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Chapter 1
The L3 detector

1.1 Introduction

The subject of high energy physics is the study of the ultimate constituents of matter and
the fundamental interactions between them. Experiments are carried out by colliding a
high energy particle beam with a fixed target or with another particle beam and studying
the reaction products. High energy is desirable for two reasons: firstly, because one
needs radiation with extremely short wavelengths to study the small scale of distances
associated with the elementary constituents of matter, and secondly because many of the
fundamental particles have large masses and require correspondingly high energies for
their creation and study. The Large Electron Positron (LEP) facility, which is scheduled
to start operation in the middle of 1989, is one of the latest colliders developed for
experimental high energy physics. Bunches of electrons (e~) and positrons (e*) with
a maximum beam energy of 55 GeV circulate in opposite directions through a beam
pipe with a circumference of 27 km. More than 3000 bending magnets and almost 2000
focussing and correction magnets keep the beams in place.

L3 is one of the four detectors built for the LEP facility at CERN. The detector
was originally proposed and accepted in 1982 [1], and has been under construction since

then. It is expected that physics experiments will begin soon after the startup of the
LEP machine in the middle of 1989.

Historically, most of the major discoveries at particle accelerators were totally un-
predicted at the time of their construction. Independent of any theoretical speculations,
recent history shows that major discoveries in particle physics from both proton accel-
erators and e*e~ colliding beams have been made with detectors specially designed to
measure very precisely both the lepton and the photon channels. This is because the
single photon and/or leptonic channels provide a clean signal with a small background
which is easy to understand and to control. The discovery of several new particles such as
J/¥, T, 7 and Z,, was possible only because the mass resolution of the detectors reached

AM/M < 2% [1](2](3][4](5](6].

The L3 detector was therefore designed with strong emphasis on high precision lepton
measurements. The special qualities of the L3 detector are: 1) good charge identification

1
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up to 50 GeV with the central tracking detector, 2) high precision electron and photon
energy measurement with the electromagnetic calorimeter, 3) high precision muon mo-
mentum measurement and 4) measurement of hadronic jets with the hadron calorimeter.

Realistic aims are:

Determination of the sign of the electric charge for all charged particles

Electromagnetic energy resolution for photons and electrons of 5% at 200 MeV,
down to 1% for energies larger than 3 GeV .

2% muon momentum resolution for muons of 45 GeV.

Determination of hadron energies with 50%/+/E resolution.

The L3 collaboration involves some 400 physicists from 32 institutes in 13 different coun-
tries [7]. The work described in this thesis is only a small contribution to the huge effort
put in the construction and optimization of the detector. Many people have contributed
to the effort in the test beam experiment described in chapters 4 and 5 of this the-
sis. Without their help much of the work described in this thesis would not have been
possible.

1.2 The L3 detector

The e~ and et beams intersect at four ”interaction points” where interactions between
the particles will take place. The L3 detector is situated at the second interaction point
(IP2), 60 meters under ground at the foot of the Jura mountains in France. The e~e*
interactions result in energetic reaction products which become accessible to experiment
by their interaction with the detector material. Detectors are usually complex structures
with many different subdetectors, each specialized in measuring a specific type of particle
or an important physical quantity. Physical quantities of interest are the momenta,
energies and the charges of the particles, and, where possible, the type of particle. Using
these data and the statistical distributions related to these quantities, the properties of
the interactions between the primary e* and e~ particles can be investigated.

In the next section some of the detection techniques used in L3 are described, with
emphasis on the detection of muons in the different L3 subdetectors.

1.2.1 Detection techniques in colliding beam experiments

In a typical colliding beam experiment one can distinguish two main classes of apparatus:
the "total absorption detectors” or calorimeters which can measure the direction and the
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energy of charged and uncharged particles, and "tracking detectors” which accurately
trace the track of a charged particle.

In a calorimeter the particle deposits all its energy in the form of a shower of lower-
energy particles. The original properties of the detected particle are changed drastically
during this process. The position and the total energy of the shower can be determined
and often the type of particle can be deduced from the shape of the shower. The detector
is constructed in such a way that a certain fraction of the deposited energy is converted to
a measurable signal such as light or electrical charge. If this fraction is constant, the sig-
nal is proportional to the energy of the incoming particle. Electromagnetic calorimeters,
for the detection of photons and electrons, are often made from a homogeneous material
like Nal or BGO. These materials are very good absorbers for electromagnetic energy
and transparent for the light produced in the shower. The main interaction processes
at high energy are pair creation and bremsstrahlung, that give well behaved and well
understood ”signals” which allow high resolutions. Hadronic calorimeters are usually
built as sampling devices consisting of absorber layers (Fe,Cu,U) interleaved with trans-
parent layers like scintillators or drift chambers. The absorber layers produce the shower
which is converted to a measurable signal in the transparent layers. In these calorimeters
strong interactions with the nuclei play the most important role. This results in com-
plex reactions and many different types of secondary particles, all behaving differently

in the detector medium. This complexity strongly limits the achievable accuracies and
resolutions.

The second class of detectors, the tracking detectors, are as transparent as possible so
that the trajectory and the other properties of the particles are not disturbed. However,
the Coulomb field of the charged particles interacts sufficiently with the atomic electrons
to produce a track of ionized atoms. The created electrons and ions are collected such,
that the position and time of their creation can be reconstructed. From these data
the track of the crossing charged particle can be found. If the detector is situated in

a magnetic field the momentum of the particle can also be determined from the track
curvature.

Some examples of tracking detectors are wire chambers and silicon microstrips. In
wire chambers the created electrons drift towards an anode plane where charge ampli-
fication takes place and the signal is measured. From the arrival times of these signals
the original track can be reconstructed. In silicon microstrip detectors the ionization
electrons change the electrical properties of a strip which results in a detectable signal.
Combining many strips in different planes will result in a measurement of the track.

1.2.2 Detection techniques used in L3

The global right-handed cartesian coordinate system of L3 is defined as follows: the
z-direction is the direction of the e~ beam, and the y-direction is vertically upwards.
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The origin is chosen to be the interaction point at the center of the detector. Often the

corresponding cylindrical coordinates (r, ¢, z) are used. The angle of a track with respect
to the positive z-axis is denoted by 6.

MAGNET POLE

MAGNET YOKE

HADRON CALORIMETER
MACHINE CENTER

2 PHOTON TAGGING DETECTORS
'ELECTROMAGNETIC SHOWER COUNTERS (BGO)
TIME EXPANSION CHAMBER

Figure 1.1: Perspective view of the L3 detector. Starting from the interaction
point there are the Time Expansion Chamber (TEC), the electromagnetic

calorimeter, the hadron calorimeter, the muon chambers, the aluminum coil
and the return yoke of the magnet.

Figure 1.1 gives a schematic overview of the L3 detector. All the detector components
are situated inside a magnetic cave, roughly 11 meters in diameter and 12 meters long. A
magnetic field of ~ 0.5 T (5000 gauss) is produced throughout this volume by a current
of 30 kA in an octogonal helical coil surrounded by a one meter thick iron return yoke.
Steel doors at both ends improve the field homogeneity. The detector components are
kept in place by a support tube with an inner diameter of 4.45 meter, centered in the
magnet parallel to the beam direction. Inside this tube the inner detector is situated,
and on the outside the muon spectrometer is mounted.

Secondary particles produced in the e~et collisions moving out from the interaction
point, first encounter the 4 mm thick beryllium beam pipe with a diameter of 18 cm. A
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time expansion chamber (TEC) with a length of 110 cm and a diameter of 93 cm is built
directly around the beam pipe. The TEC measures the track segments of all the crossing
charged particles. These segments, curved due to the magnetic field, are used to deter-
mine the sign of the charge and the direction of the particle’s momentum fourvector near
the vertex point. The electromagnetic (EM) calorimeter consists of bismuth germanium
oxide (BGO) crystals which absorb the photons and electrons and measure their shower .
structure and total energy. The energy of the hadrons is measured partly in the BGO,
but mainly in the uranium/gas hadron calorimeter surrounding the BGO.

Three layers of muon chambers outside the support tube, between a radius of 2.5
meter and a radius of 5.5 meters, form the muon spectrometer. The ¢ position of the
curved muon track is measured very accurately for three r values in the three layers of
7p-chambers”. From these measurements the momentum is deduced. The z-coordinate
of the track is measured by four layers of ”z-chambers” mounted on the top and bottom
of the inner and outer p-chamber layers.

In the next section the detectors and the important parameters are described in more
detail.

1.2.3 The magnet

The magnetic field is only used for charge and momentum measurements inside the
TEC and the muon-spectrometer. The resolving power of a magnetic spectrometer is
proportional to BL?, where B is the magnetic field strength and L the length of the
particle trajectory in this field. To improve the resolving power of a spectrometer one
can either increase the field or increase the path length. The last option is more effective,
because the resolving power depends on the square of the path length. L3 has chosen
for a large warm magnet (L ~ 2.9 m for muons), with a relatively low field strength of
0.5T. The main components of the L3 magnet are the coil, the yoke and the doors. The
aluminum, octagonal coil has an inner radius of 5.93 meter, an outer radius of 6.82 meter
and a total length of 11.78 meter. In total there are 168 windings with a cross-section of
89 cm X 6 cm. For a field of 0.5 T a current of 30 kA is required, which corresponds
to a power consumption of 4 MW and a total stored energy of 160 MJ. The return yoke
consists of an octagonally shaped steel cylinder surrounding the coil and has an inner
radius of 7 meter and an outer radius of 7.9 meter. The yoke is closed at each end by a

1 m thick door which fits around the support tube. The total weight of coil, yoke and
support tube is 7810 tonnes.

For the off-line event reconstruction and analysis it is convenient when the magnetic
field is homogeneous. The main field distortions are caused by the large holes in the two
doors, and by the gaps surrounding the doors. In order to keep local field inhomogeneities
small inside the detector, the amount of magnetic material inside the coil is kept as small
as possible. The main pieces of magnetic material inside the coil are the supports for
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the quadrupole beam magnets inside the support tube and the large rollers to move the
inner detector and the muon detector along the support tube. The estimated range over
which the field will be distorted more than 20 gauss by these rollers is ~ 50 cm and
extends only into the small part of the MI chambers next to the rollers. Smaller pieces
of magnetic material near the muon chambers are the gauge blocks used in the vertical

alignment system (see section 1.3.1). The effect of these small pieces on the magnetic
field can be ignored.

1.2.4 Central tracking detector (TEC)

The Time Expansion Chamber (TEC) has an inner diameter of 18cm and an outer
diameter of 93 cm. The gas filling is a mixture of 80% CO, and 20% isobutane at 2
atmospheres pressure.The detector is subdivided in an inner ring of 12 segments with 8
sense wires each and an outer ring of 24 segments with 54 sense wires per segment. The
1584 sense wires are read out by 100 MHz 6 bit ADCs which have excellent multi-hit
capability. A special feature of the detector is the low drift velocity of 6 um /ns (= 10
times smaller than for conventional chambers) and the low diffusion. The expected track
resolution is 40 pm , which has been achieved in test runs using a prototype chamber
[8]. The z-coordinate of the track is measured in the z-chamber surrounding the TEC.
It consists of 2 cylindrical proportional chambers, with cathode plane readout.

1.2.5 Electromagnetic calorimeter

The calorimeter of L3 is subdivided into an inner electromagnetic (EM) calorimeter
and an outer hadron calorimeter. The EM calorimeter consists of &~ 12000 bismuth
germanium oxide (BGO) crystals pointing towards the interaction point and fills the
space between 50 cm and 85 cm radius. The tapered BGO crystals are 24 cm long
and measure 2x2 cm? at the inside and 3x3 cm? at the outside. All crystals are
equipped with 2 photodiodes, each with a total active area of 1.5 cm?. The detector is
subdivided into two barrels of &~ 4000 crystals each and two endcaps of ~ 2000 crystals
each. The endcaps will not be available before 1990. The barrel covers the polar range
of 42° < 6 < 138° with small gaps where the two barrel pieces meet.The endcaps cover
the ranges 12° < 6 < 42° and 138° < 6 < 168°. Almost the full azimuthal range of
0° < ¢ < 360° is covered.

BGO was chosen because of its superior properties compared to other commonly used
materials like Nal. It is not hygroscopic, has a good radiation resistance and a high energy
resolution. BGO is the best material available to obtain the extremely high resolution
for dilepton mass measurements aimed at in L3.
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1.2.6 Hadron calorimeter

The hadron calorimeter fills up the space between the BGO and the support tube, be-
tween 88 cm and 213 cm radius. Mechanically the HC is subdivided into the barrel, the
endcaps and the muon filter. The barrel consists of 9 rings of 16 modules each, and covers
the polar range 35° < 6 < 145°. Each of the two endcaps consists of three separate rings.
They cover the ranges 5.5° < 6 < 35° and 145° < 6 < 174.5°. Each module consists
of about 60 uranium plates (5 mm thick, Ni coated) interleaved with 5 mm thick pro-
portional chambers. By arranging alternate wire planes orthogonally one can determine
the position of particles traversing a module. The muon filter is mounted on the inside
wall of the support tube and adds 1 interaction length to the hadron calorimeter. It
consists of 8 identical octants, each consisting of six 1 cm thick, 4 m long brass absorber
plates interleaved with proportional chambers. Charge division readout is used in three
of these chambers to determine the z coordinate of the particles. The muon filter reduces
punch-through into the muon spectrometer.

The BGO and hadron calorimeters together represent 6-7 interaction lengths for

hadrons. An energy resolution of 55/VE + 5% for the hadron calorimeter has been
measured in a test beam [9].

1.2.7 Muon spectrometer

y

z




page 8 Chapter 1. The L3 detector

The muon spectrometer is mounted around the support tube. The spectrometer is sub-
divided into 16 independent "octants” mounted on two "ferris wheels”, one at each side
of the interaction point. Figure 1.2 shows a cross section of the muon detector. In total
there are 80 precision drift chambers divided over the muon inner layer (MI-chambers),
the middle layer ( MM-chambers) and the outer layer (MO-chambers) of the muon de-
tector. The 1696 sense wires of an octant are connected to hybrid preamplifiers which
are mounted on the chambers. The balanced output of these amplifiers is connected via
cables to a discriminator where the signal is converted to ECL logic levels. The discrimi-
nator level will depend on the noise level and will have a value between 10 - 30 mV. The
output of each discriminator is connected to a LeCroy common stop Fastbus Time to
Digital Converter (TDC), again via cables. The TDCs have a time binning of 2ns. The
gas in the muon chambers consists of 61.5% Argon and 38.5% Ethane.

1.2.8 Muon detection in the subdetectors

One of the important aims of L3 is the accurate measurement of high energy muon
momenta. In the TEC the muon results in a track segment, in the BGO and hadron
calorimeter in a position and energy loss measurement, and in the muon spectrometer in
three accurate track segments. In the next subsection the muon detection in the different
subdetectors is presented. The detection of muons in the muon spectrometer is discussed
separately in the next section.

In the TEC, the muon leaves a trail of ionization pairs, which results in a series of
signals in the flash ADCs. From the ADC data the track segment can be reconstructed
with a resolution of 40 ym .

In the BGO the muon loses only a small amount of its energy. The average energy
loss for minimum ionizing muons has been measured in a test beam and varies from
224 +5 MeV at 2GeV to 249 £ 3 MeV for 50 GeV muons [10]. In principle the muon
energy loss in BGO can be measured accurately (to better than 10%), but since the muon
signal is very small compared to the signal of other particles like photons , electrons and
hadrons, this measurement is only possible if the muon track is well separated from other
particle tracks. If other particles are present, the average energy loss measured in the
test beam can be used.

The L3 Monte Carlo program was used to calculate the energy loss for 50 GeV muons.
The results are shown in figure 1.3. Most of the energy loss of a muon takes place in the
hadron calorimeter. For 50 Gev muons the average total energy loss is about 3 GeV.
The long tail towards high energy losses in figure 1.3 is due to the hard Brehmsstrahlung
originating in the interaction of the muon with the coulomb field of the nuclei in the
uranium plates.

The hadron calorimeter is not designed to measure muon energy loss accurately. A
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Figure 1.3: Muon energy loss in the electromagnetic calorimeter (left) and
in the hadron calorimeter (right).

large signal in the hadron calorimeter only indicates that hard Brehmsstrahlung took
place, but accurate measurement of the energy loss is not possible. Just like in the BGO
detector, the muon-jet separation has to be good in order to be able to measure the
muon signal at all. If the muon signal can not be disentangled from the data, the most
probable energy loss as calculated from the Monte Carlo can be used. Note that the
error on this value can be very large because of the long tail in the distribution. Tests
with a large sample of Monte Carlo generated muon events showed that, if events with

an energy loss > 5 GeV are discarded, the hadron calorimeter energy loss only increased
the muon momentum resolution with = 15 % [11].

1.3 Muons in the L3 muon spectrometer

The sagitta s of a circular track segment between 2 points is defined as the maximum
deviation of the curve from the straight line connecting these two points [12]. From the
three muon track segments measured in the three muon chamber layers one can calculate

the sagitta of the muon track in the muon spectrometer. The transverse momentum of
the muon is given by the expression:

0.3-BL?
= T (1.1)

Pt
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Figure 1.4: End view of the L3 detector showing the three chamber layers
of the muon spectrometer outside the support tube. The momenta of muons
will be determined by measuring the curvature of the muon tracks within the
spectrometer.

where L is the distance between the inner and the outer chamber layers. The lengths
s and L are expressed in meters, the magnetic field B in Tesla and p; in GeV/c. The
projection of the track on the r-z plane is a straight line, measured by the z-chambers.
The intrinsic resolution of the z-chambers is of the order of 600 um and systematic
errors in the positioning of the z layers on the p-chambers can be of the order of 1 mm.

Assuming that these errors add quadratically, one can estimate that the error in the 6
angle of the track is & 750 prad.

For a 45 GeV muon the sagitta is 3.7 mm. Since Ap/p = As/s, this implies that,
to reach the required 2% momentum resolution at 45 GeV the total error As in the
sagitta measurement must be less than 70 um . There are many sources of errors that
contribute to As. The main contributions are:

e the multiple scattering in the region between the chambers As,,,

o the systematic error As,y,

e the intrinsic chamber resolution of the muon chambers As,y,.

Since the position of the track must be calculated from the TDC values measured for the
individual sense wires, one needs good knowledge of the drift properties of the chambers
and of the relative positions of the wires. The properties of the relation between the
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recorded drift time and the position in the drift cell are the the subject of ché,pter 4. A

schematic description of the alignment of the wires of the muon detector is the subject
of the next section.

The multiple scattering error has been estimated to be As,,, ~ 30 um for a p =45
GeV/c muon [12]. The sagitta is calculated from the average points found in the three
muon chamber layers

1
s = 5(337711' + :Dmo) — Tmm

where i, Tmm and ., are the distances of the points to the central plane in the octant.
From measurements with cosmic rays a single wire resolution of 150 um was found (this
number is in good agreement with the resolutions presented in chapter 5 of this thesis).
Using the multiple sampling technique (16 wires in the inner and outer chambers, 24
wires in the middle chambers) described in [13] gives resolutions €,,; = € = 40 pm  and
Emm = 32pm for the three chamber points z,;, Tm, and .. The intrinsic chamber
resolution is therefore:

e N2 e N2 1/2
Asy, = [(—(’)ﬂ) + (—2772) + 62m] & 43 ym

&

If Aschy Asps and As,y, are added in quadrature, one finds that As,y, must be less than
30 pm in order to obtain the required momentum resolution.

In order to keep the total systematic error below 30 um , each individual systematic
error has to be much smaller. It is not simple to exactly define all the systematic errors,
or to set accurate acceptable limits: different sources of systematic errors will enter in
statistically quite different ways, and the total number of different contributions depends
on the way they are split up. In this thesis different sources of systematic errors are
pointed out, and an upper limit of 10 um for each individual contribution is used. For
instance, an error in the magnetic field will cause an error in ‘the drift angle, and therefore
in the position. The efTor bounds on the magnetic field are set such that the average
error in the position is less than 10 pm (see chapter 2 for details). Similar arguments

are used in chapter 5, where the accuracy of the drift time - drift distance relation for
. . — e ————
the muon chambers will be discussed.

1.3.1 Wire and chamber alignment.

The alignment of the wires in an octant with the required accuracy of 30 um is not a
trivial task. High precision mechanical positioning techniques are required to meet the

tolerances. In this section some of the details of the alignment system are described.
Further details can be found in [7],[14].

The wires of each chamber are arranged in wire planes. The wires in each plane are
aligned using three sets of precision glass plates, one at each end of a chamber, and one in
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Figure 1.5: Figure (a) shows a schematic view of the carbon fibre-glass
bridges mounted in a chamber with the three RASNIK alignment systems
to align the wire planes in a chamber. Figure (b) shows the principle of the
vertical alignment system to align the three chamber layers with respect to
each other.

the middle to reduce gravitational sag (figure 1.5). Each plate has a width of 50.75 mm
and supports a sense plane on one edge, and a mesh plane on the other. The flatness of
the glass plate edges is better then 3 um . The glass plates in each of the three sets are
interconnected by means of a very stiff carbon fibre frame. This results in three ”glass
bridges” per chamber, one at each end and one in the middle of the chamber. Errors in
the relative positions of the glass pieces in these frames are < 2 um .

The carbon fibre-glass bridges in the chamber are aligned using three independent
opto-electrical alignment systems per chamber, mounted on the three glass bridges. Each
system consist of a LED at one end, a lens on the middle bridge and a photodiode with
four separate segments (four quadrant diode)[15]{16] at the other end of the chamber.
Light from the LED is projected through the lens onto the diode (see figure 1.6(a). From
the ratios of the resulting four diode signals the center of gravity of the LED image can
be determined, thus defining a straight line between the three glass bridges. In total
there are 240 of these opto-electrical devices. Each system has an accuracy of 5 yum and
can continuously measure the relative positions of the bridges within a range of 400 ym .

The wire planes of the two adjacent chambers in the MM and MO layers are positioned
using two mechanical pins, one at each end of the chamber (see figure 1.6(b). The pins
have a length of 203 mm + 0.002 mm (exactly equivalent to the width of two cells). Each
pin consists of a central gauge block carrying on each side a rod with a high precision
end surface. The wire bridges of the two chambers are adjusted such that the pins are
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just making electrical contact with a field wire of the first cell in the chambers. This
method is sensitive to a movement of 2 um of the wire plane with respect to the pin. The
gauge blocks of the pins are used to align the different chamber layers. The gauge blocks
of the two pins at the ends of the MO chamber layer contain two four-quadrant diodes
and the gauge blocks of the MM layer contain a lens. Gauge blocks are also mounted
on the ends of the single MI chamber, each containing two LED’s. The position of these
gauge blocks with respect to the wire planes of the MI chamber is also known to within
2 pum accuracy. This results in an opto-electrical vertical alignment system at each end
of the octant. Each of these vertical alignment systems is duplicated for internal checks.
These systems define two accurate straight reference lines for the relative alignment of
the wire planes in the three chamber layers (figure 1.5). Finally these two reference lines
have to be aligned such that they lie accurately in the same plane. For this purpose
a laser beacon was designed [17]. A laser beam is reflected by a rotating mirror. The
resulting sweeping laser beam defines a central yz-plane of the octant within an accuracy
of 15 pum . The position of the six gauge blocks with respect to this plane is measured
using high precision read-out strips mounted on the blocks.

Four Quadrant
LED Lens Photodiode

Laser beacon sensor

l Insulator l>

Lens

' 203mm

X

Figure 1.6: The opto-electrical alignment systems in the muon spectrometer.
Figure (a) shows the LED, lens and four-quadrantdiode, as used in RASNIK
and in the vertical alignment systems. Figure (b) shows the principle of the
mechanical pins mounted between the two MM chambers.

The above outline already shows that there are many potential sources of error. All
the octants were assembled and tested at CERN. Besides mechanical checks,the alignment
was checked directly by measuring cosmic ray tracks and ionization tracks produced by
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a UV laser [18]. Details on these tests can be found in [15] and [16]. The tests showed
that the alignment accuracy is better than aimed for in the L3 technical proposal [19].

1.4 The L3 muon chamber drift cell

The position of the muon track in a chamber follows from the recorded drift time data
through the relation X (¢) between the drift distance and the drift time measured by the
Time to Digital Converters (TDCs). This relation is called the ”cellmap function” from
now on. This cellmap function depends on several physical processes at the atomic level.
Some of these processes are well understood and can be predicted from first principles,
others are only known empirically. In this section the design of the L3 muon chamber
drift cell and its properties will be treated heuristically. No attempt will be made to
explain the underlaying processes in great detail. First the cell geometry is explained
and motivated. Next the properties of the gas and effects on the cellmap function are

discussed. The details of the drift time - drift distance relation will be the subject of
chapters 4 and 5.

1.4.1 Wire configuration and electrostatics.
2.5mm 4.5mm

e 1ol 1.
f
mesh plane A / )

/

ground plane ET

sense plane

3xguard B ® El 3 x guard

mesh plane

Figure 1.7: Wire configuration for the MM chambers. The MO and MI
chambers are exactly the same, but with less wires. MM has 28, MO and MI

have 20 sense wires.The letters f and s in the figure stand for sense and field
wire.

Figure 1.7 shows a cross section of the MM drift cell. A sense wire plane consists of
30um W-Au sense wires spaced at 9 mm intervals, with 75 um CuBe field wires in
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between. In total there are 28 sense wires in a plane, of which only 24 are read out by
the Time to Digital Converters. The two outermost sense wires on each side, together
with three guard wires, are only used for field shaping. Sense wire planes are separated
by mesh wire planes which consist of 96 W-Au wires, 30 um thick and 2.25 mm apart.
The distance between a sense- and a mesh plane is 50.75 mm. The MI and MO chamber
cells have a similar lay-out but there are only 20 sense wires of which 16 are read out.

The top and bottom covers of the MM chambers are aluminum honeycomb panels.
These panels are strong enough to withstand 20mbar over-pressure in the chamber and
add only a minimal amount of material along the muon path. The covers of the MI
and MO chambers consist of 6 cm thick z-chambers, which measure the z coordinate of
the tracks. The multiple scattering in the z-chambers will be bigger, but the effect of
scattering at the MO and MI chambers does not effect the sagitta measurements.

All the wires of the mesh planes are kept at the same (negative) voltage. The wires
of the sense planes are at positive voltage, but with different settings for sense, guard
and field wires. The voltages are optimized for good field homogeneity in the drift
region between the planes, good gas amplification near the sense wires and equal signal
development on all the sense wires and they are tabulated in 1.1. Since the introduction of
a magnetic field changes the drift properties drastically, typical values are given for both
B=0 T and B=0.5 T. The honeycomb panels and the z-chambers serve as an electrostatic
ground. For both high voltage settings the gain is the same, and corresponds with 300
mV signals at the output of the pre-amplifiers. The voltages are chosen such that the
zero voltage contour lies in the middle of the cell.

wires | B =0T | B=0.5T
sense 3385 4350
guard 3285 4250
field 1250 2750
mesh -2400 -3200

Table 1.1: High Voltage settings with and without magnetic field.

The electric potential and electric field distribution in a cell have been calculated
with the wire chamber simulation program GARFIELD (20]. This program calculates
the fields given the wire and ground plane positions and the voltages tabulated above.
The resulting equations are solved assuming an infinite number of cells, which is a good
approximation for the L3 muon chambers.

The outermost cells of the chambers have a special lay-out. The outer mesh plane is
replaced by large printed circuit boards. The part of the boards parallel to the sense plane
has a continuous conducting surface, the sloping part carries conducting strips parallel
to the sense wires. The voltages of these strips are set by a resistor ladder network to
a potential such that the electric potential of the strip is the same as the electrostatic
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potential in a normal cell at the corresponding point. In this way the electric field
distribution in the edge cells can be made very similar to that in a normal cell. However,
some difference is unavoidable, because of the relatively large mechanical tolerances on
the position of the printed circuit boards.

1.5 The gas filling.

The drift process for ions can be treated in a satisfactory way with classical gas theory.
For ions, the drift velocity is proportional to the electrical field and can be written as
V;5 = utE, where pt is the mobility of the ion in the chosen drift gas mixture. This
mobility is quite insensitive to changes in the electrical field. For electrons the situation is
much more complicated; the collision cross-section, the mean free path between collisions
and the mean energy of the electrons, and thus the drift velocity V, , vary drastically
as function of the electrical field. This is a consequence of the fact that the electron
wavelength approaches that of the electrons bound in the molecules, so that complex

quantum-mechanical interactions take place. A description of all the processes can be
found in [21]

Figure 1.8(a) shows the measured drift velocity V. for the electrons for the Ar-
gon:Ethane gas mixture used in the L3 muon chambers as a function of the electric
field E. For low values of E the drift velocity increases with E until a plateau is reached
and then decreases. At very high fields, e.g. close to the sense wires, the drift velocity
increases again. Figure 1.8(b) shows the drift velocity for high values of E as measured
by F.Hartjes (see also [22]). The voltages in the chamber are set such that the drift field
corresponds to the plateau in the curve shown in fig 1.8(a). This minimizes variations in
V. due to small variations in the drift field.

It appears that small changes in the gas mixture, introducing small changes in the
average energy, drastically affect the drift properties of the gas. Data for many types of
gases can be found in the literature [21],[23]. For the L3 gas the dependence of V, on
the N, concentration has been measured in detail ( see section 3.2). If a small fraction of
electro-negative gas such as water or O, is added to the drift gas mixture, a part of the
drift electrons is captured and will not contribute to the finally detected signal. If A, is
the mean free path for electron capture, then, starting with n, drift electrons, the number
of electrons as function of the drift distance decays exponentially as n, = noe~%*. The
effect of small amounts of electronegative gas can be quite large [21]. Water is added
deliberately because of its positive influence on aging of the chambers. No measurements
were done to check the dependence of the drift velocity on the water concentration;
measurements performed in different gas mixtures [24] suggest possible effects which
should be accounted for. It is planned to measure these effects on the drift velocity in
the L3 gas mixture with a seperate testbeam experiment at CERN.
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Figure 1.8: Drift velocity V, as function of electric field (a). In figure (b) the
value of V,, at very high electric fields is shown.
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1.5.1 Gas amplification.

The electrons drifting towards the sense wires enter a region of very high electric fields
just around the sense wires; here the electrons can receive enough energy between the
collisions to excite and ionize a gas molecule at collision. The primary electron, and
the newly created electron, continue the drift process towards the sense wire, and the
process repeats itself which results in an ”avalanche”. The final number of electrons can
be 10* — 10%, and result in a detectable signal at the end of the sense wire.

1.6 Reconstruction of muons in L3

The first step in the reconstruction of muons in L3 is the reconstruction of track segments
in individual chambers. If sufficient data are found in three neighbouring cells of a p-
chamber, a pattern finder collects all the TDC data that might be part of the same
track segment and a fit procedure is started. However, only part of the corrections can
be applied to the data at this stage. For instance, time of flight corrections can only
be applied after the z-position of the track segment has been determined after a search
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for z-segments in the z-chambers. Each muon that crosses the detector will result in
both p-segments in the p-chambers and z-segments in the z-chambers. Since there is
no provision to determine on which side of a sense plane the particle passed in the p-
chambers, data found in one cell can usually be fitted to two line segments. In this case
both line segments are stored. If the track passes through more than one cell, e.g. if the
particle crossed a mesh plane, this ambiguity can be resolved directly.

After repeating this procedure in all the muon chambers of an octant, the p-chamber
segments are matched to form, projected on the r¢-plane, complete muon tracks travers-
ing the three layers. At this stage most of the unambiguities can be resolved. The tracks
found in the p-chambers and in the z-chambers are combined, and the data are corrected
for the time of flight. Once the complete track has been reconstructed the particle’s
momentum and energy in the muon spectrometer can be deduced. However, for physics
analysis these quantities at the interaction point are needed, which will be different from
the one found in the spectrometer due to multiple scattering and energy loss in the in-
ner detector. The particle is tracked back through the hadron calorimeter to the outer
wall of the TEC using the L3 simulation package SIGEL3, and the best approximation
for the average energy loss for this specific track is calculated. Then the TEC data are
analyzed. All the track segments in the TEC are reconstructed, among which should be
the segment corresponding to the muon. The track vector of the muon at the TEC outer
wall is matched with tracks reconstructed in the TEC to find the correct muon segment
in this subdetector. Combining all this information, the best track parameters at the
interaction point can be calculated, which are stored for physics analysis.



Chapter 2
The L3 magnetic fieldmap

2.1 Introduction

Magnetic fields play a major role in almost all particle detectors; momenta of charged
particles can be determined from the radius of curvature of the track and, if the direction
of flight is known, the sign of the charge of the particles follows from the direction of
deflection. In the L3 detector the TEC measures the charge and momenta of all charged
particles, while the muon detector does the same, but for muons only.

For practical reasons the magnetic field as function of the position in space is repre-
sented by a "fleldmap”. This fieldmap should be able to describe the different components

of the actual magnetic field strength at a given point in thie detector with the desired
accuracy.

This chapter is organized as follows. In the first section the effect of errors in the
magnetic fieldmap on the reconstructed muon momentum is discussed and upper limits
for AB are derived. In section 2.2 the procedures used to construct the L3 fieldmap are
explained in detail. The results from magnetostatic simulation programs are presented in
section 2.3. The results of these calculations were used to decide on the magnetic sensor
distribution presented in section 2.4. Two alternative methods for reconstructing the
fieldmap from the probe readings are discussed in section 2.5. Some concluding remarks
concerning the magnetic field are made at the end of the chapter.

2.1.1 Effects of errors in the fieldmap

Errors AB in the fieldmap used in the analysis programs contribute to the error in the
muon momentum in three different ways:

1) The first contribution comes from errors in the calculated track curvature; the

transverse momentum p, is calculated from the measured sagitta and the magnetic field
value according to:

0.3-BL?
Pe= =T (2.1)
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Figure 2.1: Error Ap; as result from an error AB, in the magnetic field: (a)
for fixed measured track positions (assuming B, = 0.5T'), and (b) including
the change in measured track positions due to changes in the drift angle, at
B,=05T and z = 25 mm.

For B, = 0.5T, the sagitta s is 3.7 mm for a 45 GeV/c muon (L=3 meter). For fixed
sagitta an error of AB, Gauss in the magnetic field will result in an error Ap; in the
reconstructed momentum of
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