianalytical method, described irf[35], is used.
Herein the track parametersm and b are determined for pairs of hit tubes in dif-
ferent multilayers in so-called wire-wire coordinates. Td slope and the intercept
of the track are given by:

r, r
Eqgn. 4.8: m=p z 1

and

S

r, n
Eqgn. 4.9: b=r;, 1+(p 2:
q 1 (p Z rl)z)

The errors on the track parameter are then de ned as:

S

4 24 2

Eqn. 4.10: m= —p Lt o)
(L2 (r2 ry)?)3
and
S

2

Egn. 4.11: b= L*a+ b )%;

(P L2 (r2 ry?)d
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with a= 2L*% 2 21.2r242 2L.2%rrp+ 2r3 2 2r3ri+ 2r2r2andb= 3r?r3

2 2r3r,+  2rf.

In the equations above,r; and r, are the measured drift radii, ; and , the
resolution for the radii andL the distance between the two wires. The nal track
parametersm and b are provided by the weighted mean df, and m;, according
to:

P P Mik PP Bk

. _ le k=] +1 m;j;k _ le k:j +1 bsjik )

Eqn. 4.12. m - W and b— W )
j=1 k=j+1 Mk j=1k=j+1 Bk

where i and njx are the uncertanties oy and mjy .

Before the averageing all slopes and intercepts have to betsformed into the
coordinate system of the setup. The transformation is desbed in [36]. To give
a precise muon track, the covariance of the slops; and the intercept . must

disappear, which is the case for large. Therefore only tube pair combinations,
which are in di erent multilayers are used. Due to that fact atrack in a tube

bundle will have large errors on the track parameters. This ag the case at the
H8 test beam (see chapter 6).

4.2.2 Determination of the Space -Time Relation

Drift tubes measure the time electrons need to arrive at therede wire. For
the determination of drift radii one needs a translation fuotion, that provides
the drift radius corresponding to the measured drift time. Tis relation is called
space -time relation and can be determined with muon data faach chamber, if
the track in a chamber is overdetermined.

As starting point either a rt-relation simulated with Gar e ld, a rt-relation of an
earlier measurement or the rt-relation obtained by integring the drift time spec-
trum is used. This rt-relation is realised as a data set of 2&ampling points with
linear interpolation between these points.

A rst tracking with the guessed rt-relation is performed. To iteratively improve
this relation per multilayer or chamber, one plots the residal de ned as
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Eqgn. 4.13: res(t) = raire (t) rerack (t)

Versusryack (shown in g. B£3). The mean values of the residuals in inteals
of t provide the correction on the 23 sampling points of the rt-tation. So the
improved relation is given by

Eqn. 4.14: S (1) = raire (1) h res(t)i:

This algorithm is rerun until hres(t)i is smaller than 20 m for all radii. Normally
3 iteration steps are needed. This method, therefore, au@drates a drift tube
without need of external references. Hence this method isdwin as autocalibra-
tion [38,[39]. The residual distribution after the rt-calitration shows g.[43.
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Figure 4.3: left: Residual before rt-calibration; right: residual after rt-calibration.

4.3 Alignment via Tracks

Although the two reference chambers in the GIF setup shouldebroughly aligned,
analysing the data shows, that further geometrical correitins are needed. Possi-
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ble corrections are discussed in this section.

Each track is given by

Eqgn. 4.15: y=mz+Db

wherem corresponds to the slope antd gives the y-axis intercept in case af = 0.

Comparing the two tracks, reconstructed by the two referemc chambers gives
insight into the geometrical displacements. Herefore tré&s reconstructed in the
lower reference chamber are extrapolated into the upper ezénce chamber and
vice versa. The residual distribution (see eqii_4113) versuadius looks charac-
teristic for the di erent displacements (rotations or shits).

4.3.1 Residual Distributions using a Reference Track

Shift of a Chamber

x-shift

With the setups described in this work, it is not possible to mnitor a shift in x
direction.

y-shift

Fig. &4 shows a y-shifted tube and the measured distance fidhe wire, where
the track passes by, in case of positive and negative slopesdaalso including
positive and negative drift radii. For a positive y-displaement all drift radii are
measured wrongly. Positive drift radii are always smallenvhereas negative ones
are always larger than they should be. Looking at the residualistribution as
function of the radius, the distributions for negative and psitive slopes are in
agreement.

43



r > 0: residual < (
r < 0: residual > (

positive slope

r > 0: residual < (
r < 0: residual > (

reference pogition reference position

Figure 4.4: left: Scheme of a y-shift in case of tracks with rgative slope; right: Scheme
of a y-shift in case of tracks with positive slope.
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Figure 4.5: Residual for positive and negative slopes agash the radius in case of a
positive y-shift.
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For a shift in positive y direction the residuals are positigly shifted in case of
negative radii and negatively for positive radii ( g.[Z5). The value of the am-
plitude of the shift is the same. If the shift is in negative dection, the value of
the amplitude stays the same whereas the sign changes conggato the positive
shift.

z-shift

A z-shift of a tube in positive z direction is shown in g.[Z®5.In case of positive
slopes the track radius is measured too small for tracks pass on the negative
wire side of the tube and measured too big concerning posgivadii. Therefore
one gets an asymmetric residual distribution with negativeesiduals for negative
radii and positive residuals on the positive wire side (seq.[4.1). The amplitude
is the same.

positive slopd r > 0: residual > 0
r<0:residual <0

r>0:residual <0
r<0:residual >0

negative slope

reference positior -
reference positiol

Figure 4.6: left: Scheme of a z-shift in case of tracks with rgative slope; right: Scheme
of a z-shift in case of tracks with positive slope.

Looking at negative slopes the residual distribution charmgs its sign compared to
the positive case ( g.[47).
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Rotation of a Chamber

Rotation in x along Chamber Axis

To see a possible positive rotation around x, one has to spttie reference cham-
ber into 4 parts. Every multilayer of a chamber is split into apart of positive
and negative y of the local coordinates. The four parts are lbed leftup, rightup,
leftlow and rightlow, as shown in g.[£38. The rotation axis s the center of gravity
of a chamber.

@ leftup rightup

/\ reference position

X
Z
T—»Y

O

leftlow rightlow

Figure 4.8: Scheme of a rotation around x. In this case the chaber is split into 4 parts.
The measured radius is indicated for all sections (g in green and Frack
in black).

The x-rotation for a point on the chamber is an overlay of a y- =d z-shift.
Regarding one of the 4 sectors the wire shift direction is idgcal, but the shift
value is di erent for each tube. The wire shift direction of atube in each section
is also shown in g.[48. A chamber is rotated around X, if the esidual dis-
tributions of leftup and rightup have the same shape for alllgpes. For negative
radii the mean of the residual is positively shifted and for gsitive radii negatively.

Looking into the distributions of rightlow and leftlow alsothe shape agrees, but
now at positive radii the residual is negatively shifted andiice versa at negative
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radii. The minimal shift in the residual corresponds to the tibe wires next to the
rotation axis and increases with the distance from the axisThis is valid for all
four sectors of a chamber.

Looking at the rotation direction, one sees that all residdadistributions change
their sign in case of negative rotation.

Rotation in y: Tilt of Chamber

A rotation around the y axis has the same characteristics as a&shift, but the
amplitude and sign of the residual distributions di er at dierent x positions in
a chamber. At the wire ends the amplitudes are maximal and onlthe sign
is dierent. Going in x towards the chambers center of gravit the amplitude
decreases and is zero at the coordinate origin.

Rotation in z: Wires are no longer in parallel

The rotation around the z-axis comes along with a signaturdrsilar to a y-shift.
The sign of the residual shift is the same as in case of a y-shiLooking at the
residual distributions at di erent sections along the wire(x direction) the ampli-
tude of this y-shift decreases to zero at the origin and incages with opposite sign
until the other wire end is reached.

displacement sign of residual shift amplitude of residual shift
x-shift no sensitivity no sensitivity
y-shift r> 0:res< 08 slopes jampj is equal8 slopes
r< 0:res> 08 slopes
z-shift r> 0:res> 08 pos slopes

r> 0:res< 08 neg slopes jampj is equal8 slopes
r< 0:res< 08 pos slopes
r< 0:res> 08 neg slopes
rotation around x | overlay of y- and z-shift jampj increases with
distance of the wire
from the rotation axis
rotation around y like z-shift jampj changes along wire
rotation around z like y-shift jampj changes along wire

Table 4.1. Characteristic shapes of chamber displacemenis the residual distributions.
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These displacements may also occur between the two multieag of a chamber.
In this case one has to look into the residual distributions etermined with the
track in this chamber.

Tab. 4.1 summarizes the characteristic shapes of chambesglacements in the
residual distributions.

4.3.2 Track Parameter Distributions

If there exist two reconstructed tracks, one can use the dirences of the param-
etersm and b of the two tracksy = mz + b to determine displacements. These
distributions are shown in g. 9.

Regarding the di erence of the y intercept, the y-shift is gien by the mean of
this distribution. The slope di erence yields the rotation angle around x. To
distinguish a possible z-shift one analyses the z di erenggven by:

Eqgn. 4.16: dz= b b,

slope’

with by and b, being the intercepts of the two tracks. Due to the fact that fosmall

slopes a y di erence translates into a large z di erence, thdistribution is broad

and the alignment accuracy for this coordinate is bad. In casof a larger y-shift,
the z di erence also changes characteristically by gettingroader or, depending
on the binning, showing two peaks.

4.3.3 Alignment Track to Track Comparing 2 Chambers

A second possibility to align two chambers is to transform @cking parameters.
This method is described in[29] and was adapted. Regardingety-z-plane, which
is perpendicular to the wires, there are three possible disggements, namely a y-
shift, a z-shift or a rotation around x.

Using this method, one assumes that both chambers are built@rding to nom-
inal wire positions. One chamber measures reference trackssumed to deliver
true tracking parameters. The other chamber is analysed ugj the nominal ge-
ometry.
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Figure 4.9: The mean of the intercept di erence (left) of two tracks yields the y-shift and
the mean of the slope di erence (middle) gives the rotation agle around x.
The right plot shows the di erence in z and the mean yields theorrection
value for a z-shift.

Due to that, systematic deviations between the nominal trdcand the true track
can be observed.

A track is de ned as

Eqn. 4.17: Y = MZpoy + by

wheren is the index for the nominal track andt for the true one.

Assuming that only one deviation is present, the y-shift isigen by the di erence
of the y intercept

Eqgn. 4.18: y=h b

The rotation around x comes along with a deviation in the slogs:

Eqgn. 4.19: =m my:
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where is the rotation angle using small-angle-approximation. lease of a z-shift
the deviation depends on the the slope:

Eqgn. 4.20: zZ=

Regarding 3 dimensions, also rotations around y { and z ( ) and a drilling of
the chambert are possible. These deviations show up with the change oy, z
and along the wire, i.e. along the x direction. These changes alescribed via:

Eqgn. 4.21: =

N

1
%e0lee
<

To extract the values for the displacements from the data, ta distributions are
tted. The rotation angle is given by the mean of a gaussian tted to the slope
di erence (g. £9] left), according to eqn.[Z1ID.

As it can be seen in eqnd_Z4118 afid 4120y and z are de ned by the intercept

di erence. The 2 dimensional distribution of the interceptdi erence (see ¢.[410)

against the slope is tted with a straight line. The slope of his t function yields
z and the intercept of it gives .

Using a segmented hodoscope one is able to determine and phase three pa-
rameters as function of x (track position along the wire). Adpting straight lines
to these distributions yields the correction parametersg, VYo, Zo via the inter-
cepts and , and the drilling t via the slopes. These values de ne the relative
position of the reference chamber to the test chamber, reiructing the true
track.
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m+( o+ tx)
b+( Yo+ x) m( z+ Xx);

25
I

Eqgn. 4.22:

the true track is given by

Eqn. 4.23: y=m%+ *

All discussed deviations are only valid exactly, if the chaber deviates in one
degree of freedom. This implies that this method has to be exded iteratively
until the determined values are smaller than the errors on th ts.
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4.4 Resolution

Resolution is among the main performance parameter for drifube chambers.

The single tube resolution is determined using the residudistribution of a tube

or layer, depending on the present statistics. The inspeadubes are not included
in the track t. The residuals are projected in slices of r andhen tted using a

double gaussian]40]:

Eqgn. 4.24: fit = a exp

+ b exp

NI =
NI =
w

where the broader gaussian distribution with 3 describes the tails caused mainly
by -electrons. This is shown in g[471l. The of the gaussian is then equiva-
lent to the resolution for the regarded slice in r. To deal wit an the statistical
uncertainty of few percent level, the number of events perisé must exceed 1000
and the typical slice size is 0.5 to 1 mm.
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Figure 4.11: left: Residual distribution for 5 million events; right. residual projection
for a slice around 13 mm 0.5 mm with 0.35 million events.
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5 ALTERNATIVE DRIFT GASES

Aiming towards a better performance of the muon spectromatat the ATLAS
experiment at high luminosities, a faster and more linear dt gas can provide
more precise muon tracking at higher background rates. Ugjra faster gas mixture
reduces the dead time of the electronics and thus occupanag less muon tracks
will be lost due to background hits occupying a tube. The liraity of the rt-
relation reduces the dependence of the electron drift on ainges of the electric
eld in a tube due to space charges.

5.1 Gas Mixtures

The studied alternative gas mixtures were chosen regarditige following aspects:
linearity
fastness
inertess of gas components
small streamer rate
small afterpulsing.

Studies of di erent gas mixtures, simulations and measureemts [47,[42], show
that reducing the CO, content from 7 % in Ar:CO, mixtures makes the gas
faster and more linear. The fastest gases are mixtures comiag 3 Vol % of CGO,
(see g.[R1).

Regarding the linearity of these gas mixtures, shown in ¢gl_H on the right,
favoured gases contain 2 -3 Vol % of GO

Measurements showed, that gas mixtures of Ar: C{show small afterpulsing be-
haviour in CO, Vol % range of 3 to 7. By adding a small amount of N the
afterpulsing is reduced furthermore. The measured streamieactions are 4 % for
the ATLAS gas and about 4.5 % for gas mixtures containing 1 % of, [44].
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Figure 5.1: left: Maximum drift time of di erent gas mixture s against the amount of
CO7 and Ny. right: Linearity of di erent gas mixtures against the amount
of CO, and N,. [4Z]

Therefore the mixture of Ar: CGO, : N, in the ratio of 96:3:1 Vol % is a reasonable
candidate to be tested for its performance under high radien conditions. The
maximum drift time (see g. B3, left) of this mixture is with a value of 450 ns a
factor of 1.5 faster than the ATLAS gas and by far more linear.

5.2 Performance

5.2.1 Cosmic Ray Measurement Facility

At the cosmic ray measurement facility (CRMF) in Garching two gas mixtures
containing N,, namely Ar: CO,:N; in aratio of 96:3:1 Vol % and 97:2:1 Vol %
were tested at standard ATLAS conditions. Cosmic muons wengsed to deter-
mine the resolution of the gas mixtures. The amount of colleed events di ered.

45 million muons for the standard gas, 35 million for the mixire 96:3:1 and 3
million for the mixture 97:2:1.

The position resolution is shown in g.[5P on the right side. Both tested gas
mixtures show similar single tube resolution compared to thstandard gas[]45].

At small radii the resolution is in the range of 200 m. The N, mixtures show
here better resolution, which is caused by a higher gas gaas the high voltage on
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Figure 5.2: left: Measured rt-relations of the three gas mikures. The alternative mix-
tures are faster and more linear. right: The measured resoltion of two gas
mixtures containing N, and the standard gas are similar.

the anode wire was the same for all mixtures. The pulse heigspectrum ( g. E3)
shows, that the maximum of the spectrum is shifted to a highevalue. The gas
gain is about 7 % higher using the alternative gas mixtures. dgarding bigger
radii the standard gas shows better resolution due to a smail drift velocity in
this region. The measured resolution of the alternative gas ful ll the ATLAS
requirements of an average resolution better than 100m.

The gas mixture Ar:CGO,: N, in a ratio of 96:3:1 was also tested under high rate
conditions. This measurement is described in the following

5.2.2 Gamma Irradiation Facility
Drifttime Spectra and rt-Relation

Fig. shows the drifttime spectrum and rt-relation of theATLAS gas Ar: CO,

93:7 and Ar:CQO,: N, 96:3: 1 measured in the GIF setup without background.
Both gases show a steep rise in the drift time spectrum and tladternative mixture

has a more rectangular shape. lItis visible that the alternate gas mixture is faster
and more linear than the standard gas. The maximum drift timef the alternative

gas is 450 ns compared to 700 ns of the standard gas.
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Figure 5.3: The pulse heigth of the three gas mixtures in theest. The mean of the spec-
trum is at larger values for the two gas mixtures containing N, indicating
a higher gas gain.

Muon Track Reconstruction

The muon tracks in the lower and upper reference chambers areconstructed
separately using the methods described in chapter 4 and rdations were deter-
minded for each multilayer of tubes. Fig[Rl5 shows the y-iatcept and the slope
of the muon tracks passing the setup.

The distribution of both parameters shows for both chamberslmost identical
shape. The range of the y-intercept, from -120 to 125 mm, cesponds to the
width of the reference chambers of about 255 mm. The peak orethight edge as
well as the fact that the width of the y-intercept is about 10 nm smaller than the
width of the chamber is caused by the asymmetry of a referenckamber, where
the middle tube layer of each multilayer is shifted by half tle tube radius. The
peak in the red distribution is higher. Because of the smali@listance of the tube
multilayers in the lower chamber the probability for both ouermost tubes of the
shifted layers being hit is larger.

The distributions of the slope are axially symmetric and thanaximum values of
about 0.25 mirror the geometric boundaries due to the hodagge. The maxi-
mum possible slope using the distance and the width of the gger hodoscope
(d=1120 mm andb=280 mm) leads to a value otan = 0.25.
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Figure 5.4: left: Drift time spectra of Ar:CO >:N» 96:3:1 and Ar:CO, 93:7. One
observes a steep rise for both gases. The shape of the ¢&s mixture is
more rectangular, which is characteristic for linear gases right. The rt-
relation for both gases show that the N mixture is faster (450 ns compared
to 700 ns) and by far more linear.

The distributions of the absolute errors on the track t parameters are shown in
g. Expectedly, due to the di erent distance between tle multilayers of the
chambers, 320 mm for the upper 30 mm chamber and 90 mm for thevkr one,
the errors on the reconstructed track in the lower referencehamber are bigger
than in the upper chamber and the distribution is broader in he lower chamber.
Considering the mean of the distributions, the upper track t is, because of the
lever arm, by a factor of 2.3 more precise than the lower one.iMiling 402 mm by
172 mm, which are the distances of the middle layers of the ntildyers, yields also
2.3 as the measured ratio. This fact has to be kept in mind formr corrections
in case of extrapolating tracks into the other chamber. Forhte upper chamber
the accuracy on the slope is:34 10 4 and 102 m on the intercept. Whereas the
lower track t has 8.88 10 4 slope error and 235 m intercept error.

The correlation plot between the slope and the intercept of tiack gives informa-
tion whether all software channels of the tubes and the hodospe are correctly
linked with the hardware channels and whether all channelsere correctly working
during the measurement. In case of a perfectly symmetric sgt the plot should
look rectangular and the two axes of symmetry should be thersight lines with

slope= 0 and intercept = 0.
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Figure 5.5: The muon track t parameters for y = mz + b are shown for the upper
(black) and lower reference chamber (red); left: y intercep (b), right: slope
(m). Both distributions are in good agreement, which is eqwalent to a
reasonable initial alignment.

The left plot of g. 571shows the correlation. One can see that is approx-
imately a parallelogram. The reason for the asymmetry is theaon symmetric
setup. The distance in z direction from the origin to the hodscope layers di ers.
It is 575 mm to the upper layer and 545 mm to the lower layer. It gnerates the
shift of the upper and lower corner by 15 mm. The multilayer a&embly of the
chambers with the shifted middle layer breaks the symmetryral causes the ac-
cumulation of data points in g. B3 and the cutout near the rght corner in g. b4

Looking at the right plot of g. £7] one sees two bands with adw amount of data.
In this case two out of seven scintillation counters in parddl to the tube wires
were not operating in the lower hodoscope and therefore no ans could have been
triggered in these regions. The two non operating counterseve the ones next to
the central counter, which is responsible for the band of datpoints in the middle.

The upper cut out band's corners are aslope= 0:.069,y = 907 mm and
slope= 0:104,y = 716 mm for the lower edge and for the upper edge at
slope=0:175,y = 35:3 mm andslope= 0:142,y = 54:9 mm. So the width in
y is 1935 0:25 mm and for theslope0:034 0:001. Calculating the expected
width yniss Of a band due to a missing scintillation counter via

59



“10°

6000
12}
5000
10}

4000

3000

2000

1000

7 4

0 ‘ : ‘ . 0 : : : :
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0 0204 0608 1 12 14 16 18 2
y intercept error [mm] slope error

107

Figure 5.6: The errors on the muon track t parameters are shavn for the upper (black)
and lower reference chamber (red). The errors are derived &m eqgns. 4.10
and 4.11 in chapter 4, left: y intercept, right: slope.

dhodo b

Eqn. 5.1: Ymiss = T y

where dnog0 = 545 mm is the distance of the hodoscope to the origifp= 40 mm
the width of a scintillation counter andd = 1120 mm the distance between the two
hodoscopes, yields approximately 146 mm in agreement with the measurement.
The slope cutout width was calculated according to

Eqn. 5.2: Mmiss =

o |

and the value is 00357.

Alignment with Muon Tracks

At high background rates the track reconstruction becomesotigh due to high
occupancy of the irradiated multilayers. To determine the @solution under -
background, extrapolated tracks reconstructed with the shlded multilayers were
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Figure 5.7: Correlation between the slope and the intercepbf the muon track. left:
normal distribution with quasi-rectangular shape; right: two scintillation
counters of the lower hodoscope, parallel to the wires, werot operating.

used. Before that the two chambers have to be aligned interihaand mutually.
This was done comparing tracks and their extrapolation in & of no irradiation.

For a possible displacement of the multilayers of one chambéhe residual dis-
tributions were checked for the features described in seati 4.3. They are in-
vestigated on asymmetric shifts of the mean for positive andegative radii for
the ve sectors along the wires given by the trigger hodoscep Fig[hE3 shows
no asymmetric shift for neither positive nor negative sloge The average shift of
the mean of about 30 m in the middle of the chamber is within the production
tolerance of the chambers.

The neglectable remaining deviation is not due to a wire sageet in combination
with further sag due to the electric potential, as the theorgcally predicted value
for the sag is around 3.3 m and the additional sag due to electric eld e ects is
at percent level of the nominal sad[43]. The sag was calciddtvia

h e L=2) opl? )

H
Egn. 5.3: z(x) = @ 1 cos 0 ﬂ,op— r<g;
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where H = 3:5 N is the wire tension,L = 50 cm the length of a tube and

= 19:17_%; [44] the density of the W-Re wire.
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Figure 5.8: Mean of residual distribution of single multilayers along the wire. The left
plot is for positive track slopes, the right one for negativeslopes. The sectors
are 10 cm broad and selected via the segmented hodoscope.

So both chambers show no abnormal geometrical deformatiomhich needs to be
corrected.

Correction of Wire Position

Assuming that the geometry of the 30 mm tube chambers are pect, one starts
with 3 degrees of freedom for the alignment (2 dimensionals® not yet consider-
ing asymmetries along the wire). Namely a y-shift, a z-shiéind a rotation around
X.

The mean value of the gaussian distribution of the slope dirence provides the
angle for the rotational correction ( g. B9, left). A rotation of about 0.8 mrad,
corresponding to a misalignment of about 130m, was performed. The di erence
of the intercepts gave a correction value of 190m for the y-shift ( g. £.9] right).
The correction of a z-shift of 67 m was deduced from the 2 -dim distribution dz
against slope, see gi5.10.

After all corrections the alignment accuracy is better thanl0 m in y-direction
(g. £9) and 30 m in z-direction ( g. £10).
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Figure 5.9: Di erence between the parameters of the two sepatly reconstructed tracks;
left: slope, right: intercept.

In the second step discrepancies in the alignment along therev(3 dimensional)
were investigated. Due to the geometry of the segmented hadope, one is able
to extract tracks in 5 slices of 10 cm each along the wire. Fohe& central region
(section 3) the alignment is ne. But in section 1 and 5, at theends of the tubes,
one sees a further x-rotation. Figi-5. 11 shows, that sectidnis rotated positively
and section 5 negatively compared to the middle of the chamberlhe value of the
shift in the intercept di erence, also shown in g.[5TI1, ism agreement with a rota-
tion of + 0.8 mrad on the one end of the chamber and - 0.8 mrad ohé other end.

These results indicate, that one of the chambers is drilledang the x axis. The
drill factor is 4.0 nﬂ—fﬁ Looking at the residual distributions in both chambers,
one sees that in the upper chamber the residuals increasewihe same sign from
the lower multilayer to the upper multilayer as expected dudo extrapolation.

Whereas the extrapolation into the lower chamber yields a eimge of the sign in
the residual's mean of the lower and the upper multilayer. Sthe lower 30 mm
chamber is drilled. Using these informations the wire positns in all tubes were

adapted.
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Track to Track Correction

To con rm the alignment, gained with the method described biere, the track to
track alignment, as described in chapterl4, was additiongllapplied. Accordingly
the lower track is considered to be correct and the upper trids transformed to
t the lower track. The correction is performed iteratively. Fig. shows the

g 2001 v uncorr g 2001 ‘ v uncorr
= 150" " 1stcorr ~ 150" + st corr
[a)] = [a) L —
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Figure 5.12: vy, z and plotted against the x position (along the wire) for the iter-
ation steps. Straight line ts provide the correction values.

shifts in y-, z-direction and as a function of x before the correction and after the
1st and 2nd iteration. A straight line t to the data points show, that the drill of
the chamber along x is 4.29%’, the shiftinyis 191 mandin z 66.6 m. These

values are in agreement with the values determined using tli¢her analysis.
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Resolution

The resolution was determined following the scheme desczib in chapter 4.5.
The result is plotted against the radius and shown in g[573n case of no -
background. As already seen in the results of the measureren the CRMF,

the resolution of the gas mixture Ar:CQ:N, in a ratio of 96:3:1 is similar to
the standard mixture Ar:CO, 93:7. The resolution ranges from about 250m
near the anode wire to 70 m near the tube wall. It is slightly worse at big radii
due to di erent drift velocities in this region and better at small radii due to the
higher gas gain as the voltage on the anode wire was the samelfoth mixtures.

This measurement is in agreement with the result from the CRM
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Figure 5.13: Single tube resolution of Ar:CGQ:N> 96:3:1 and the standard gas 93:7. The
track resolution according to egn. 5.4 is subtracted.

The average resolution of a reference track, extrapolatedto the investigated
tube, is determined via

Eqn. 5.4: hi= —= b
gn i 0

and is shown in g.[51%. Herein ; is the resolution of the ' measured radius
and n is the number of tubes used for the track t. One sees, thdahe average
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resolution of the reference track does not depend on the hiadius of the muon
in the tube under investigation. Therefore no weighted coection on the single
tube resolution has to be performed as function of the radiu§he mean value of
the distribution is 114 m and the peak is 94 m (g. £714] left). The accuracy

of the tracking, given by p-, is then 42 m.

“10°
30}

— 0.5 24C
Eo.s -
S 04 120 25¢
§ 18C
20.35
2 1 16¢ 20|
[
5 0.3 e
g0.25 e 5]
10C
180 10}

-15 -10 -5 0 5 10 15 0 0.05 0.1 0.15 0.2 0.25 0.3
r [mm] average resolution [mm]

Figure 5.14: Average resolution as function of the tube radis (left) and the distribution
of the average resolution (right).

5.3 Performance at High Rates

The presence of - background changes the drift eld and therefore the drift pec-
trum. Fig. BEI3 shows the overlay of the drift time spectrum vwth and without
background. The background rate of 662 keV was 295%, le. 1900%. At
this -rate space charges are present in each tube at all time. Thesition of the
ion charge ring in the tube causes then eld uctuations. Uneér this condition
the maximum drift time of the standard gas decreases by 90 ns.

One sees furthermore, that the shape of the spectra di ers. hE rising edge is
broader in case of -background. Due to the decreased electric eld, the gas
ampli cation is lower and less charges are produced. Theoe€ the crossing of the
discriminator threshold is shifted and the drift time is deermined later.

Field uctuations are responsible, that the shape diers gjni cantly at higher
drift times and the falling edge gets broader. The non-linegy of the gas mixture

67



2200
2500 2000
1800
2000 1600
1400
1200

1000

1500

800
600
400
200 J

1000

500

J 1 1P

gDO 0 100 200 300 400 500 600 700 800 gDO 0 100 200 300 400 500 600 700 800
t [ns] t [ns]

Figure 5.15: Drift time spectra measured in the GIF. The left plot shows the spectra
in case of Ar:CO, 93:7 without irradiation (black) and at an irradiation
level of 1900%2 (red). On the right plot the situation for the alternative
gas mixture Ar:CO,:N, 96:3:1 is shown without (black) and with -
irradiation (red).

is correlated to the amount of deviations. Looking at the dft time spectrum of
the alternative gas mixture, the gain drop e ect is also vidile. But the maximum
drift time decreases only by 40 ns. A broadening of the fallinedge is almost not
visible.

In view of the resolution degradation at big drift radii, the overlay of the ex-
perimentally determined rt-relations with (red) and without (black) -background
in g. 516l shows the radii, where space charge e ects have wence on the drift
properties. The e ect due to background charges starts to bpresent at a ra-
dius of 7 mm for the standard gas and at 10 mm for the alternatevgas mixture.
One can also see that the e ect is de nitely smaller when usgnthe N, gas mixture.

The drift time spectra as well as the rt-relations indicatethat the alternative gas
mixture will provide a better resolution at high backgroundrates. For the analysis
of the resolution the upper- and lowermost multilayer (seeg. [5IT), which are
shielded with lead bricks, are used to reconstruct the muomack. This track is
extrapolated into the test multilayer, which is lled either with the standard or
with the N, gas mixture.

The average resolution is given via the residual distributns. The width of the
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Figure 5.16: rt relation of standard gas (left) and the altemative gas mixture (right) in
case of no irradiation (black) and an irradiation of 1900 % (red).

residual is 251 m for Ar:CO, 93:7 without -background (g. 518). At a
background of 1900(:':”—22 the resolution degrades by 92 m to a value of 343 m.
Regarding the gas mixture Ar:CQ:N; in a ratio of 96:3:1 the degradation is
31 m from 255 m (without background) to 286 m (background) ( g. BE19).
The degradation in both cases is due to space charge uctuatis. The N, mixture
shows better performance under high rates due to the fact théhis gas mixture
is more linear and therefore the drift velocity is less depdimg on the electric eld

variation.

The fact that the average resolution without background is laout 250 m in com-
parison to less than 100 m has several reasons. The main contribution is due to
the tracking uncertainty as only three tracking points aboe and three below the
investigated multilayer contribute to the track t. Furthe rmore the uncertainties
due to multiple scattering and possible geometrical disptements overlaying the
drill of the lower reference chamber, which can not be monited, broaden the
residual.
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Figure 5.17: For the alignment two separately reconstructe tracks were used (left). The
single tube resolution without background was determinedsing the setting
in the middle, where the track of the upper chamber was used.h& setting
on the right was used for the high irradiation data, where onf the lower-
and uppermost multilayer were shielded and track reconstrtion could be
performed.

5.4 Summary

At the CRMF and in the GIF the resolution of the gas mixture Ar:CO,: N, in

the ratio of 96:3:1 was determined. It is similar to the resation of the standard
gas Ar:CGQO, in the ratio of 93:7. The rst measurement of the alternativegas
mixture under high background rates showed less degradatiof the resolution as

the present ATLAS gas.
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Figure 5.18: Width of residual in case of no -background (left) and with background
(right).
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Figure 5.19: Width of residual in case of no -background (left) and with background
(right).

71



6 DRIFT TUBES WITH A RADIUS OF 7.5 mm

In this chapter the results of the measurement period at the ifacility at CERN
are shown, where 15 mm drift tubes were tested for their resilon performance.

6.1 Principle

At higher background rates, the single tube resolution degdes due to space
charge e ects, especially for big radii (see @218 in chapte?). Using 15 mm
tubes [46,47] instead of 30 mm and the same drift eld, the maxum drift time
is reduced from 700 to 180 ns ( g—6l1). This means that the ddaime of a tube
is a quarter compared to the actual 30 mm tubes. Due to the redtion of the
radius, the cross section of a tube for background hits is kad. Summing up
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Figure 6.1: Rt-relation of Ar:CO2 93:7. Using tubes with r = 7.5 mm the maximum
drift time is reduced to less than 200 ns and the rt-relation $ more linear.

these two factors, the occupancy de ned as
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Eqgn. 6.1: occupancy= hitrate tmax

of a tube in case of background hits is reduced by a factor of @it 8. The other
benet of 15 mm tubes was stated in chapter 2. The gain drop anthe eld
uctuations due to space charges are smaller than for 30 mmlies coming along
with a smaller resolution degradation at high background tas. Furthermoretion,
is a quarter for 15 mm tubes compared to 30 mm tubes.
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Figure 6.2: Drift time spectra of 30 mm (black) and 15 mm (red) tubes. The shapes of
the spectra agree and the maximum drift time of 15 mm tubes isbeut four
times shorter.

6.2 Performance at H8

The determination of the resolution of 15 mm drift tubes was @rformed at CERN
using a beam of 140 GeV muons. The setup of the test beam is shoand
explained in detail in chapter 3.3. It consists in principleof one 30 mm reference
chamber and the 15 mm test chamber.

6.2.1 Drift Time Spectra and Rt-Relation

At identical electric eld the shape of the drift time spectra is identical but the
maximum drift time for 15 mm tubes is about 200 ns in comparisoto 700 ns in
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case of 30 mm tubes (see ¢.8.2).

6.2.2 Muon Track Reconstruction

A track is tted, according to the scheme in chapter 4, sepataly to the measured
radii of the 15 mm and 30 mm chambers. The results for the tragharameters are
shown in g. 6.3 and[&%. Looking at the y intercept, one obsees distributions
with a total width of about 50 mm in both chambers. This correponds to the
width of the scintillation counters used as muon trigger.

Furthermore there exist minima in the distributions due to kss reconstructed
tracks in certain regions. These can be identi ed as the wirand tube wall po-
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Figure 6.3: Y intercept distribution of the tracks reconstructed in the 30 mm (left) and
15 mm (right) chamber.

sitions in the rst layer. The muon beam provided almost parHel tracks in z
direction. Due to the assembling of the chambers, a muon, tiiig a tube wall
or wire in the rst layer, will also hit a tube wall or wire in th e other layers. In
addition the distance between the minima are 7.5 mm and 15 mm agreement
with the radius of the tubes in the two chambers.

The slope distributions proof that all tracks are almost in prallel. The mean is
0.011 for both, but the width is very dierent. In case of the ® mm chamber
the width is 5 10 #, whereas the 15 mm chambers width is 20 3. Two e ects
account for this. The main e ect is due to the fact, that the 30mm chamber con-
sists of two multilayers with a distance in between them of mm compared to
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Figure 6.4: Slope distribution of the tracks reconstructedin the 30 mm (black) and 15
mm chamber (red).

one package of 8 layers of 15 mm tubes. Therefore one gets nmexise tracking
due to the lever arm [[14]. The second thing is, that because tbfe trigger road
almost all tracks hit the same tubes in the 30 mm chamber, wheas in the 15 mm
chamber there are more possibilities. This causes also a @d&ation of the track
reconstruction accuracy due to geometry, namely wire po&h and tube glueing
tolerance.

The errors on the track parameters show on the rst glance a dhous behaviour

(9. €5). One sees several maxima as well for the y interceps for the slope error
in both chambers. In case of the 30 mm chamber the second maximis caused

by tracks with 2 radii close to the wire. And the tail is due to tacks passing close
to the wire in 4 tube layers.

In case of the 15 mm chamber 3 maxima occur. Looking at the y arcept distri-

bution of tracks corresponding to these maxima, three regie can be extracted.
In two regions there was a dead tube. Region 1, corresponditogthe maximum at

490 m for the y intercept, had a dead tube in layer 5 and region 3 (nxamum at

685 m)in layer 1. In these regions the track t had 7 sampling poits, whereas in
region 2 the t had 8 measured drift radii and the maximum is lcated at 627 m.

The broad tail corresponds like in case of the 30 mm chamber t@acks passing
nearby the wire or tube wall.

The reason for the di erent errors in these three regions isué to the quasiana-
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Figure 6.5: Errors on the track t; left: y intercept, right: slope. The black distribution
corresponds to the 30 mm tube chamber and the red one to the 15mrtube
chamber.

lytical track t method [35], where combination of tube pairs, located in di erent

multilayers, are used and the distance between the two reghad tube wires is
critical. Without a tube in layer 5 combinations with minimal distance disappear
and the t is better as in case of the region with 8 hit tubes. Rmoving a tube

in layer 1 worsens the t accuracy due to the disappearance obmbinations with

a large lever arm. Calculations of the errors for these regie yields also three
maxima at 512 31.7 m, 641 20.2 m and 706 35.4 m, which conrms

the measurement.
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6.2.3 Alignment

The reference chamber and the 15 mm chamber were only roughligned during
the installation of the measurement setup. Comparing the @be and the y inter-
cept of the tracks, which were reconstructed separately imé two chambers, the
accurate alignment was performed. Due to the setup designdathe fact that the

tracks were almost parallel, only a precise correction foryshift and a rotation

around x were possible.

The data showed a rotation of 21.7 mrad and a y-shift of 30 mm. fer these

0.006 0.008 0.01 0.012 0.014 0.016
slope

Figure 6.6: Distribution of dz versus slope. The dierence n z was determined using
the 15 mm chamber and the 30 mm chamber.

two corrections, the correlation between dz and slope is adad distribution in
a small slope range as shown in ¢.8.6. It is symmetric with spect todz = 0,
which indicates that the spacing between the 15 mm and the 30mis correct.
The alignment accuracy is according to the distributions ofhe y intercept and
the slope di erence better than 10 m in y direction and 3 10 ° rad for the x
rotation, according to g. B4
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Figure 6.7: Intercept (left) and slope (right) di erence af ter alignment.
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6.2.4 Resolution

The determination of the resolution was performed as desldd in chapter 4 using
tracks reconstructed with the 15 mm bundle and also via extpolating the track
from the reference chamber into the test chamber. Fifteen Ibm tubes were fully
irradiated and included in the analysis.

tube nr. ref [m ] corr [m ] [m ]
5 186 163 89.6
10 182 160 86.7
11 183 160 88.8
16 181 157 90.1
17 178 157 83.9
22 179 153 92.9
23 180 153 94.8
28 174 150 88.2
29 178 150 95.8
34 177 147 98.6
35 175 147 95.0
40 170 143 91.9
41 163 143 78.2
46 175 140 105
47 175 140 105

Table 6.1: For all totally irradiated 15 mm tubes, the width d the residual ¢ , the cor-
rection due to the track extrapolation ., and the nal single tube resolution
of the 15 mm tubes is shown. Averageing over all tubes leadsdaingle tube
resolution of 92.6 6.98 m .

Tab. shows the measured width of residuals using the neface track ¢ , the
correction value derived from the track extrapolation ., and the resulting single
tube resolution given by

Eqn. 6.2: = 2 2

ref

The extrapolation error consists of the error on the y interept of 87.5 m and the
error on the slope of 3.110 #, which is multiplied with the distance of the center
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of gravity of the track in the reference chamber and the regded tube wire in z
direction. The z distance ranges from 354.5 mm for tubes 46chA7 to 446.06 mm
for tube 5. Taking all tubes into account, the average singliube resolution of
the 15 mm tubes is 92.6 6.98 m.

The expectation from the analysis of 30 mm tubes is shown in.§.8. The width
of the residual of 30 mm tubes in the radius range of 0 to 7.1 mm 1.2 m,
which is in agreement with the measured resolution of the 15mdrift tubes. The
determination of the resolution of 15 mm tubes, using recomscted tracks in the
chamber itself, yields to a value of 95m. It is slightly worse than the expectation
from 30 mm tubes due to the fact that regarding a slice in 30 mnubes does not
account for close to wall e ects, such as less produced chasgin 15 mm tubes
due to geometry.

600 Entries 134102 Entries 320320
Mean 0.0057 M 0.009052
RMS 0.1476 3001 R;asn RETE
500 2/ ndf 849.8 /376
Constant 519.4+2.1 ¢/ et 28981175
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Figure 6.8: left: The width of the residual of 30 mm tubes for aadius slice from O to
7.1 mm is 91.2 m , which is the expectation of the single tube resolution of
15 mm tubes. right: Residual of 15 mm drift tubes. The width i95 m .

The single tube resolution for the 30 mm and 15 mm tubes agairike drift radius
is shown in g.[69. As expected, at small drift radii the reslution is in the order
of 230 m, improving to about 70 m for big radii. The resolution of 15 mm tubes
is similar to the one for 30 mm tubes up to radii of 7.1 mm. At smaradii the
resolution of 15 mm tubes is degraded because of low statistand worsened track
preciseness. This fact was explained above in context of thack t errors. 2730 V
gives the same drift eld for 15 mm tubes as the ATLAS standardperation of
30 mm tubes. 2760 V raises the gas gain from 20000 to 25000 ameréfore more
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charges per muon are produced leading to a better resolutiowhich is visible as
the black data points showing better resolution compared tthe blue ones.

0.351
g F v 15mm @ 2760 V
= 0.3F
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5
50.25; # 30 mm tube
0.2 +
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Figure 6.9: The resolution of 15 mm drift tubes for anode wirevoltages of 2730 V and
2760 V and the expectation from 30 mm tubes are shown.

6.3 Summary

A bundle of 15 mm tubes was tested at the H8 facility at CERN. Th resolution of
15 mm tubes agrees with the expectations derived from measuarents with 30 mm
tubes. The average resolution is better than 100m, which is the requirement on
the tubes to achieve 10 % momentum resolution at an energy off&V.
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7 SUMMARY AND OUTLOOK

The muon spectrometer of the ATLAS-experiment at the Large bidron Collider
consists of drift tube chambers, which provide the measuremt of trajectories of
trespassing muons. In order to determine the momentum of thmauons with high
precision in the toroidal magnetic eld of ATLAS (B 0:5T), the measurement of
the position of the muon in a single tube has to be more accurathan 100 m.

The large cross section of proton-proton-collisions and ehhigh luminosity of the
accelerator cause relevant background in the muon spectretar by neutrons and
s, which are produced in the shielding material and the detir components.

During the next decade a luminosity upgrade to 30* cm 2s ! is foreseen, which
will also increase the background counting rates proportially. Under high back-

ground conditions the present muon chambers show a criticeésolution degra-
dation and a high occupancy of the drift tubes due to the nonfearity and the

maximum drift time of 700 ns of the drift gas. Therefore partof the so-called
Small Wheel have to be replaced by detectors with higher rateapability. For

the rest of the spectrometer dealing with lower counting ra&s an alternative gas
mixture can provide su cient position measurement accurag without replacing

the existing hardware components.

Regarding fastness, linearity, afterpulsing, streamer ta and inertness of gas com-
ponents, the gas mixture Ar:CQ:N; in the ratio of 96:3:1 Vol % is a valuable
candidate to replace the present gas mixture Ar: CQin the ratio of 97 : 3 Vol %.
This alternative gas is with a maximum drift time of 450 ns 35 %aster and by far
more linear than the ATLAS gas. Therefore the drift tubes aréess occupied and
the electron drift in the gas is less in uenced due to space a&fges. The resolution
of this alternative gas was determined at the CRMF and in the & without back-
ground. Itis similar to the resolution of the standard gas,anging between 230 m
for small radii and 70 m for big radii. Both measurements agree with each other.

The use of drift tubes with halved radius, using the standardias under the same
operation parameters, at a high voltage of 2730 V, which waslapted to create
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the same electric eld as for 30 mm tubes, reduces the maximudrift time by a
factor 4 to a value of 180 ns. The reduction of the radius furtr yields to halved
cross section of the tube to background. The occupancy is tieéore reduced by a
factor 8. Furthermore the space-time relation is almost ligar causing only a small
degradation of the resolution due to space charges. 15 mmftitube detectors are
therefore reasonable candidates for precise and e cient ron track reconstruction
in high rate environments. A 15 mm drift tube chamber was opated at the H8
test facility at CERN, where a muon beam provided muons with m energy of
140 GeV. The single tube resolution of 15 mm tubes was determad to be 95 m
in agreement with expectations from 30 mm tubes.

At both experiments reference chambers for exact muon trackconstruction were
included in the experimental setups. To determine resolutns below 100 m with
an external reference, the setup components have to be akghvery precisely. It
was a main e ort of this thesis to develop a method to corrector incomplete
alignment or geometrical deviations from nominal settingsFor the H8 test beam
measurement a 2 dimensional correction had to be applied dsetbeam muons
were parallel and the trigger surface was only 25 énThe setup in the GIF was
reconstructed 3 dimensional by using the residual distrilions produced via ref-
erence tracks and the comparison of the track parameters afpthe anode wires.
The lower reference chamber in this setup was drilled along xThe alignment
accuracy in y was smaller than 10 m, smaller than 30 m in z and for the ro-
tation around x smaller than 410 ° rad for the GIF setup as well as for the H8
setup, given by the mean values of the distributions for thelgpe di erence and
the intercept di erence. The width of the di erence distributions of slope and
intercept are hereby only 210 3 and 260 m, respectively.

After these geometrical corrections the resolution of thetandard gas and the
alternative gas was determined at a-background counting rate of 190(%%. For
the ATLAS gas the resolution degraded by 92m, which is in agreement with an
earlier measurement. But the alternative gas showed a restibn degradation of
only 31 m at this background rate.

In the present work | could show that single tube resolutionbelow 100 m are
achievable using 30 mm and 15 mm drift tube technology. Alignent tools allow
for geometrical corrections of the setup with an accuracy & m in position
and 410 ® in slope (= 40 m per m distance). The resulting width of the di er-
ence distributions between slope and intercept in the refemce chamber and the
chamber to be investigated demonstrate that the experimeal setup used for the
GIF and the H8 experiments were insu cient. The used refereze chamber at
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H8 reached only tracking accuracies around 160m. The setups were designed
in collaboration with the Max-Planck-Institut far Physik dealing with boundary
conditions, e.g. the GIF source's geometry and, for the H8 msurement, the not
properly operating silicon telescope.

An optimised setup would use reference tracking systems twitonger lever arm,

more precise determination of the track parameters, enclag the detector to be

investigated, e.g. in case of drift tube detectors 6 trackqipoints on each side of
the investigated object.
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