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Stellingen

1. Higgs particles are a modern version of the old Ether.

2. No free quark has been experimentally observed up to now. Therefore, the quarks
should not be considered as particles, but as special "states" of material fields
within baryons and mesons.

3. Theoreticians are now working on the 4th generation of the theory for the uni-
fication of natural forces, (1st: GUTs, 2nd: Supersymmetry, 3rd: Supergravity,
and 4th: Superstring). Experimental physicists, however, have not been able to
support any of these theories with positive evidence. Thus, the optimistical view
of J. Ellis can not be justified.

John Ellis, Nature, vol.323, No 6089, pp.595, (1986)

4. Einstein applied the Lorentz transformation in his new theory because he saw
that this transformation implies the validity of the principle of equivalence of all
inertial systems for both mechanical and electromagnetic phenomena, not because
he refused to accept "two transformation formulas" (Lorentz's and Newton's), as
suggested by R. Weber.

R. L. Weber, Pioneers of Science, pp.12, (1980)

5. In future high energy physics experiments optical fibers should be used instead of
the traditional signal cables.

6. Dirac wrote: "Experimenters always overestimate the accuracy of their results and
are inclined to make mistakes. One should thus not allow oneself to be too much
perturbed by them. To make this statement symmetrical, one can add: "Theoreti-
cians always overestimate the significance of their theories and are inclined to make
mistakes. One should thus not allow oneself to be too much excited by them." . *

Edited by C. M. Kinnon et al., The Impact of Modern Scientific Ideas on Society, J
pp. 16, (1979) |

7. An application of the laws of physics in social science: Flavor mixing - Various f
cultures are only different representations of a complicated set of "culture eigen- $,
states". "•!



8. An application of the laws of physics in social science: Unification - Different social
groups can only achieve a natural unification when people come closer to each other,
finding out the essence of the human being. This development is stimulated by fast
transport and communication

9. Political propaganda and commercial advertising serve two different purposes, but
they have at least one thing in common: Untrustworthiness.

10. The number of people considered religious will be sharply reduced if we apply
Einstein's standard: "if you pray for yourself you are not religiously minded".
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Chapter 1

Introduction

1.1 Introduction

In elementary particle physics one studies the fundamental building blocks of nature
and the forces between them. Today most of the experimental work in this field is
concentrated around large accelerators, where particles (electrons, protons, and their
anti-particles) are accelerated to high energy and made to collide with target material
or with each other. In the latter case a storage ring is often used to provide head-on
collisions between oppositely directed particles, which leads to the highest possible center-
of-mass energy for a given beam energy. The particles that result from these collisions
are observed with sophisticated detectors. The e+e~ storage ring is favored in studying
the electromagnetic and the weak interactions because the initial state is well defined.

The work described in this thesis is part of the preparation for the construction of
the L3 detector, one of the four big detectors that will be in operation at the new e+e~
storage ring LEP. This machine, with a maximum cm. energy of 200 GeV at a peak
luminosity of 1.0 x 1032 cm~2s~1 in the second phase, will be the largest, probably the last,
high energy e+e~ collider of this type in the world. The first phase in the construction of
LEP, after 11 years of development, will be completed in the middle of 1989. Then LEP
will be operated around 92 GeV cm. energy and is expected to provide several million
Z° particles in the first years of experimentation.

The physics interests of the L3 experiment are the study of electromagnetic and weak
forces and the search for new particles. The main features of the L3 detector are:

• APjP a 1% to 2% for 50 GeV photons, electrons and muons

• AE/E =s 20% for 10 GeV hadron jets

• Good charge identification up to 50 GeV

The detector has a cylindrical shape, 14 m in length, 16 m diameter and 8000 ton
in weight. It consists of a compact tracking detector surrounded by an electromagnetic
calorimeter, a hadron calorimeter acting also as muon filter and a high precision muon
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spectrometer. The muon spectrometer consists of 80 precision drift chambers arranged
in three concentric layers in the space between the magnet coil and the support tube
containing the inner detectors.

The construction of such a large and precise detector is a difficult task. A large scale
international collaboration was established, involving more than 400 physicists from 40
institutes and universities in 14 countries over the world. The development of the muon
spectrometer is one of the major undertakings in the construction of the L3 detector.
This task is carried out by physicists from 10 institutes and universities.

The research and the development for the construction of the muon spectrometer
started in the course of 1980. The author of this thesis joined the development group at
NIKHEF-H in 1983 and has spent 5 years with this research team for his Ph.D. study.

The LEP machine and the 1.3 detector are described in sections 1.2 and 1.3 respec-
tively. Several physics examples are given in the section 1.4 to highlight the functioning
of the detector. In chapter 2 the muon spectrometer is described. The construction
and the tests of the precision muon chambers, the basic detection urits of the muon
spectrometer, are discussed in chapter 3. The mounting and alignment of the muon
chambers in their mechanical support structure is described in chapter 4. A calibration
system which simulates straight particle tracks with UV laser beams is used to check
the alignment of the muon chambers in their mechanical supports during the runs. This
system is described in the last chapter.

1.2 The LEP machine

The Large Electron Positron (LEP) storage ring is under construction [Figure 1.1] at
CERN, Geneva [1,2]. The machine is housed in a tunnel with a circumference of 27 km,
bored about 100 in deep under the plain between the Jura mountains and Geneva Airport.
The tunnel passes the French-Swiss border 4 times, symbolizing the increasing scale
of international collaboration m fundamental research. When completed in 1989, this
machine will be, with a maximum beam energy of 55 GeV, the largest e+e~ collider in
the world, providing the high energy physicists with fi unique opportunity to extend their
knowledge in the field of particle physics.

In the LEP storage ring an electron and a positron beam circulate in opposite di-
rections inside a. vacuum tube of elliptical cross section (131 mmx70 mm). The ring
consists of 8 circular sections, 2840 m long, connected by 8 straight sections of 490 m
length. About 19 kilometer of the LEP ring is enclosed by the 3304 bending magnets
that hold the particles on their circular orbits. Taking advantage of the low peak field
(B = 0.135 T) required in LEP, the core of these magnets is composed of a stack of
steel laminations, 1.5 mm thick, separated by 4 mm gaps filled with cement mortar.
This technique gives the magnets the required quality at half the cost. In addition to
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the bending magnets there are 1960 focusing and correcting magnets, covering another
2.5 km of the ring.

- -. v- • r- :.
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Figure 1.1: The LEP ring superimposed on a map of the CERN Laboratory
region on the French-Swiss border on the outskirts of Geneva. In the right
bottom corner of the map is the Geneva airport. On the left, LEP passes for
a short distance under the Jura mountains.

At the start of a run positrons and electrons with an energy of 20 GeV are injected
into the ring until, after about 15 minutes, in both beams 2 x 1012 particles have been
collected. Then injection is stopped and the beams are simultaneously accelerated to
the required final energy. At this energy the beams continue circulating. Beam energy
losses through synchrotron radiation are compensated by the LEP RF system. The
beam intensity drops slowly, mainly because of beam-beam bremsstrahlung losses [3],

;3f
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until after about 5 hours a refill is needed. Beam-gas collisions contribute relatively little
to the loss of beam intensity at the low design pressure of 3 x 10~9 Torr in the vacuum
tube. Both beams consist of 4 bunches of particles, 16 mm long, equally spaced over the
circumference of the machine. The positron and electron bunches meet each quarter turn
and are carefully focused to intersect at these meeting points. The intersection points
are arranged to lie exactly in the middle of the straight sections 2, 4, 6 and 8, where the
particles produced in the e+e~ collisions are observed in large particle detectors.

electron positron 'elecrron
linear linear

accelerator accelerator

accumulating rin

Figure 1.2: The injection scheme for LEP. Positrons are obtained by bom-
barding a target with 200 MeV electrons and selecting the positrons produced
by the resulting photons. The positron bunches are accelerated to 600 MeV
by a second linac and transferred to the accumulating ring to obtain a suf-
ficient density. The same cycle is then repeated for electrons, but without
the conversion process. The PS and SPS are used to take the electron and
positron energies to 22 GeV before they are injected into the LEP ring.

During the injection phase bunches of 20 GeV positrons and electrons are injected
into LEP once every 15 seconds, gradually building up the intensity of the bunches cir-
culating in LEP. The existing Proton Synchrotron (PS) and Super Proton Synchrotron
(SPS) are being modified to serve as part of the injection system of the new machine
[Figure 1.2]. The positrons are created by directing an intense pulsed (lOOHz) electron
beam, accelerated to 200 MeV by a linac, onto a tungsten target. The emitted bunches
of positrons, 12 ns long, are accelerated to 600 MeV by a second linac and transferred to
an electron-positron accumulator ring (EPA). After 11 seconds, when a total of 2 x 1011

positrons have been collected, the positrons are transferred to the PS, accelerated to
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3.5 GeV, and injected into the SPS. The SPS completes the preliminary acceleration to
20 GeV and injects the positrons into the LEP ring. The same cycle is then repeated
for electrons, but the electron bunches are injected directly into the 600 MeV linac by
an electron gun. The electron pulses from the electron gun have a much higher intensity
than the positron pulses from the tungsten target. Therefore only 1 second is needed to
collect a total of 1 x 1011 electrons in the EPA. The entire injection cycle for the electrons
is correspondingly shorter than that for the positrons. Allowing for transfer losses, the
effective accumulation rate in LEP per beam is 0.25 mA per minute. The use of PS and
SPS for the injection of LEP reduces the cost of the injection system, but is not compat-
ible with the simultaneous operation of the SPS machine as a proton-antiproton collider.
However, injection of LEP can be made compatible with straightforward operation of
the SPS as a 450 GeV proton accelerator by suitably interleaving proton, electron and
positron acceleration cycles.

The construction of LEP is planned to evolve through several phases, corresponding
to increasing beam energies. Phase 1 is due to be completed in 1989. The machine
will then be running with an RF system composed of 128 coupled-cavity units made of
copper, at normal temperature, each unit containing a five-cell accelerating cavity, side-
coupled to a single-cell, spherical, storage cavity. The beam energy will be 55 GeV at a
peak luminosity of 1.6 X 1031 cm~2s~1 and four experimental areas will be operational. In
the next construction phases the RF power will be increased. Ultimately a beam energy
of 125 GeV can be attained at a peak luminosity of 1.0 x 1032 cm~2s~1. This can all be
done without major changes in the ring magnet system. The detailed design of Phase 2
is now in progress. The RF power will be raised from 16 MW to 48 MW by installing
superconducting cavities. After completion of Phase 2 the beam energy will be 100 GeV,
high enough for the copious production of W+W~ pairs.

The diameter of the LEP ring and the lay-out of the ring magnet were chosen with
the expected development of CERN over the next 15 years in mind. The peak energy of
55 GeV for LEP Phase 1 was chosen with a much shorter perspective and was mainly
motivated by the desire to obtain a maximum physics output from LEP in the shortest
possible time and at a minimum initial cost. A cm. energy of 110 GeV is amply sufficient
for studying e+e~ collisions near the ZQ pole at 92 GeV, where the cross section of e+e"
interactions increases by two orders of magnitude in a narrow energy region. LEP Phase 1
is therefore often called a Z° factory. To take full advantage of this feature it is very
important to have a small spread in the beam energy and an accurate knowledge of its
absolute value. A small energy spread is essential when searching for new resonances that
are narrow or lie very close to each other. The energy spread AE of the LEP Phase 1
beams is expected to be ±40 MeV at 55 GeV beam energy and almost Gaussian in
shape. The absolute energy scale must be precisely known for the accurate measurement
of the mass of the Z°. The uncertainty in the LEP beam energy depends mainly on
the accuracy with which the magnetic field in the ring magnets is known. By means of
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current measurement, the field can be determined with an accuracy of

AB/B = ±3 X 10"4

which corresponds to an error of ±30 MeV in the Z° mass.

vertex

P(had.)

had. id.

E(EM)

E(had.)

* (mtwn)

Magnet

ALEPH

silicon-strip

+drift chamber

TPC

£tradfc=l-5 m

1.3%

dE/dX

Pb-gas Cal.

6%

Fe-gas Cal.

30%

Ltrack=l-5 rn

6.5 %

super cond.

R=2.5 m

1.5 T

DELPHI

silicon-strip

+ drift chamber

TPC

Ltrack — 1-2 IH

2%

RICH

HDPC

6%

Fe-gas Cal.

30%

Ltrack = l-2 HI

10%

super cond.

R=2.6 m

1.2 T

L3

TEC

TEC

Ltrack=0.S& m

7%

BGO Cal.

1%

U-gas Cal.

23%

i«ra<:* = 3 m

2%

warm

R=6m

0.5 T

OPAL

drift chamber

JC

-k<racfc = l -6 m

1.5%

dE/dX

Pb-glass Cal.

2%

Fe-gas Cal.

30%

£tracfc=l-6 m

7.5%

warm

R=2 m

0.4 T

Table 1.1: Summary of the main properties of the four detectors at LEP. The
energy and momentum resolutions are taken for a 10 GeV particle, except
that PmtlOn is taken for a 50 GeV muon. The abbreviations mean: TEC
Time Expansion Chamber (2 atm), J C Jet Chamber (4 atm), TPC Time
Projection Chamber (1 atm), RICH Ring Imaging Cherenkov Detector and
HDPC High Density Projection Chamber.

When LEP starts operating in 1989 four detectors, known as L3 [4], ALEPH [5],
OPAL [6] and DELPHI [7], will be ready to take data at the intersection points 2, 4, 6
and 8 respectively. These detectors have in common that they are all able to distinguish

I'
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photons, electrons, muons and hadrons over almost the full 4TT solid angle around the
interaction point. However, they differ somewhat in the detection techniques. ALEPH
and OPAL use well-tried techniques to the limit of refinement and on a huge scale.
Both detectors provide good particle tracking and particle identification. The energy
of the particles is measured in conventional electromagnetic and hadron calorimeters.
Mnons are identified in outer muon chambers. DELPHI has many features in common
with ALEPH. but much better charged hadron identification is expected due to a novel
system of Ring Imaging Cherenkov (RICH) detectors. L3 is distinguished by superior
electromagnetic caiorimetiy, due to the use of BGO (Bismuth Germanium Oxide). BGO,
a new scintillating material combining high density and excellent energy resolution, es-
pecially for low energy photons, has not been used before on such a large scale. A further
special feature is the huge muon detector measuring muon energies with an accuracy of
a few percent.

The main properties of the four detectors are summarized in Table 1.1.

1.3 The L3 detector

The L3 detector [4,8] is designed as a general purpose detector to measure energies and
directions of photons, electrons, hadron jets and muons produced in the e+e~ collisions
at the interaction point. In this it resembles the three other detectors that are being
installed in the LEP machine. The special features of L3 are determined by the emphasis
on the high precision measurement of the momenta of the photons, electrons and muons
in the final state.

A schematic view of the detector is shown in Figure 1.3. The entire detector is built
inside a huge cylindrical magnetic hall, 12 m in diameter and 12 m long, in which an
almost homogeneous magnetic field of 0.5 Tesla is maintained. The detector is divided
in two functional parts, the inner detector and the outer detector. The inner detector
[Figure 1.4] is mounted inside a support tube, 4.45 m in diameter and 32 m long, centered
on the beam axis. In this inner detector all photons, electrons and hadrons are stopped.
The inner detector has a very compact multiple layer structure. The innermost part,
directly around the beam pipe, is a TEC (Time Expansion Chamber). This chamber
is 1.10 m long and has an outer radius of 0.49 m. In this chamber the position of
charged tracks is accurately measured and the sign of the electric charge of the particles
is determined. Outside the TEC, between 0.50 m radius and 0.S5 m radius, the barrel
of electromagnetic shower counters, consisting of 8000 blocks of BGO, is mounted. This
device measures the shower structure and the total energy for photons and electrons.
The hadrons are stopped in the uranium calorimeter that fills the space between the
electromagnetic shower counter and the inner wall of the support tube at 2.2 m radius.
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TEC
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X I

HAL won B,\RREL
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Figure 1.4: The inner system of the L3 detector inside the support tube. It
consists of three parts: the TEC vertex chamber, the BGO shower counters
and the hadron calorimeter. The 9-ring arrangement of the barrel part and
the position of the muon filter of the hadron calorimeter are shown.

The outer detector [Figure 1.5] is a muon tracking system, consisting of SO high
precision drift chambers, mounted in 16 octants that are supported by two torque tubes
fitting over the support tube holding the inner detector. Each of the octants holds 1696
sense wires, 6 m long, positioned with an accuracy of better than 30 fim tangentially and
100 fim radially.

The magnet that encloses the detector is 14 m long and 16 m high on the outside. It
is an octagonally shaped structure of steel, 1 m thick, closed at both ends by steel doors,
also 1 m thick, that fit round the support tube. Inside this 6400 ton cylindrical box lies
a 1100 ton aluminum coil consisting of 168 turns of 0.1 x 1 m2 cross section.

The support tube carrying the 400 ton inner detector is made of stainless steel, 50 mm
thick. Its own weight is 310 tons and it is mounted at each end on hydraulic jacks.

1.3.1 Time expansion chamber

The time expansion chamber [9] is a new type of drift chamber with a single wire reso-
lution of 35 fim and a double track resolution of 300 fxm. To reach this high resolution
the TEC has the following special features:
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• A region of low drift-field, where the drift velocity is 6 (xm/ns which is ten times
smaller than in a conventional drift chamber. This region is separated from the
narrow high field detection region.

• A drift chamber gas with the lowest possible diffusion.

• Digitization of the anode pulse-shape, using 100 MHz flash ADC's, to determine
the centroid of the pulse.

FAR FERRIS W K L

NEAn FERRIS WHEEL .

UV LASER
SUPPORTS

SUPPORT ILBE

Figure 1.5: The front half (near Ferris wheel) and the back half (far Ferris
wheel), each consisting of eight octants, of the muon spectrometer are as-
sembled in parallel on the support tube outside the magnet, then slided into
the magnetic hall.

The wire configuration of the L3 time expansion chamber is shown in Figure 1.6. The
inner ring of the chamber is integrated with the beryllium beam pipe and is divided into
12 <j> segments (For the definition of the polar coordinate system used in this chapter see
page 25). Each segment has 8 sense wires. The outer ring, between 14.3 cm and 45.7 cm
radius, consists of 24 <j> segments with 54 sense wires each. The two rings are rotated
over 7.5° with respect to each other. With its resolution of 35 pm the TEC will be able
to determine the sign of the electric charge of particles up to an energy of 50 GeV. On
the outer shell of the TEC a Z detector consisting of 2 cylindrical proportional chambers
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is installed for a more precise measurement of the position in the LEP e beam direction
of a track.

The L3 TEC will be operated with a gas mixture of carbon dioxide and isobutane in
a ratio of 80:20 at 2 bar absolute pressure.

U) (b)

.1

Figure 1.6: Wire configuration of one of the 12 identical <j> sections of the
L3 TEC chamber: a) the cell arrangement, b) detail of the inner and outer
detection gaps. The sense wires have a length of 98 cm and a diameter of
20 fj.m. All dimensions are in mm.

1.3.2 BGO shower counter

The energy and position of the photons and electrons produced in the e+e~ interactions
is measured in an electromagnetic calorimeter consisting of approximately 12000 crystals
of BGO (Bismuth Germanium Oxide) pointing towards the interaction point [10]. The
calorimeter is composed of a barrel containing 7680 crystals, which extends to 42° in
0, and two endcaps extending down to 12° that contain 1904 crystals each. During the
first years of LEP operation only the barrel crystals will be available. The crystals have
the shape of a truncated pyramid with a cross section of about 2 x 2 cm2 at the inner
end and 3 x 3 cm2 at the outer end. The length is 24 cm, corresponding to 22 radiation
lengths. The barrel is mechanically divided into two modules by a vertical symmetry
plane perpendicular to the beam axis. Each half consists of a rigid honeycomb frame
made of a thin-walled carbon fiber epoxy composite bonded to the supporting structure
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[Figure 1.7]. The crystals fit in the cavities of the frame. Mounted OK the rear face of
each crystal are two silicon photodiodes [Figure 1.8] coupled to an amplifier-digitization
system. The crystals are coated with 50 nm NE560 paint to increase the light collection
efficiency.

BGO was chosen as calorimeter material because of its excellent optical properties,
high density and insensitivity to humidity. It was first exploited as a substitute for
sodium iodide in X-ray tomography [11] and has since been used in small quantities in
nuclear physics and in space experiments. The crystals have the composition Bi4GesOi2

and are grown by seeding a molten mixture of very pure bismuth oxide and germanium
oxide. The growing process must be very accurately controlled, because the crystals are
easily contaminated by bismuth-germanium oxides of different composition. Therefore
the manufacturing of 11 tons of this material is a novel experience and a major under-
taking. The BGO is produced by the Shanghai Institute of Ceramics of the Chinese
Academy of Sciences, PRC, using germanium oxide provided by ITEP, Moscow, USSR.
The crystals are cut, ground and polished in Shanghai and then transported to CERN,
where they are mounted in the honeycomb frames and individually calibrated in an SPS
test beam. This is done by mounting the detector assembly on a machine that can rotate
the detector to place any individual crystal in the beam line. An energy resolution of 5%
at 100 MeV and 1% above 5 GeV has been obtained with test modules [12,13]. When
the experiment is running the stability of each BGO channel is continuously monitored,
at a typical repetition rate of 5 Hz, by a built-in Xe lamp flasher system.

"IDDLE FLASK

"IIGCLt MEMBRAME

Figure 1.7: BGO mechanical support structure (dimensions in mm).
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200 (J Carbon fiber wall

— Clamp
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•• Optical f iber

Tempera ture sen

Figure 1.8: Cross-sectional view of a BGO crystal in its cell. Two photodi-
odes and a temperature sensor are attached to the back side of the crystal.
The calibrating Xe light is transmitted to the crystal using optical fibers.

1.3.3 Hadron calorimeter

The energy and the direction of the hadron jets produced in the e+e interactions are
measured in the BGO counters and the hadron calorimeter. The hadron calorimeter oc-
cupies, in radius, the space between the outside surface of the electromagnetic calorimeter
(R = 88.6 cm) and the inner surface of the support tube (R = 213 cm). The hadron
calorimeter consists of three major subassemblies: a central barrel covering polar angles
down to 0 = 35°, two endcaps extending this coverage down to 0 = 5.5° and a muon
filter which forms the outer part of the barrel.

The muon filter, thickness 20 cm, is made of brass. It increases the efficiency of the
muon identification by reducing punch-through. The filter is divided into 8 sections in 4>
corresponding to the octants of the muon detector. Five interleaved layers of proportional
tubes provide a rough position measurement of transversing particles.

The main part of the hadron calorimeter is a fine grained structure consisting of
5 mm thick uranium plates, coated with 10 fim Ni on all sides and interspaced with
proportional tubes. The tubes are constructed from rectangular brass tubes with inner
dimensions of 5 mmxlO mm. Alternate tubes have wires parallel and perpendicular
to the beam direction to allow position measurement in both the LEP e~ beam and
4> directions. The barrel is divided into 9 self-supporting rings [Figure 1.4], that can
be rolled into position on rails mounted inside the support tube. Each ring consists
of 16 identical modules. These are sealed containers filled with a sandwich of about
60 uranium plates and proportional tubes as shown in Figure 1.9. The endcaps are
composed of modules with similar internal structure but slightly different shape.

The hadron calorimeter contains in total 200 tons of uranium and 100 tons of brass.
An energy resolution of 55%/i/E + 5% has been obtained with a test model [14,15].
The inner detector system presents to the hadron jets a thickness of about 6 interaction
lengths.



page 14 Chapter 1. Introduction

Figure 1.9: Perspective view of one barrel module of the hadron calorimeter
with the cover removed. The 144 modules are arranged into 9 rings, each
weighing 30 tons.

1.3.4 Muon spectrometer

Precision measurement of the momentum of energetic muons is one of the unique features
of the L3 detector. The muon spectrometer fills the space between the inner side of the
magnet coil (R = 593 cm) and the outer surface of the support tube
(R = 223 cm). The position of a muon track perpendicular to the magnetic field di-
rection can be measured in three layers of wire chambers with a relative precision of
better than 80 ftm. From these measurements the sagitta of the muon track, and thus
the momentum of the muon, can be determined with an accuracy of 2% at 45 GeV. For
the measurement of the coordinates of the muon track parallel to the magnetic field,
special drift chambers are provided adjacent to the inner and outer wire chamber layers.
The spectrometer covers a 0 range of 44° < 9 < 136°. The lay-out of the muon spec-
trometer is shown in Figure 1.10. The detailed construction of the spectrometer and test
results for +he complete assembly will be discussed in the following chapters.
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MO

Figure 1.10: End view of the L3 detector showing the three chamber layers
of the imton spectrometer outside the support tube. The momenta of muons
will be determined b / measuring the curvature of the muon tracks within the
spectrometer.

1.4 Physics with L3

1.4.1 Introduction

Each of the four big detectors at LEP is a general and precise instrument for observing
final states of f+r~ collisions. However, it is impractical to optimize a detector for
the detection of all possible types of final state particles. The design of each detecor
therefore is the result of a compromise between mutually exclusive requirements showing
particularly strong points and somewhat weaker points. Complementarity in this respect
was one of the reasons for selecting the four detectors.

The L3 detector is optimized for measuring photons and leptons. The BGO calorime-
ter has an exceptionally good energy resolution of about 1% for photons and electrons
down to an energy of 1 GeV and 5% at 100 MeV. The muon detector is in a claud of
its own: the momentum resolution for muons, better than 2% at 45 GeV, is a factor of
three to five better than that of the other detectors. A relatively weak point of the L3
detector is the hadron particle identification. The L3 detector is therefore particularly
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valuable for the study of final states with photons and/or leptons.

1.4.2 Testing the Standard Model

The Standard Model is the latest version of the theories based on the elementary particle
hypothesis which states that all physical phenomena can be understood as the result of
the interaction of a relatively small variety of ultimate building blocks oi matter. The
popularity of the elementary particle concept among scientists grew rapidly during the
19th century due to the extremely successful development of chemistry and the molecular
theory, where atoms were the elementary units of matter. A big step further in this
direction was the discovery of the structure of the atom during the first decades of the
20th century, leading to a period around 1930 when the proton, the electron and the
photon seemed to be the only building blocks needed to explain the structure of matter.

With the advent of particle accelerators and nuclear reactors, from 1935 onwards,
a vast amount of experimental material was collected which proved that the situation
was considerably more complex. During the period 1950-1970 the number of elementary
particles increased alarmingly, finally growing to several hundred.

The formulation of the Standard Model [16] around 1970 was an important step
towards generalization and simplification of the elementary particle concept. Much ex-
perimental evidence emerged, in particular from 1974 onwards, to confirm the essential
validity of the Standard Model. The main aim of the experimental program for LEP in
general and L3 in particular is to test predictions of the Standard Model.

The elementary particles in the Standard Model consist of three families of fermions
and three groups of bosons. The fermions interact by exchanging the gauge bosons,
quanta of strong and electro-weak gauge fields based on local S17(3) x SU(2) x £7(1)
gauge invariance. The fermions are listed in Table 1.2. The particles of the first family
are all stable and would seem to be sufficient to explain the structure of matter. Except
for the neutrino, which may well be massless in all the families, the mass of the particles
increases rapidly with increasing family number and the life-time decreases. The number
of fermion families is not predicted in the Standard Model, but no experimental evidence
is at present available for the existence of a fourth family. One particle expected in the
third family, the top quark, has not yet been observed.

The gauge bosons of the Standard Model are listed in Table 1.3. Each of the 8
gluons mediates the strong interaction between two quarks with distinct color charges. ;
AH gauge bosons are massless except for those of the SI/(2) sector that have acquired j;
mass through the mechanism of symmetry breaking. For a consistent description of this i
last process in field theory the existence of at least one observable scalar boson must be 5
postulated. This particle, named Higgs particle, has not yet been observed. .'

Until 19S8 the Standard Model has been spectacularly successful in the sense that
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all available experimental data can be made to agree with the predictions by adjusting
the values of the free parameters of the model, of which there are about twenty [17].
Proving the existence of the top quark and/or the Higgs particle and a measurement of
their masses is an important target for the LEP experiments. Precision measurements
of the mass and width of the Z° will give information concerning the possible existence
of a fourth fermion family and about the exact value of the Weinberg angle, one of the
most important parameters of the Standard Model.

Electric charge

Color charge

Spin

First family

Second family

Third family

Leptons

-1

0

1/2

e~

V~

T~

0

0

1/2

Quarks

2/3

red/blue/green

1/2

u (up)

c (charm)

t (top)

-1 /3

red/blue/green

1/2

d (down)

s (strange)

6 (bottom)

Table 1.2: Properties of the fermions.

Field

El.mag.

Weak

Strong

Symmetry

U(l)

SU(2)

SU{3)

Boson

7

W~

za

gluons

Electric charge

0

+1

-1

0

0

Color charge

0

0

0

0

8 in number

Spin

1

1

1

1

1

Mass (GeV)

0

81

81

92

0

Table 1.3: Interactions and their mediators.

In the following subsections more details are giving on the experiments for which the
L3 detector in particular is expected to give valuable results.
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The mass and the width of the Z°

The Z° and W± were discovered at CERN in 1983 in experiments with the pp collider.
Due to the low Z° yield less than a hundred Z° events have been collected in these
experiments since then. At present the best value of the Z° mass is 91.5 ± 1.2 GeV [18].

At LEP the yield of Z° particles is expected to amount to several million per year. The
experimental error in the Z° mass value will therefore be dominated by the systematic
errors in both the machine and the detector. With careful calibration it should be possible
to reduce the error to ±30 MeV.

f

r/7 170

e,/x,r

86

u,c

305

d,s,b

3Si

t

78

Total

2629

Table 1.4: Z° partial widths (in MeV) after electro-weak and QCD radiative
corrections. A value of 40 GeV for the mass of the top quark is assumed.

The total width of the Z° is determined by contributions from all possible decay
channels e.g. neutrinos, leptons and quarks as shown in Table 1.4 [19]. The BGO
calorimeter and the muon spectrometer of the L3 detector can be used to measure the
natural width of the Z°. The mass resolution of the BGO calorimeter for 100 GeV
electron pairs is 1.7 GeV (FWHM), considerably less than the natural width of the Z° of
2.6 GeV. A careful measurement of the Z° width can therefore enhance our knowledge
on radiative corrections and the number of families.

Search for the Higgs boson

One of the possible processes for the production of the elusive Higgs boson in Phase 1
of the LEP operation is shown in Figure 1.11a. Only Higgs production accompanied
by leptonic decay of the Z° is considered, because the L3 detector is especially suited
to observe these processes. Plotted in Figure 1.11b is the total cross-section of e+e~ —>
H°Z°(lT) as a function of y/s, assuming mHo — 10 GeV or mH» = 50 GeV [20].

A simple way to access the Higgs is to tag an accompanying Z° through its leptonic
decay and to observe the Higgs as a peak in the missing mass spectrum. Experimentally,
the lepton pair II in

e+e~ -> H° Z° ( Z°-^lJ )
is detected. With their excellent di-lepton mass resolution the BGO calorimeter and
the muon spectrometer are particularly suited for the detection of the Higgs boson. A
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simulated missing mass spectrum in e+e —> e+e H° at yfs = 90 GeV for MHO = 20,
40 and 50 GeV, for one year of running and using the BGO calorimeter, is given in
Figure 1.12. A similar sample of events can be obtained when the lepton pair is a muon
pair.

20c

a) b)

Figure 1.11: a) Diagram for e+e~ -* H° + Z°(ll). b) Cross section for
e+e" -+ H° + Z°(ll) as a function of ^ , for mHo= 10 and 50 GeV.

Search for the Toponium via the photon channel

In the experiments of the pp collider at CERN the heavy top quark has not yet been
observed. From this negative result it can be inferred that the mass of the top quark is
probably larger than 41 GeV [21]. The first run of TRISTAN at KEK set the definite
lower limit on the mass of the top quark to 25 GeV [22].

In Figure 1.13 [23] the decay rate of Z° into it normalized to n+fi~ is plotted as
a function of the mass of the top quark. As for other quark anti-quark bound states
e.g. (cc) or (66), many excited states are expected for toponium (tt). Electromagnetic
transitions among the {it) resonances will result in emission of photons. As an example,
the transitions between the ground state 6{1S) and the first two excited states xe(l-P)
and &'(2S) of toponium, which is assumed to have a mass of 70 GeV, are sketched in
Figure 1.14a [24]. The two photons in the reaction
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#' -> 7i Xt ( Xt -* 72 0 )

are detected in a two photon coincidence experiment. These photons having an energy
of a few hundred MeV are observed as two narrow peaks in the photon energy spectrum
with a width of about 10 MeV. A resolution of better than 10 MeV at 100 MeV is
required to separate these narrow peaks from massive low energy photon background.
It is in this region that the BGO counter shows its unique power. A simulated photon
energy spectrum using the LEP energy spread and the parameters of the BGO counters
is given in Figure 1.14b [24]. A total integrated luminosity of 90 pb~r was assumed in
the calculation. This should be equivalent to one year running at LEP.

10 15 20 25 20 35 HO 45 50 55

Figure 1.12: Simulated missing mass spectrum '.n e+e~ —> H° + Z°(e+e~)
at y/s = 90 GeV for mw= 20, 40 and 50 GeV, as measured by the BGO
calorimeter.
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QCD corrected

20

Figure 1.13: Decay rate of Z° into it normalized to
indicates the rate without QCD corrections.
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Figure 1.14: a) Transitions between the first toponium excited states, b)
Photon energy spectrum from the cascade decay 6'



Chapter 2

The Muon Detector

2.1 Introduction

The accurate determination of the momenta of high energy muons produced in e+e~
collisions is one of the main objectives of the L3 experiment. This is achieved by a precise
measurement of the curvature of a muon track in the region of the detector between the
support tube and the magnet coil. Muons produced in the e+e~ interaction point first
traverse the vertex chamber where the position and direction of the track are accurately
measured. The muon then traverses the calorimeter system where the track position
is sampled once more, but with much reduced accuracy. In traversing the calorimeter
system the muon loses about 1.8 GeV in energy and the direction of the track is changed
by multiple scattering. From the available data the total energy loss of the muon up to
the point where it emerges outside the support tube can be calculated with an accuracy
of better than 15%, which corresponds an error of 0.6% in the momentum determination
for a 45 GeV muon. In the following calculations only the measurements outside the
support tube will be discussed.

The curvature of the muon track is measured in the muon spectrometer, an indepen-
dent system mounted on the outside of the support tube. The track position in rcf> is
measured in three layers of drift chambers: the inner layer (MI) at an average radius
of R = 2.53 m, the middle layer (MM) at R = 4.01 m and the outer layer (MO) at
R = 5.43 m. The distance between the track position in MM and the line connecting the
positions in MI and MO is the sagitta s of the track [Figure 1.10]. A simple calculation
shows that

3 L2B
€~ 80~PT

where L is the distance in meters between the positions at MI and MO, s is the sagitta
in meters. B is the magnetic field in Tesla. PT is the transverse momentum of the muon
in GeV/c.

For a 45 GeV muon the formula gives e ^ 4 mm. To achieve a precision in the
momentum measurement of 2%, which is the design value in the L3 experiment, the

23
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position measurements in MI, MM and MO must have an accuracy relative to each other
of better than 80 /im. The construction of large drift chambers and their mounting
structure to this level of accuracy was a major design challenge. The solution chosen
will be described and analysed in section 2.2. In section 2.3 the mechanical structure
of chambers and octant will be discussed. Finally, in section 2.4, results are given of a
simulation study of the thermal behavior of the muon chamber system.

Figure 2.1: A schematical view of an octant. Five large drift chambers
are mounted to form the three detection layers of the octant. A laser box
is attached at the magnet door side for generating calibration laser beams
through the chamber layers. The shaded areas are the mechanical parts
which are built at NIKHEF-H.

r
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2.2 General remarks

2.2.1 Modularization

The three layers of drift chambers in the muon spectrometer must be kept in position
with great precision: the tolerance is 30 (im in the tangential and 100 fim in the radial
direction. However, the high energy muons all originate in the center of the detector
and the curvature of the tracks is relatively small. Therefore the mechanical problems
can be lessened by subdividing the spectrometer into 16 self-contained modules. Within
each module the above-mentioned tolerances must be achieved, but the tolerances on the
position of each entire module can be somewhat relaxed.

The entire 12 meter long spectrometer is divided into a front half and a back half
by a plane through the interaction point perpendicular to the beam line. This plane is
called the r<£-plane of a polar coordinate system with its origin in the interaction point
and the 0 = 0 axis (also called z-axis) along the e~ beam line. For <p = 0, the direction is
vertically upwards. Both the front half and the back half are composed of 8 sectors, called
"octants", each covering an angular range A<f> = 45°. The internal structure of an octant
is shown in Figure 2.1. The three detection layers within the octant consist of 5 separate
drift chambers, one for the MI layer, two for the MM and MO layers. In addition, two
layers of drift chambers called "Z layers" are mounted on the MI and MO layers for
measuring the 0-angle of the muon tracks. In the forward and backward direction the
range 44° < 8 < 136° is fully covered by the three detection layers except the regions
between the octants amounting to 5.1% in <j> and 5.5% in 0. Outside this range the muon
will miss at least one of the detection layers so that the momentum can not be accurately
determined. Thus the total coverage of the spectrometer for precision measurements of
the muon is 64% of 4?r. Compared to the acceptance for muons of infinite energy the
condition tha' the muon track lies entirely within one octant is fulfilled for 96% of the
muons when the energy is 30 GeV, but for only 75% of the muons when energy is 5 GeV.

2.2.2 Momentum resolution

The uncertainty in the measurement of the muon momentum P is dominated by the
uncertainty in the measurement of the transverse momentum PT. The precision of PT is
in turn determined by the measurement of the sagitta of the muon track in the r4> plane.
These relations can be expressed as:

AP/P ^ APT/PT = AE/E

The orders of magnitude involved can be seen in the following example. A muon
of 45 GeV entering an octant at a 0 angle of 67.5° and a <j> angle of 11.25° will have a
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trajectory lying entirely within this one octant. To obtain a 2% momentum resolution,
an accuracy in the sagitta measurement of Ae = 80 (im is required.

The following sources of error contribute to Ae when the muon track lies entirely in
one octant:

• Intrinsic resolution of the drift chamber

• Multiple scattering

• Accuracy of alignment of chamber wires within the octant

These three sources of error will be discussed now in some more detail.

Intrinsic resolution

It is well known [25] that the measuring precision of a drift chamber can be increased
by multiple track sampling. In general, when a track is measured independently N times
the measuring error will be reduced by a factor of \/W, as long as the systematic errors
are kept below the resulting measuring error. In the three detection layers of the octant
of the L3 muon spectrometer this principle is used to enhance the precision of the track
measurement within each layer. A scheme of 16-24-16 sense wires for sampling a muon
track was chosen for outer, middle and inner chambers of the octant respectively. Taking
a very conservative value of 200 fim for the single wire resolution and a 90% wire efficiency
the measuring error for a track parallel to the wire planes would then be

°i — °o = 53 fim

am = 43 fim

corresponding to an error in e of

= 57

For the above-mentioned example of a 45 GeV muon this contribution to the error in 4
the momentum measurement would then amount to 'i
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Multiple scattering

A muon interacts with atoms or molecules on its path, undergoing multiple Coulomb
scattering. For small scattering angles the distribution of the total deflection a can be
approximated by a Gaussian with a width ums(a) [26]:

0.0141 r

where P is the muon momentum in GeV/c and I is the distance traversed in a certain
medium measured in units of radiation length for that medium. For a muon traversing
an octant the scattering by the gas in and around the chambers and by the material
in the middle chamber gives by far the most important contribution to the error in the
sagitta measurement. To reduce the multiple scattering two aluminum honeycomb panels
with a total equivalent thickness of 1 mm Al are used as covers of the middle chambers.
Table 2.1 gives an estimate of the multiple scattering contributions to the momentum
resolution from various sources within one octant for a 45 GeV muon.

Source

Inner Z-layer of MO

Outer Z-layer of MI

MM chamber

Air and gases

Total

As(fim)

7

7

25

16

31

AP/P{%)

0.2

0.2

0.6

0.4

0.8

Table 2.1: Multiple scattering contributions to the momentum resolution
from materials within one octant for a 45 GeV muon with a 6 angle of 67.5°.

Internal alignment of the octant

The position of a muon track within an octant is determined by measuring the distance
between the track and the individual wires of the wire planes in the MI, MM and MO
drift chambers. As all measurements are related to the wires, their positions within
the octant must be extremely well known. In fact, the uncertainty in the wire position
should be smaller than the intrinsic resolution of each wire chamber. As a consequence
the maximum tolerance on the position of all individual wires in the octant is 30 fim in
the direction perpendicular to the wire planes and 100 fim in the radial direction over
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the entire volume of the octant. This condition must be fulfilled under all environmental
conditions that are likely to occur in practice. In particular temperature variations in
the range 20°C — 25°C must be reckoned with. When the wire position variations are
within the stated limits a 2% momentum resolution can be achieved for a 45 GeV muon.

The average contribution of the three sources of error discussed here to the momentum
resolution is shown in Table 2.2. A more complete treatment of the errors gives the
momentum resolution as a function of the muon momentum as plotted in Figure 2.3.a.
Figure 2.3.b shows the variation of the contributions in <j> direction.

Source

Intrinsic resolution

Multiple scattering

Wire position

Total

As{fim)

56

31

33

72

AP/P(%)

1.4

0.8

0.8

1.8

Table 2.2: Contributions to the momentum resolution from the three sources
of error within one octant for a 45 GeV muon with a 6 angle of 67.5°.
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Figure 2.2: Wire configuration of an MM chamber. Sense planes consist of
28 W-Au sense wires, 30 fim in diameter, spaced at 9 mm intervals with a
75 fim CuBe field wire in between.. A cell width of 101.5 mm is defined by
mesh planes consisting of 96 W-Au wires of 30 (im with a spacing of 2.25 mm.
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Figure 2.3: a) Total and partial momentum resolution as a function of muon
momentum at a 6 angle of 67.5° and a <j> angle of 11.25° of an octant, b) The
momentum resolution for a 45 GeV muon as a function of <j> with <j> = 0° at
the center of the octant. The 6 angle is fixed at 67.5°.

2.3 Mechanical structure of the octant

The front half and the back half of the muon spectrometer each consist of a Ferris
wheel composed of 8 independent octants fixed to a central torque tube [Figure 1.5.
Figure 1.10]. This torque tube is a very strong and stiff ribbed structure fitting over the
support tube. The octants can be brought outside the magnet and can be separately
accessed for assembly and maintenance by sliding the torque tube along the support tube
and turning the Ferris wheel as shown in Figure 2.4. Each octant is fixed to its torque
tube in four points, but is otherwise completely self-supporting to avoid uncontrolled
mechanical stresses in the structure. The main elements of the octant support structure
[Figure 2.5] are the two A plates which are fixed to the flange of the torque tube in two
points. At the outer end, away from the torque tube, these plates are connected by a
longeron to provide the necessary stiffness parallel to the beam axis.

The octant support structure holds the five drift chambers, forming the three muon
detection layers, and a laser alignment system [Figure 2.1]. Each of the five chambers
is supported at four points, two on each A plate. The supports for the MI chamber i r

I
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mounted directly on the A plates, but the MM and MO chamber supports are mounted
on special support bars fixed to these plates. By using a combination of support points
with zero, one and two degrees of freedom the chambers can expand or contract with
temperature without introducing stress in the chamber or the support structure. The
material for all major structural elements of the octant is a high quality aluminum alloy.
In highly stressed areas, e.g. chamber support feet or A plate supports, other non-
magnetic materials like titanium, beryllium-copper or stainless steel are used. All plates
and bars are joined using bolts and dowels. Welding is avoided to prevent distortion.

Figure 2.4: Installation of an octant on the torque tube of the near Ferris
wheel of the muon spectrometer. Each octant is fixed to its torque tube in
four points. The torque tube can be rotated on the support tube for the
assembly.

Internally the drift chambers have a multiple-wire, multiple-cell structure as shown in
Figure 2.2 for one of the MM drift chambers. The distance between the measuring planes
is 10.15 cm. These planes consist of 28 sense wires, 9 mm apart, alternating with field
wires. Half-way between the measuring planes are the high-voltage planes consisting of
closely spaced W-Au wires. One measuring plane plus the two adjoining HV planes form
one measuring cell. There are 15 cells in each MM chamber. The wires are soldered at
both ends to printed circuit boards that are fixed to the strong and rigid end frames of
the chamber. Collectively the wires exert a force of 430 kg on these end frames. The force

i
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is taken up by two 6 m long aluminum profiles that form the side walls of the chamber.
Aluminum honeycomb panels are used as (removable) covers for the MM chambers.

(V.,

INDIHAMW \

Figure 2.5: The support structure of an octant formed by two 3 cm thick
aluminum A plates connected by a longeron, a 5 cm thick honeycomb panel.
The structure is supported at four points during the assembly by a steel
stand which, fixed on the floor of the hall, simulates an ideal torque tube
section.

The position of the wires in the chamber is not determined by the PC boards, but
by three precision bridges made of glass plates mounted on frames of a carbon fiber
composite material with an extremely small thermal expansion coefficient. The position
of the three bridges within the chamber can be continuously monitored and can be
adjusted, if necessary. In chapter 3 the structure of the chambers will be discussed in
more detail.

The mechanical tolerances for the complete octant array are shown in Figure 2.6. Only
the nominal beam-line and the nominal central-planes (the planes through the middle
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of the precision wire bridges) are shown. The main influences affecting the integrity of
the system are thermal variations (section 2.4), and mechanical stress. This last effect is
especially pronounced when the position of the octant on the Ferris wheel is side-ways.
In particular the MO chambers (1800 kg) and the MM chambers (1200 kg) give rise to
large moments of force under these circumstances.

•2mm

loles I ideal cnamBers and torque tube assumed
2 All h values set to wittiin ;0 I mm and
measured to :0 050mm

Figure 2.6: Octant array alignment tolerances: design limits.

10cm

Figure 2.7: A schematical side view of a Z layer.
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The four Z layers, that measure the position of the imion tracks parallel to the beam-
line, form the covers of the MI and MO chambers. The structure [Figure 2.7] of the
Z layer is similar to a design that was successfully used for the Mark-J detector at
PETRA [27]. Each Z layer has two measuring planes consisting of 57 isolated drift cells
with dimensions of 9.1 cmx6.1 cmx250 (220) cm. The two planes are shifted over half
a cell with respect to each other to solve left-right ambiguities. The cells are separated
by I-beams of 1.3 mm aluminum covered by two thin aluminum plates that are insulated
from the I-beams by sheets of G10 foil. The I-beams are connected to a negative HV
supply and an anode wire of 50 /xm in diameter is centered within each drift cell. An
average resolution of 1200 iim (FWHM) can be obtained with this type of drift cell [28].

2.4 Thermal simulation

2.4.1 Introduction

Inside the magnetic cave a non-uniform and non-constant thermal environment is ex-
pected due to local heat generation and complicated heat transfer processes. A variation
of the thermal conditions has a direct influence on the electrical and mechanical prop-
erties of the components of the muon detector, which may cause a deterioration of the
performance. To keep the thermal effects under control, the muon group has derived the
following criteria which are considered mandatory for precise data taking:

• The temperature difference between top and bottom cover of a chamber must not
exceed 0.5°C This temperature gradient affects mainly the position of the middle
wire support bridge.

• In the longitudinal direction the temperature difference between the front and back
end of a chamber must be less than 1°C. This temperature gradient affects the
position of the end wire support bridges.

• The average temperature at which the chambers operate must be between 20°C
and 25°C, since the chambers are being produced and tested to perform optimally
in that range.

• The average temperature for the individual chambers in one octant must not differ
by more than 3°C, because the corresponding difference in drift velocity would
introduce a significant systematic error in the momentum measurement.

A thermal model of the muon chamber system was set up to study the thermal
conditions in the magnetic cave. The computer program ESACAP [29] was used to eval-
uate the internal temperature profiles resulting from the boundary conditions, material
parameters and heat transfer mechanisms.
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2.4.2 Boundaries and heat sources

The shape of the muon chamber region can be roughly described as a volume between
two concentric cylinders which is closed at both ends. The outer boundary is formed by
aluminum plates of a water cooling system placed between the coil and the MO chambers.
It is assumed that these plates have a uniform temperature distribution which can be
controlled by the cooling water to within 22 ± 1°C. In a separate model the consequences
of various coil temperature distributions on the uniformity of the boundary temperature
have been investigated.

The inner boundary is formed by the steel support tube. The temperature of this
boundary is rather uncertain because the electronic equipment for the inner detectors, a
considerable source of heat, is mounted near the support tube.

The side boundaries are formed by the steel magnet doors at both ends of the volume.
The expected temperature distribution for these doors was studied in a separate model.
From this it was concluded that, on average, the temperature of the doors will be less
than 2°C above the ambient temperature of the hall.

Part of the heat exchange with the environment proceeds through the chamber gas
and the air ventilation. The input temperature of the gas and air was assumed to be
fixed at 20°C.

Inside the region heat is mainly produced by the preamplifiers at various locations,
with a total power consumption of 640 W.

2.4.3 Heat transfer mechanisms

Conduction

The amount of heat AQ transferred by conduction through solid material between two
points 1 and 2 of the detector, where the temperatures are T\ and T2 respectively, is
given by the formula

kA
a

where k is the conductivity, A is the effective cross section and d the effective thickness
of the conducting material.

i
Radiation \

Although temperature differences in the muon chamber region are not very large, infrared
radiation often contributes significantly to the heat transfer between different parts of the
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detector. The AQ transferred by radiation between two surfaces 1 and 2 of the detector,
where the temperatures are 7\ and T2 respectively, is given by the formula

AQ = o.AxAiFr(Tx* - T2
4)

where a, is the Stefan-Boltzmann constant, A\ and At are the areas of surface 1 and
surface 2 respectively. Fr incorporates the properties (emissivities and body radiation
shape factor) of the surfaces. Generally, a proper evaluation of the shape factor is very
difficult. Fortunately most parts of the muon detector consist of big parallel plates at a
relatively short distance from each other. In that case

The shape factor can be neglected and Fr can be written as:

' A{l/ci + 1/e, - 1)
where ej and e2 are emissivities of the two plates. Table 2.3 gives the emissivities of the
materials used. Reducing emissivities is a very effective way for decreasing radiative heat
transfers between two plates within the detector.

Material

Iron or Steel

Aluminum

Insulators

Emissivity

0.8

0.1

0.8

Table 2.3: Emissivities of the materials used in the simulation.

Convection

Heat transfer through convection between solid parts of the detector and air or chamber
gas is governed by the Newton's cooling law:

AQ = AFe{T,olid - Tgas)

where A is the area and Ttoiu the temperature of the solid surface. Tga, is the average
temperature of the gas volume far away from the surface. Fe is a complicated function
of the gas properties, flow rate, material shape, etc.
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Different approximations are used for forced and natural convection [30]:

a) Forced convection

The value of Fc for forced convection is mainly determined by geometrical factors
and flow dynamics. Due to the low flow rates of the air ventilation and the chamber gas
in the large volumes of the detector forced convection is of minor importance for most
parts of the model. Except for the regions inside the ducts the parametrization yielded
a value for Fe of about 0.1 Wm^K'1.

b) Natural convection

It is more difficult to evaluate Fc for natural convection because of its complicated
temperature dependence. For vertical surfaces the following formula was used

Fc = l.l{TflaU - Tga,f
K Wm^K-1

For horizontal surfaces Fc depends strongly on whether the cold (hot) gas is above or
below the hot (cold) plate. The formula used for horizontal surfaces is:

V - 1 Srr T ^ 0 3 3 fnr CM 9tlS nr
rc = 1.8(ipia(e - l)a,) jor — — — — or

hot plate
hot plate hot gas

For non-horizontal surfaces the above formula takes into account that a fraction of
the heat is transferred by gas moving along the surface under the influence of gravitation.
The formula assumes that the thickness of the boundary gas layer is small and does not
depend on the distance between the various boundaries as long as this distance is large.
If the distance between two plates forming the boundary to the gas volume is small
compared to the thickness of the boundary layer, errors might occur in the simulation.
In this case the program applies corrections by evaluating the temperature profile of the
boundary layer . In extreme cases the correction can be as large as 0.4°C.

Air and gas flow

Heat transfer by mass transport between two gas volumes at 7\ and T2 is given by:

AQ = cpi>(Ti - T2)

where cp is the specific heat of the gas and v is gas flow rate. This heat transfer is not
included in the program ESACAP, but was added as an external routine in the simulation
model.
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2.4.4 ESACAP program

ESACAP is a general purpose network analysis program developed by the European
Space Agency. It is designed for the analysis of electrical and thermal systems. The
program is able to carry out analysis on linear and nonlinear networks in steady state,
transient and periodic steady state modes. In the program standard functions are pro-
vided for radiation, conduction and convection. Special functions, such as a temperature
dependent heat transfer coefficient for natural convection, can be defined by the user.
Elements of the thermal system are treated as nodes which are linked by various thermal
couplings in the input file. In our investigation the output was written onto a data file
for interactive viewing.

The program was written for a VAX machine. It has been used by astronomers for
simulating thermal conditions of telescopes [31]. The program was adapted to Apollo at
NIKHEF and the node handling capacity of the program was expanded to cope with our
needs.

2.4.5 Simulation for a Z layer

The coil of the magnet generates an amount of heat of 4 MW in operation. The outermost
Z layers of the MO chambers are insulated from the coil by two cooling systems: The
first cooling system is integrated with the coil. Each of the 168 turns of the coil is cooled
both at inner and outer side of the aluminum plate with a water cooling pipe. Both
the inner and the outer cooling pipes of every three turns of the coil share one inlet and
outlet. The inner coil cooling pipes are covered with an insulation layer of 3 cm thick.
A second cooling system consisting of 1 mm aluminum plates of 6 mx0.8 m and water
cooling pipes is mounted between the insulation and the muon spectrometer to prevent
further penetration of the coil heat into the spectrometer.

The possibility of a temperature inhomogeneity in the Z layer as a consequence of
possible failure of individual water cooling units caused some concern. The modeling of
a Z layer was also motivated by an attempt to derive a best description of the Z layer
with a minimum number of nodes for modeling a complete octant.

The Z layer consists of aluminum I-beams covered by big aluminum sheets [Figure 2.7].
Since the thermal conductance of a Z layer is five times larger in the direction of the I-
beam than the conductance across the elements, only the temperature gradient in this
last direction was studied in detail. The elements of a Z layer were grouped into 14
sections, each corresponding to an area covered with two units of the first coil cooling
system. This choice was also due to the limitation of the node handling capacity of
the program. A total of 255 nodes connected by 680 thermal links were assigned to the
various elements. The aluminum plate of the second water cooling system was considered
as a boundary for the simulation of the Z layer, which was divided into 14 sections. Other
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boundaries were established according to the chamber structure.

A separate simulation for the cooling systems shows that a temperature peak of less
than 1°C would appear on the aluminum plate of the second cooling system if one of the
first cooling units fails. The local temperature deviation of the Z layer, induced by this
peak, is very small.

Tho thermal behavior of the Z layer was studied by assuming a temperature distri-
bution on tho boundary formed by the second cooling system . Figure 2.8 gives a result
for an extreme situation, in which a 4°C peak is assumed on the middle section of the
boundary. The peak induced on Z layer is only 0.9°C.
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Figure 2.8: Temperature profile for the top sheet of the outermost Z layer of
an MO chamber for an extreme case, in which a temperature peak of 4°C is
assumed in the middle section of the boundary formed by the second cooling
system of the coil.

2.4.6 An integrated model for one octant

A detailed model was developed to study the temperature distribution within one octant
module. A total of 170 nodes are assigned to va~ious parts of the chambers, support
frames, torque tube sections, air and gas volumes and electronics boxes within the mod-
ule. There are 480 thermal connections between these nodes, representing conduction,
radiation, convection and gas flow.
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The results of the calculations show that with the expected boundary conditions for
the second cooling system (T = 22°±1°C), the magnet doors (T = 22°C-260C), and the
gas and air input temperature (T = 20°C), problems would arise in the MI chamber for
support tube temperatures above 24°C. Figure 2.9 shows the temperature distribution
in the module for a support tube temperature of 27°C and the other boundaries as
indicated. The temperature difference between the top and bottom cover of the MI
chamber is 1.4°C, clearly above the maximum of 0.5°C required.

Figure 2.9: The simulated temperature distribution within an octant for
following boundary conditions: the support tube at 27°C, the input air at
20°C, the magnet door and the second cooling of the coil of the magnet at
22°C Only part of the nodes are drawn.

Reducing the heat transfer from the support tube to the MI chamber can be done
by adding extra air ventilation in this region and/or reducing the radiative coupling by
introducing low emissivity material, e.g. aluminum foils, in combination with different
thicknesses of light weight insulation material (foam). Table 2.4 shows the results of
model calculations for such adjustments. In case A there is no addition and the radiative
coupling is determined by the emissivity of the steel support and torque tubes and the
chamber covers. In case B aluminum foils are attached to the outside of the support
tube and the side of the torque tube facing the MI chamber. In C and D insulation
material (foam) of 4 mm or 8 mm, with a thermal conductivity k = 0.04 Win~lK~l is
added to the aluminum foils. In case E only extra air ventilation is blown between the
torque tube and the MI chamber. One needs at least 30 m3 air per hour per octant to
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get a significant effect. The results in case F, which is a combination of C and E, show
that with these relatively simple changes the temperature criteria can be satisfied for
a reasonable range of support tube temperatures. The expected temperature difference
between the top and bottom cover of an MI chamber as a function of the support tube
temperature is shown in Figure 2.10 for the cases A, C and F. Figure 2.11 shows, for a
support tube temperature of 27°C, the predicted temperatures of the top and botton.
cover of the MI chamber as a function of the thickness of insulation material on the
support tube. A large amount of insulation is needed to obtain the same temperature
reduction as in case F.

Cases

A) normal ( all em = 0.8 )

B) two Al foils ( em = 0.1 )

C) 4 mm foam with Al sheet

D) 8 mm foam with Al sheet

E) 30ms/k extra air (20°C)

F) C + E

Tmax(°C)

24.1

23.0

23.0

22.9

23.3

22.1

AT(°C)

1.4

0.9

0.8

0.8

0.9

0.3

Table 2.4: Maximum temperature within an MI chamber and temper-
ature difference between the top and bottom cover of the MI cham-
ber, obtained with the integrated model of a complete octant un-
der specific thermal conditions. The general thermal boundaries are:
I cooling

= -» door =z 2 * C/,Jinput air = *" t /•

A similar simple radiation shield could be applied to the inside of the magnet doors,
but the results of the model calculations show that no serious problems are expected
even for an average door temperature of 26° C

The air ventilation is mainly intended for reducing the accumulation of explosive gas
(ethane), and it helps to avoid temperature gradients in the muon chamber modules.
A particular problem is caused by the drift chamber electronics, since for each pair of
octants adjacent in the beam direction there is only one shared preamplifier which is
mounted on the front side octant. From the calculations it was concluded that about
30% of the proposed amount of normal air ventilation (360 m3 per hour per octant)
should be concentrated near these boxes. Apart from this asymmetry all modules on the
torque tube have the same element structure and boundary conditions.

Natural convection in the whole detector volume could create differences in the tem-
perature conditions for octants with different orientations. The "chimney" effect caused
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by natural convection has been estimated for octants with various orientations. The form
of Fc was varied for all surfaces to determine possible deviations due to the uncertainty
in the calculation of the natural convection. These calculations show that the chimney
effect does not give rise to drastic changes in the internal temperature profile.
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Figure 2.10: Temperature difference between the top and bottom cover of
an MI chamber as a function of the temperature of the support tube for
the cases described in the text. The maximum allowed for this difference is
0.5°C.

The complexity of the one octant model is near the limit of what can be handled with
the ESACAP program. Extension of the model to simultaneous analysis of more than
one complete octant would be difficult. In a separate calculation it was found that for
a "'hot" support tube (27°C) in combination with "cool" door and cooling boundaries
(22°C) differences of between 0.2°C and 0.6°C can occur between corresponding node
temperatures in an "up" and a "down" octant. However, no significant difference in the
gradients inside each module was observed. Therefore the conclusions derived from the
one octant model are considered to be valid for the whole muon chamber region.
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Chapter 3

The MM Chambers

3.1 Introduction

The components of the L3 muon detector were built in a number of different locations
[Table 3.1] and finally put together at CERN. Although there are some minor differences
in the detailed construction of the drift chambers for the MI, MM and MO layers, the
main design features have much in common. Thirty two MM chambers were built in the
mechanical workshop of NIKHEF-H at Amsterdam. The detailed construction features
and the testing procedure of these chambers are discussed in this chapter. The wire
configuration and the mechanical structure of the MM chamber is described in the first
two sections. In section 4, the construction and the alignment of the chamber wire
bridges, essential for building the 6 m long drift chambers with a great precision, will be
discussed. The chamber performance is described in the last section.

3.2 Wire configuration

The wire configuration of the MM chamber is shown in Figure 2.2. Each cell is 10.15 cm
wide, with a sense plane in the middle and two mesh planes at negative high voltage
at the boundaries. The sense plane consists of 28 W-Au sense wires, 30 \im thick and
9 mm apart. Between each pair of sense wires there is a 75 iim CuBe field wire. Only
24 sense wires in each plane are connected to the read-out electronics. The two outmost
sense wires and three additional 75 fim W-Au wired on each side of the plane are used
for field shaping. The mesh planes separating the cells consist of 96 W-Au wires, 30 fim
in diameter and 2.25 mm apart, that are kept at the same negative high voltage.

With this geometry electrons drifting over the full cell width of 50 mm are deflected
by the magnetic field over just about the distance between two adjacent sense wires.

Each MM chamber contains 15 drift cells.

43
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Institute

3th Inst. Aachen,Germany

ETH, Zurich, Switzerland

Harvard Univ., USA

INFN, Naples, Italy

JEN, Madrid, Spain

Leningrad Nucl.Inst.,USSR

MIT, Cambridge, USA

NIKHEF, The Netherlands

Northeastern Univ., USA

Responsibilities

UV laser system

UV laser system, Laser beacon

Chamber testing

MI chamber, Electronics

Z-chamber layer, Octant and MO,MT chamber frame

H.V. Electronics

MO chamber, Electronics

MM chamber, E-optical sys.,UV laser,Electronics

Electronics

Table 3.1: The institutes responsible for constructing the muon spectrometer.

3.3 Mechanical support

The 3.5 ms detection volume of an MM chamber is enclosed by an aluminum box struc-
ture of 560 cmx 170 (150) cmx 50 cm. Figure 3.1 shows the structure of the MM chamber.
There are 2300 wires in each chamber, exerting a force of about 430 kg on the end support
frames. Two stiff aluminum structures called motor blocks are used to hold the printed
circuit boards onto which the wires are soldered. The wire load is carried by two side
panels. One of the two side panels is inclined at 22.5° to obtain a close fit between ad-
jacent octants. Two 5 cm thick aluminum honeycomb panels sealed by aluminum sheets
of 270 n^n thick, are used as top and bottom covers of the MM chambers. In order to
meet the safety standards, the leak rate of each chamber must be kept below a limit of 2
liter per hour at 10 mbar overpressure. Double O-ring seals are used at all screwed joints
between the plates. A groove between the two O-rings is connected to a gas analyzer via
exhaust pipes for monitoring the leak rate.

The chambers are assembled in a special jig, which holds the motor blocks and side
panels in position. Since the wire positions are determined by precision bridges which
are independently supported, small deformations of the chamber frame do not influence
the wire position directly. However, the chamber should be sufficiently flat and square
to allow the chamber to be fixed to the octant without causing too much strain in the
chamber frame and the octant structure. To meet the requirements the four feet of the
chamber should lie in a plane within 1 mm and the length of the two diagonals of the top



3.4. Precision wire bridges page 45

(bottom) surface of a chamber should differ by less than 0.5 mm. When the motor blocks
and side panels have been adjusted to within these tolerances, the precision bridges, wire
planes and other components are loaded into the chamber. At the end of the assembly,
the chamber is closed by screwing on the two honeycomb panels. The stiff honeycomb
panels keep the structure within the tolerances after the chamber is released from the
assembling jig.

ENP FRAME . , J

. MiPPLE. BRIDGE.' SIDE

COVER TOP LEFT

HC COVER BOTTOM LEFT

Figure 3.1: A schematic view of the mechanical structure of an MM chamber.

3.4 Precision wire bridges

Three precision wire bridges serve to keep the wires accurately in position within the
chamber. These bridges consist of frames made of a low thermal expansion carbon-fiber
composite material holding precise glass plates for positioning the wires. The wires in
the wire planes are positioned by pressing the wires with precision cams against the edges
of the glass plates. These edges are grounded flat to within ±3 //.m. The alignment of
the frames is monitored by three built-in electro-optical systems [Figure 3.2]. The wire
bridges and the alignment system are crucial components of the high precision muon
detector and will therefore be discussed in more detail.
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Photodlode

End bridge

Lens

Middle bridge

End bridge

Figure 3.2: Inside an MM chamber: the wire positions are determined by
three wire bridges which are aligned with three electro-optical systems.

3.4.1 Construction of the wire bridges

There are three bridges in each chamber for positioning the wires, two at the ends of
the 6 m long wires and one in the middle. This last bridge is needed because it is not
possible to keep the sagging of the wire due to gravity within the tolerances over the
full 6 m length. Figure 3.3 shows the construction details of one of the bridges. Only
a few cells are shown. The glass plates are glued at the top and the bottom between
two carbon fiber bars. The sense and field wires are pressed against the left edge of
the plates, the mesh wires against the right edge, thus forming cells of exactly 10.15 cm
width. For the construction of the bridges an Invar template was used. The 15 glass
plates for one bridge are placed in the template and the carbon fiber bars are glued to
the glass plates in the template with epoxy glue. When the glue has set the distance
between the polished edges of the glass plates is checked within ±5 (irn by means of a
laser interferometer.

The MM chamber layer of one octant consists of two chambers containing in total 6
wire bridges. The two wire bridges at the interaction point end of the wires are connected
by a short link that assures that the sense wire planes on both sides of the link are exactly
two cell widths apart. Similarly the wire bridges at the magnet door end of the wires are
linked together. By moving the links parallel to the MM support bar of the octant the
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MM wire planes can be aligned to the MI and the MO wire planes. The outer sides of
the end wire bridges are held in sliding supports.

carbon fiber ,lens Pyrex glass

n PT^, p-y^ J h

ref.disk

Figure 3.3: The structure of a wire bridge; only a few cells are shown.

The middle wire bridges are supported by three precision actuators mounted on the
two side panels of the chambers [Figure 3.4]. The actuator bars can be moved externally
by means of a mechanical connection with an accuracy of 2 fim so that the middle bridge
can be adjusted in all directions within its own plane. The electro-optical systems provide
the read-outs needed for aligning the middle bridge with respect to the two end-bridges.

3.4.2 Electro-optical system

The principle of the alignment system is shown in Figure 3.5. Light from a Light Emitting
Diode (LED) is projected through a lens with a focal length of 250 cm onto a photodiode
having four separate segments. Both the LED and the photodiode have a well defined
surface. The square spot of red light produced by the LED has an almost homogeneous
distribution within its surface boundary. A shift of a few \im of the small LED image on
the surface of the photodiode creates a difference in the output signals of the four separate
segments of the photodiode. Therefore, measuring light intensities on the quadrants gives
the position for the center of gravity of the LED image. The optical components are
arranged such that any motion of the components with respect to each other moves the
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LED image on the photodiode by twice the amount, thus improving the precision of the
straightness of the center line.

Figure 3.4: A middle wire bridge, supported by three actuators which are
mounted on the side panels. The position of the bridge can be adjusted
externally by means of a mechanical connection.

In order to reduce the influence of background illumination and electrical noise, thr
system was designed to work in a discrete mode and the whole process is synchronized.
A 4 kHz square signal is used to drive an emitter card containing a red LED. The four
segments of the photodiode are connected to a receiver card consisting of a four-quadrant
Charge/Voltage converter and preamplifiers (NH19-4-1-2-1). The receiver delivers signals
proportional to the amounts of light falling on the diode segments. The signals are
transmitted back to the processing module via cables with a length up to 30 meter.
They are amplified, filtered and digitized. Analog multiplexers are used to reduce the
number of processing channels.

Light emitting diodes of Siemens CQV 36-5 and four-quadrant photodiodes of EG&LG

UVIAOBQ — 4 are used for the electro-optical systems. The LED is covered with a
diffusor to improve the long term homogeneity. Its emitting surface is well defined with
a photographic mask having a transparent square of 1.75 x 1.75 mm2 in the center. Each
of the four segments of a four-quadrant diode has an active surface of 1.25 x 1.25 mm2.
providing a sufficient working range.
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LED Lens
Four Quadrant

Photodiode

Figure 3.5: The principle of the electro-optical alignment system: Light from
a LED is projected through a lens onto a photodiode having four separate
segments. Measuring the intensities on the segments gives an accurate posi-
tion for the center of gravity of the LED image.

3.4.3 Alignment of the optical components

A complete electro-optical alignment system with the associated electronics connected,
is precisely prealigned before the glass plates containing the optical components are
integrated into the wire bridges.

The initial alignment of the optical components of the system is a quite delicate
process. A very stable support structure with a controlled environment is needed. Three
concrete pillars placed on a concrete block having dimensions of 2 mx3 mx6 m form the
base support of the alignment station [Figure 3.6]. On each concrete pillar a support jig
is placed, which can be adjusted in three dimensions to set the exact distances for the
optical components.

First a standard electro-optical system consisting of three separate gauge blocks, on
which a LED, a lens and a photodiode were mounted respectively, was produced. This
standard set was also used to be the reference for the mass production of the electro-
optical alignment system. The support of the gauge blocks is a stainless steel plate.
A small disk was placed on each gauge block, which was used to be the reference for
the optical component in the direction along the plate [Figure 3.6]. The dimensions
of the gauge blocks are known with an accuracy of better than 1 /zm. The LED and
the photodiode were precisely glued on the support plate of the two end gauge blocks
respectively. Then the gauge blocks were put on the three jigs. The lens was attached
to the support plate of the middle gauge block with glue which can only be cured with
UV light, thus giving a sufficient time for the alignment.

The LED and the photodiode were actuated by the electronics from the very begin-
ning, enabling an instant and fast alignment of the optical components. There are two
sources of error in aligning the optical components:

• Mis-alignment of the three support jigs. In fact it is extremely difficult to keep
these three jigs in the position within a few fim for a period of one hour even on a
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very quiet day.

• Mis-alignment of the optical components.

These sources of error must be distinguished and excluded separately in order to
achieve a precise alignment for the optical components. The sources of error can be
separated by rotating all the gauge blocks by 180° in the plane of the base plates. The
mis-alignment of the support jigs will give an error with an opposite sign after a rotation,
provided the same internal coordinate system for the readout is used. But the errors by
the mis-alignment of the optical components will have a same sign.

== support point

lens

LED

photodiode

ICKeHfl-

\

pillar

pillar

pillar /

/
concrete base
2m x 3m x 6m

Figure 3.6: The alignment station for the electro-optical system.

The support jigs and the lens were separately adjusted. This process was then re-
peated again and again until the alignment error had been reduced to a few /tm. The
position of the lens on the middle gauge block was then fixed by illuminating the glue
with a UV lamp.

With the standard set in hand the production of a large number of electro-optical
alignment systems is relatively easy. First, the gauge block containing the LED was
replaced by a glass plate. A new LED was attached to the glass plate, adjusted, and fixed
with UV curing glue. The same procedure was repeated for the glass plate containing a
photodiode. Finally, the middle glass plate containing a lens was aligned with respect to
the two end glass plates.
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The production precision is better than 5 /xm within a working range of ±400 fim.
The working range can be extended to ±800 fim with a slightly increased error. The
precision of the systems is expected to be improved by a more complete treatment of a
common linearity error.

3.5 Wire support system

During the construction of the drift chamber the wires are stressed to limit the sag of
the wires. The relation between the sag 6 and the tension Fc in the wire is:

where / is the wire length, s is the mass of the wire per meter and g is the gravitational
acceleration. Especially for the sense wires the magnitude of the sag is critical and should
not exceed 100 /urn to remain within the tolerance. The gold-plated tungsten sense wire
used in the chamber has a diameter of 30 /zm and can be safely stressed to Fc = 1.25 JV,
just above the elastic limit. Then S = 400 fim, which is too high. By supporting the wire
in the middle 6 is reduced to 90 fim which is within the tolerance. The extra support
causes a region of 9 mm along the wires to be inefficient and affects the accuracy of the
measurement up to ±15 mm away from the support [32]. The middle support bridge is
aligned using the electro-optical system described in section 3.4.

The 75 \im Cu-Be field wires are stressed to Fc = 3.75 N, which is slightly below the
elastic limit. At this tension the sag is the same as that of the sense wires.

The wires are pre-stressed by a winding machine onto a transport frame. The unifor-
mity of the tension of the wires on this frame is checked with a super-sonic device. The
wire planes are moved one by one into the chamber and readjusted. Then the wires are
soldered onto the printed circuit boaras. The wires are pressed against the edge of the
glass plates of the precision wire bridges. The edge is ground flat to within a few fj,m,
which sets a perfect reference plane for the wires. The wire positions in the wire plane
are determined within ±20 \im by the transport frame. Finally the wires are fixed in
position on the glass plates of the wire bridges by means of wax.

3.6 Gas mixture

The chambers are operated at atmospheric pressure. The total sensitive volume of the
muon detector is about 250 m3. A minor change in relative gas concentration, pressure,
temperature and high voltage in individual cells is unavoidable over a longer time period.
To minimize the systematic error which is induced by the variation of the drift velocity,
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the chamber operation is set in a saturated mode. A mixture of argon and ethane in a
ratio of 62:38 is used. It has been shown by a series of tests that with this gas mixture
the drift velocity is rather insensitive to small environmental changes [33].

3.7 Performance of the chambers

After completion each chamber is thoroughly tested. This test consists of two parts:

• A quality control and routine test, to correct mechanical and electronical defects in
a production chamber. All design requirements, such as mechanical tolerances, leak
rate and electronical connections are carefully checked. The internal electro-optical
alignment systems and the zero time calibration system (see section 4.3.2) for the
chamber electronics are checked and adjusted if necessary. Then the chamber is
tested for high voltage break-down. For this test the chamber is required to stay
for at least five days at the normal operating high voltage.

Another important routine test concerns the uniformity of response over all the
wire channels within the chamber. This is checked by observing the wire signals
when scanned with a 5SFe source at a fixed high voltage setting.

• Optimization of the chamber performance. The most important parameters deter-
mining the performance of a multiple wire drift chamber are: gas amplification,
single wire resolution and wire efficiency. These parameters are partly dependent
on the conditions under which the chamber is operated. The performance and the
life time of the chamber can be considerably improved by setting the operation
conditions properly.

In the remainder of this section the chamber test will be described in more detail.

3.7.1 G a s ampl i f i ca t ion

When a new chamber is delivered from the end of the production line it is placed in a
hut, where the chamber can be tested in a dust-free atmosphere. First the chamber is
flushed with more than three times the chamber volume of nitrogen. When the oxygen
concentration has dropped below 1%, high voltage is applied to the chamber. The voltage
is increased very gradually, to prevent mechanical failure of the wires, up to a value
slightly above the normal operating voltage of the chamber. Then the chamber is filled
with the working gas mixture of argon and ethane in a ratio of 62:38.

The gas amplification of the drift chamber depends strongly on the electrical field
around the sense wires, which in turn is determined by the wire configuration and the
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voltages applied to sense, field and mesh wires. A standard high voltage setting for the
operation of the chambers is:

• Vsense = +4350 V

• Vmd = +2650 V

• Vmtsh = -3200 V

The corresponding gas amplification is about 5 x 104. The dependence of the gas
amplification on Vsense and Vmesh was studied by measuring the chamber signal as a
function of one of these two voltages, keeping the other at a fixed value. An external
55Fe source was used to generate a controlled ionization within the chamber. The test
results are plotted in Figure 3.7. The gas amplification is clearly more sensitive to
V3en3e than to Vmeah. The dependence of the output signal on V,ense and Vmesh can be
parametrized as an exponential function:

Vsignal = 6.76 x 10-5 x e(«.n»v./+ag«v>m)

where Vsignai is the chamber signal amplitude in mV and SVsf and SVfm are the voltage
differences in kV between sense and field wires and field and mesh wires respectively.

In the routine test, all the wires of the chamber are tested using the 55Fe source.

3.7.2 Spatial resolution

The single wire spatial resolution is considered to be one of the most important para-
meters of a drift chamber. Generally, a better wire resolution is expected for a chamber
with a combination of a high gas amplification and a low discriminator threshold. In the
MM chamber, high gas amplification can be obtained by increasing Vtetue or Vmeah, but
this also increases the risk of voltage breakdown, which may lead to permanent damage
of the chamber. The standard values for Vaerus and V^,/, mentioned in the previous
subsection were found to be a good compromise. The value V^.,,), = -3200 V is sufficient
for maintaining a good shape of the drift field and few breakdowns have been observed
at this voltage. The value of VMnsc is more critical due to its decisive influence on the
gas amplification.

To find the optimal operating conditions a cosmic ray test was done with one of the
production chambers. Three scintillators of small size, one above the chamber and two
underneath, were used to generate the start signal for the drift time measurement. A
lead block of 5 cm thick was placed between the scintillators to filter out soft cosmic rays.
The chamber was equipped with the specially designed electronics that will be used in
the L3 experiment, i.e. a preamplifier, mounted above the interaction point side motor
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Figure 3.7: Output signal of a sense wire as a function of: a) the sense wire
voltage, b) the mesh wire voltage. A 55Fe source was used to generate ion-
ization. The signal after the preamplifier was observed with an oscilloscope.
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block, connected to a discriminator and the data-taking system by 30 m long cables.
Events, selected on-line with a Caviar microcomputer, were written to the disk of the
main Gould computer. The values of Vmesh and V/iew were kept at the standard values
of -3200 V and +2650 V respectively, and a number of runs were made for various values
of Vsens!, in the range 4100 V to 4600 V. Also the threshold level of the discriminator was
varied in the range 10 mV to 40 mV. At Vsense = 4600 V the data taking was limited to
only a few hours because the chamber was operating near the limit of voltage breakdown.
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Figure 3.9: Single wire resolution for fixed Vjuid and Vmesh and various values
of Vsf,nsr and discriminator threshold. The drift distance is from 5 mm to
25 mm.

For every cosmic ray event a straight line fit was made to the data. The single wire
resolution, defined as the standard deviation (RMS) of the individual wire measurements
from the fitted lines, was observed to be uniform over the individual wire channels. Plot-
ted in Figure 3.8 is the single wire resolution as a function of Vsense at a fixed discriminator
threshold setting of 10 mV. The resolution improves with increasing Vsense. Figure 3.9
summarizes the resolution for all the runs. The relation between wire resolution and drift
length has not been measured with the production chamber. Instead, a result obtained
with a test chamber model is presented in Figure 3.10. The large amount of data (264550
good events) taken in that chamber permits a detailed description of the behavior of the
wire resolution as a function of the drift distance, in particular in the region near to the
sense wire.
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Figure 3.10: Single wire resolution as a function of the drift length, obtained
with a three cell prototype model of the MM chamber.

3.7.3 Wire efficiency

The efRciency of a certain wire in a certain cell of the drift chamber is defined as the ratio
of the number of tracks for which the TDC of the wire gives a reasonable value and the
total number of tracks that passed through the cell. In the MM chamber the efficiency
of the wires was measured by observing cosmic ray tracks. Scintillation counters above
and below the chamber were used to select tracks that pass through the chamber roughly
parallel to the sense wire plane, so that for each track 24 TDC values are expected. Using
these TDC values a straight track is fitted through the chamber.

A wire is called a dead wire when for that wire there is no TDC value at all or a TDC
value corresponding to a position deviating from the expected position by more than 5a,
where a is the single wire resolution. Then the single wire efficiency 77,- for wire i is given
by

_ Number of tracks — Number of tracks for which wire i is dead
Number of tracks

In Figure 3.11 the average single wire efficiency is plotted for various combinations
of Vserue and discriminator threshold. Lower VKnte and higher threshold correspond to
lower wire efficiency. Under normal operating conditions rj is larger than 99%. This
corresponds to a possibility smaller than 0.5% that for a track more than two wires are
not responding.
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Figure 3.11: Wire efficiency for various combinations of sense wire voltage
and discriminator threshold. T;,ie field and mesh wire voltages were fixed at
the standard values.

3.7.4 Correlation between the wire signals

Improved track measurement in a drift chamber by multiple sampling is well-known to be
valid only when the measurements on the different wires are independent. In a multiple
wire drift chamber this condition is never exactly fulfilled because of the electromagnetic
coupling between the wires. In practice this effect is often negligibly small. For instance,
in a careful test of the multiple sampling principle using a 96 wire drift chamber no
correlation effect was observed [25]. However, due to the special wire configuration of
the MM chamber and peculiarities in the construction these results do not prove that
correlation can be neglected in the MM chamber. In fact, cross talk between the sense
wires was observed to be present. Therefore the effects of correlation were carefully
studied using cosmic rays.

Since the position of the trajectory of the recorded cosmic ray events was not inde-
pendently measured, the correlation was estimated using only the 24 measurements of
the track position provided by the TDC values for the wires of the chamber itself. If the
multiple sampling principle is valid and thus the correlation between wire measurements
can be neglected the following relation must hold

<Xn~<T'^n + 2 4 - n )

where os is the single wire resolution and an the resolution for the average track position
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calculated from n wire measurements with respect to the line fitted through the remaining
(24 — n) measurements.
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Figure 3.12: Resolution crn for an average track position calculated using n
wire measurements. The data are compared with the expected distribution
from the multiple sampling formula with <rs = 150 fim. The drift distance is
from 5 mm to 25 mm.

In Figure 3.12 the crn observed for a large set of cosmic ray tracks is plotted as a
function of n. The data are compared to the predictions of the formula: There is an
excellent agreement when <7S = 150 (im, a very reasonable value. From these results it
can be concluded that the multiple sampling principle an = osj\Jn. holds for the MM
chamber and that correlation effects between wire measurements are negligibly small.



Chapter 4

Assembly and tests of the octants

4.1 Introduction

The mass production of the octants started at CERN at the end of 1986 in a special
octant assembly area in building 687. This building of 60 mx600 m is located in the
North area of CERN. It was built for the construction of the SPS machine and it is
well equipped with infrastructure, including two 30 ton cranes. An area of 2000 m2 in
this building was made available to the L3 muon group in 1985. This part is divided
into two halls, separated by a plastic wall [Figure 4.1]. In one of these halls the MI and
MO muon chambers are produced. The parts of these chambers are made in several
different institutes and are assembled in this hall by a group of scientists and technicians
mainly from MIT and Harvard University, Cambridge, USA and INFN, Naples, Italy.
This arrangement was made to avoid the transatlantic transport of big drift chambers.
The octant assembly area, in the second hall, is located near one of the main doors of
the building. To ai'oid interference with other activities in the building a small crane
was installed in this hall specially for the assembly of the octants.

The octants are assembled on an assembly stand. This assembly stand consists of
four separate and identical supports, two for each A frame, as shown in Figure 2.5. The
support has an open hole at the side, which fits precisely the spindle used to connect
the support point of the A frame to the torque tube. The mounting points, denned as
the centers of the supporting holes, have a geometry that corresponds exactly to the
geometry of an ideal torque tube section. The steel supports are fixed to the floor of the
hall and the holes are located using precision measuring bars.

First the octant support structure is assembled. Then the five drift chambers are
loaded one by one onto the octant and the octant is equipped with gas pipes, cables, ',
preamplifiers, monitors and electronics. The internal structure of the octant is then
precisely aligned under full load. On average the assembly of the octant support structure $
takes about 4 weeks, the installation of the auxiliaries and the alignment another 4 weeks "<
and the acceptance test 2 weeks. To meet the dead-line for the operation of LEP the '*
work proceeds in parallel for several octants. There are 10 assembly stands in the hall.

The nearby building 888, a hall of 16 mx70 m, is used to store the finished octants.

59



page 60 Chapter 4. Assembly and tests of the octants

The octants are supported by stands similar to that in the assembly hall. The shipping of
the octants between the diiferent sites must be very carefully arranged to avoid stresses
in the octant that might lead to position changes of the components. A special transport
vehicle was built, which can lift the octant in the centers of gravity of the two A frames.
In this way the strains within the octant during road transport are reduced to a minimum.
The same vehicle will be used to transport the octants from the building 888 to point 2
of the LEP ring, which is 5 km away from the storage building, for the final installation
in the L3 experiment.

The installation of the octants on the torque tubes will be done in the L3 underground
experimental hall. The average time available for the installation of one octant is only
half a week, A very tight assembly schedule is planned and little adjustment of the octant
internal structure can be done underground due to the pressure of time. The alignment
of the octant will be checked again, on ground level near the pit, by the optical alignment
systems. This final adjustment will be done with the octant in the vertical position.

The assembly of the front and the back Ferris wheels of the muon detector will proceed
in parallel outside the two magnet doors [Figure 1.5]. The torque tube is temporarily
supported by rotation pads on the support tube during the assembly, which permits
the installation of all 8 octants in succession. The octants will be moved down to the
underground hall one by one through the installation pit and placed on the torque tube
[Figure 2.4]. Each octant is independently mounted on its four supporting points on
the torque tube support flange [Figure 4.2]. The A frame support point spindles, which
connect the A plates to the torque tube, are eccentric (0.5 mm off center) and can
be rotated to eight positions. In this way, torque tube flange errors can be quickly
corrected. When an octant is mounted and the torque tube section on the opposite side
is still unoccupied, a counter weight is fixed to this section to keep the torque tube in
balance. The completely assembled Ferris wheels are moved along the support tube into
the magnet. A special bearing system between the torque tube and the support tube is
used during this operation. When the magnet doors have been closed the detector will
be ready for the start of the experiment.

The main procedures for the assembly and the preliminary alignment of the octant
will be described in section 4.2. After alignment the octant goes through a comprehensive
test. In section 4.3 the performance of the octant will be discussed.

4.2 Assembly and alignment

The support structure of the octant was designed by the Charles Stark Draper Labora-
tory, Inc., Cambridge, USA under a subcontract with MIT [34]. The mechanical parts
are manufactured by industry in Spain. The assembly of the support structure at CERN
is supervised by engineers from the Draper Laboratory and JEN, Madrid, Spain.
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Figure 4.1: A photograph showing three octants in the assembly hall.
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The octant assembly starts with the A frames of the octant support structure. The
main structure of the A frame is a 3 cm thick aluminum plate manufactured with high
precision [Figure 4.2]. The holes for bolts and dowels are not bored directly in the
aluminum but in insets of special alloys. Due to the high accuracy of the positioning
of the holes the assembly of the A frames is relatively easy. The two A frames are
lifted by the small crane and connected to the assembly stand by precision spindles. The
position of the A frame can be adjusted by rotating the support spindles that are slightly
eccentric. The center line of each A frame is adjusted to be exactly vertical by means of
an electronic bubble level fixed on it. Then the longeron, a 5 cm thick honeycomb panel,
is lifted by the main crane and is screwed to the two A frames with bolts and dowels,
thus forming a complete support structure for the chambers [Figure 2.5].
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Figure 4.3: Layout of the chamber support systems on an octant. Two MO
(MM) chambers are integrated to form a measuring layer. Calibrated springs
are added to relieve the force on the stops and servos when the octant is not
in vertical position. For the definition of the x,y,z-coordinate system see page
66.

Once the octant support structure is aligned, first the MI chamber is loaded onto the
octant, followed by the MM and the MO chambers. Before mounting, the chambers are
thoroughly tested. These tests are relatively easily passed by the MI and MO chambers
since they have been produced and tested in the same building, but a special procedure is
needed for the MM chambers that have been transported over 1000 km from Amsterdam
to Geneva by truck. Although few wires are broken in transport, the MM chambers,
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when they arrive, are not quite flat and square any more, probably due to sliding of the
screwed surfaces during transport. A difference of 3 mm, far above the limit of 0.5 mm,
was observed between the two diagonals of the top surface of the chamber in an extreme
case. A special station was built to correct the deformation. This station is similar to the
chamber assembly jig at NIKHEF-H, but the position of the two beams holding the side
panels can be adjusted separately, giving the freedom to restore the chamber geometry.
The fixing screws of the honeycomb panels must be relaxed for this operation. Before
this procedure the chamber has gone through a high voltage test.

Isulator

s Laser beacon sensor

Isulator

L -- .ens
203mm

Figure 4.4: Layout of a wire link for two adjacent MM chambers. Two insu-
lated copper pins are just making contact with a field wire in the chambers.
A lens for the electro-^Dtical system and a laser sensor for the laser beacon
system are placed in trie support for aligning the chamber layers.

Each chamber is supported by four feet at the corners. The feet have various degrees
of freedom to provide a freely moving support in one plane. By changing the length of
the feet the vertical position of the chambers can be adjusted.

The supports for the MI chamber are mounted directly on the A frames. Figure 4.3.b
gives the degrees of freedom for the supports. One of the supports at the magnet door
side is fixed to the A frame in three directions and one of the supports at the interaction
point side in two directions, thus assuring an exact transfer of the chamber position to
the torque tube in the final installation.

Figure 4.3.a shows schematically the support systems for the MO and the MM cham-
bers. The feet of the MO and the MM chambers have two degrees of freedom. First
the two halves of each chamber layer have to be firmly connected in such a way that the
distance between the sense wire planes over the full width of a chamber layer is an exactly
multiple of 10.15 cm. This is achieved with the construction shown in Figure 4.3.a. The
system will be described in detail for the MM layer. For the MO layer a similar construc-
tion is used. The two halves of the chamber layer are connected by two mechanical links,
placed near the end wire bridges at both the interaction point (IP) end and the magnet
door (MD) end of the chambers. At the position of the links the inner side panels of the
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chambers have a precision surface, parallel to the-wire planes to within ±2 (im. At both
ends of the chambers these surfaces are connected by a gauge block shown in Figure 4.4.
The side surfaces of the block, that are screwed to the precision chamber surfaces, carry
precision pins, electrically insulated, that extend into the chamber through a hole in the
side panel. The end of the pin inside the chamber has a flat surface of 1 mm in diam-
eter. The length of the pins is chosen such that the distance between the end surfaces
is equal to 203 mm. The chamber wire bridges are then adjusted such that the pins are
just making contact with a field wire in the first sense wire plane. The Yes or No of
the contact is detected by measuring the resistance between the wire and the pin. This
method is sensitive to a movement of 2 \im of the pin against the wire.
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1
Lens

LED's

MI

Figure 4.5: Layout of the vertical electro-optical alignment system.

The gauge blocks at the ends of the MM and MO chamber layers provide a precision
external reference to the position of the wires within the chambers. The end frames of
the MI chamber carry a similar set of gauge blocks with pins fixing their position with
respect to the middle wire plane of the chamber.

The problem of the accurate alignment of the wire planes within the octant is now
reduced to the problem of proper alignment of the six gauge blocks at the ends of the
muon chamber layers. Two distinct optical systems are available for this purpose:
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• Two vertical alignment systems one at each end of the octant. Each system
consists of two LED's, a lens and two four-quadrant diodes mounted in the gauge
blocks of the MI, MM and MO chamber layers respectively. The reading of the
two four-quadrant diodes is averaged. The vertical alignment system is shown
schematically in Figure 4.5. The set of gauge blocks involved in each system is pre-
aligned to an accuracy of 5 fim, i.e. when the system reads zero, the end surfaces
of the pins mounted on the gauge blocks are in the correct relative position within
this accuracy.

• A laser beacon [35] mounted on the A plate at the magnet door side of the
octant [Figure 4.6]. This rotating mirror device produces a laser beam emerging
at right angles to the axis of rotation. This beam, sweeping round 12 times per
minute, defines in the octant a plane with an accuracy of better than 15 fim. The
verticality of the plane is measured with a built-in bubble level in the laser beacon.
Photodiode strip array sensors mounted on the gauge blocks of the octant measure
the position of these blocks with respect to this plane.

Using these optical systems the alignment of the octant proceeds in the following
manner.

First the vertical position of the chamber layers is adjusted to within ±100 fim of
the design value. Reference surfaces are provided on the chamber end frames to set
the correct distance between the chamber layers using precision measuring rods. The
actual adjustment is done by moving the temporary supports that hold the MM and MO
chamber layers in position during the entire aligning procedure.

The next step in the alignment is the horizontal adjustment of the MM and MO
chamber layers. Here the main difficulty is establishing a reference system of sufficient
accuracy. An octant center plane should be defined in each octant for the final instal-
lation. This plane, parallel to the LEP beam line and through the centers of the three
chamber layers, is required to have a distance less than 2 mm from the LEP beam line.
The vertical alignment system, with two LED's centered at both ends of the MI cham-
ber, provides two accurate reference lines, but there is no guarantee that these lines lie
in a plane. This system is therefore not sufficient to define physically an octant center
plane. The laser beacon was designed to overcome this difficulty. Each octant has its
own laser beacon, producing a sweeping laser beam defining a plane within the octant,
perpendicular to the rotation axis of the beacon. A right handed orthogonal coordinate
system is now denned in the following way. The y-z plane lies parallel to the laser beam
plane, with the origin at the center of the LED's on the magnet door side of the MI
chamber. The z-axis is the line in this plane that touches two reference surfaces on the
MI chamber used for measuring the vertical distance between the chamber layers. These
reference surfaces are part of the gauge blocks holding the LED's. The x- and y-axes are
then also fixed. In this way the readings of the vertical alignment systems and the laser
beacon can be easily expressed as positions in this coordinate system.
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Figure 4.6: Layout of the laser beacon system. The laser beacon mounted on
the A plate at the magnet door side produces a sweeping laser beam defining
a plane through the center of an octant. Laser sensors are incorporated with
the optical components of the vertical electro-optical alignment systems.

The position of the laser beacon on the A frame is adjusted in such a way that
the optical plane generated by the sweeping laser beam is vertical within the required
accuracy and that the beam hits the centers of the two laser sensors on the MI chamber.
This optical plane, when ideally aligned, corresponds to the octant center plane.

The MO layer can now be positioned in the x-direction. This position is carefully
adjusted at both ends by shifting the chamber layer until the sensors of the laser beacon
read zero. The z-position is the least critical one and is simply determined mechanically
by a stop on the magnet door side.

Finally the x-position of the MM layer is adjusted, using servo-mechanisms at the
two ends, to bring it in line with the MI and MO layers. For this most critical stage of
the alignment procedure both optical systems are used, thus providing a cross check on
this adjustment.
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When the preliminary alignment procedure is completed the MM and MO chambers
are fixed firmly in y- and z-positions. First the vertical positions of the MM and MO
chamber layers are fixed by fitting titanium flexure feet between the chamber layers and
the support bars. These feet are extremely strong and have thin sections to allow for
small sideway movements due to thermal expansion of the chambers. The position in
the z-direction is fixed by clamping the chamber layers firmly against the stop that was
already mentioned. The position of the MO chamber layer in the x-direction is fixed at
both ends by special mechanical stops mounted on the chamber support bar. These stops,
allowing some movement in the z-direction, hold the chamber in the exact x-position.

The octants are assembled and pre-aligned in the vertical position, but the final
position on the torque tube varies from <j> = —180° to <j> = +180°. The preliminary
alignment in the x-direction will be changed by gravitational forces when the octant is
rotated to different positions. These extra forces on the mechanical stops and on the
servos are relieved using calibrated springs on both chamber sides [Figure 4.3], mounted
on the chamber support bars. For this operation the octant is placed in a simulated final
position on a rotation stand. The x-alignment is well restored for this position when the
springs are properly adjusted. Then the octant is rotated back to vertical position for
storage.

Sources

Wire on glass edge

Glass plate in bridge

Wire bridge in chamber

Gauge block

Between chamber layers
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Table 4.1: Most important mechanical tolerances for the wire position within
an octant. Their contributions to the error in the sagitta measurement de-
pend on <j> angle of the muon track.

The alignment of the octant, except the x-position of the MM layer, is semi-permanent.
The optical systems will be permanently operating. Measured deviations in the alignment
will be part of the data recorded during event taking and will be taken into account in
the data analysis. Furthermore, the x-alignment of the wires in the octant can be checked
directly with a UV laser system which provides UV laser beams through the three mea-
suring layers, simulating tracks of muons with an infinite momentum. The system is
able to detect relative mis-alignment of the three measuring layers to better than 30 fim.
This system will be discussed in more detail in the chapter 5.
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In Table 4.1 the most important uncertainties in the alignment of the sense wires,
specified in the octant internal coordinate system, are summarized. The first three errors
listed in Table 4.1 concern the production of the individual drift chambers discussed in
the previous chapter. The last two are due to the alignment of the three chamber layers
in the octant discussed in this chapter. The total contribution of these errors to the
uncertainty in the wire position and its influence on the momentum resolution of the
octant is given in Table 2.2.

4.3 Tests on the finished octants

The tests on the octants can be classified into two categories. The first category consists
of measurements on the octant structure and on the position of the sense wire planes,
using the alignment systems, for various situations that might be encountered in prac-
tice. The second category consists of measurements on straight ionization tracks from
cosmic rays and laser beams. From these measurements direct information is obtained
on the accuracy and reliability of the muon momentum determination. The two cate-
gories of measurements have separate data acquisition systems. The alignment systems
are equipped with VME electronics, while the drift times are decoded using FASTBUS
TDC's, which are controlled directly by the main on-line VAX computer.

4.3.1 Tests of mechanical properties

A good long term stability of the mechanical structure is necessary to ensure a proper
operation of the octants over a period of several years. In addition, the orientation of the
octants is changed at the stage of assembling, aligning, transporting, storing and final
installation, which means that the stresses in the mechanical structure of the octants will
be changed by gravitational forces. The structure must be fully elastic to quickly restore
the alignment when it is placed in its final position.

The optical alignment systems used during the assembly are left permanently in the
octant for monitoring the movements of the mechanical structure. These movements
must be kept within the working limits of the monitoring systems to make off-line cor-
rections of the wire positions possible. This was one of the main problems faced in
designing the octant since one of the design criteria was to minimalize the amount of
material inside the volume of the octant in order to reduce the multiple scattering. Each
mechanical element of the octant was carefully selected and the design of the structure
was optimized [36] using NASTRAN, a program which calculates deflections under var-
ious conditions [37]. A prototype octant w?.s built in 1984 to test the design concepts
and the mechanical properties [38]. The results of the stability, deflection and other
mechanical tests described in this section were all obtained with the production octants
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built according to the latest version of the design.

The shift of the gauge blocks of the MM layer with respect to the octant center plane,
defined by the laser beacon, is a good indicator for the overall mechanical stability of
the octant structure. The x-position of these blocks observed with the vertical alignment
system over a six-day period and with the octant in the vertical position is plotted in
Figure 4.7. The average movement is less than 20 fan. The sharp movement of the gauge
blocks during the last half of the 4th day was caused by an operation on the chambers.
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Figure 4.7: Relative x-position of the gauge block connecting two MM cham-
bers, measured with the vertical alignment system over six days: a) at the
interaction point side, b) at the magnet door side.

The alignment of the structure at some distance away from the gauge blocks depends
also on the internal structure of the chamber layers and the wire bridges. The main envi-
ronmental influence is expected to be the thermal expansion. In Figure 4.8a the relative
x-position of the middle wire bridge in the MI chamber of the octant, recorded with the
internal electro-optical system, is plotted. The pattern of the average temperature on
the chamber over the period when the data were collected is shown in Figure 4.8b. The
correlation between the temperature and the alignment is very clear.

The elasticity of the octant structure was tested on a rotation stand where the octant
can be rotated 360° about the z-axis. For this test the springs and servos were discon-
nected. A few results are shown in Figure 4.9. Figure 4.9.a shows the x-displacement,
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measured with a micrometer, of the MM chamber layer with respect to the chamber sup-
port bar on the A frame when the octant is rotated. The chamber position is restored
after a rotation of 360°. Figure 4.9.b shows the x movement of the middle bridge in
one of the MM chambers, recorded by the three electro-optical alignment systems in the
chamber. Here again the position of the bridge is restored after the rotation.

0.5 1. 1.5 2. 2.5

TIME (doy) ->

3.5

0.5 1.5 2. 2.5

TIME (doy) - >

3.5

Figure 4.8: a) Relative x-position of the middle wire bridge in the MI cham-
ber, measured with the internal electro-optical system, b) Temperature vari-
ation over the same period.

4.3.2 Tests with laser beams and cosmic rays

The completion of the assembly and the alignment of the mechanical support structure
of the sense wires is only the first step towards the successful construction of an octant.
The ultimate function of the muon detector is to measure the moment vim of muons
from the e+e~ collisions at the interaction point. The position of the rauon tracks is
determined by measuring drift times of electrons left by the muons in the chambers.
The precision of the drift time measurement depends on many factors in the process
of generation, propagation and decoding of the chamber signals. The error in the drift
distance measurement due to the TDC measurement has to be kept below 30 fim.

The behavior of the octant with respect to these processes is checked in a special
iest station, located near the octant assembly area in the same hall. It is equipped
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with a computer controlled multiple channel gas circulation system . which is able to
determine the argon and ethane concentration in the chambers with a precision better
than 0.1%. The jV2 and H2O concentration is measurer1 with an accuracy of a few ppm.
A distribution board for the high voltages is also installed at the test station. The high
voltages of individual drift cells of all the chambers in the octant are controlled within
±6 V by this board and the wiring is made in such a way that it is possible to switch off
the high voltage for particular cells if necessary.

0 100 200 300
ROTATION (deg)->

0 100 200 300
ROTATION (deg)-»

Figure 4.9: a) x-displacement of the MM chamber layer with respect to the
support bar, b) x-displacement of the middle wire bridge of the MM chamber,
for the three electro-optical alignment systems, as a function of the rotation
angle about the z-axis.

The preamplifiers for chamber signals are mounted on the chamber motor blocks at
the interaction side in the actual L3 detector. The signals will be transmitted by long
cables to the discriminators outside the magnet. This condition is simulated during the
test. Long cables are used to connect the preamplifiers, discriminators and data taking
system. The main data acquisition system for the test consists of Lecroy FASTBUS
1879 TDC, Lecroy 1821 SMI (segment master) and 1810 CAT (calibration) modules.
Two FASTBUS crates are read out through Lecroy 2891 CAMAC interfaces. The host
computer used to controi the test is the VAX 11/750 of the L3 muon group.

The test starts with the individual chambers in the octant. The chambers are flushed
with nitrogen to reduce the oxygen concentration to below a level of 1%. Then the
chambers are filled with the argon-ethane mixture in a ratio of 62:38. High voltage is
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applied to the chambers, step by step, up to the normal operation voltage of Vst.nse

4350 V. The chambers are tested mainly at this normal voltage setting.
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Figure 4.10: a) Total time delay (To) for all wire channels of the MI cham-
ber on Octant 11. measured with the internal time calibration system at
^'threshold — 20 inV. b) Resolution (RMS) in the total time delay measure-
ment.

There are many electronical processing units and transmission lines between the sense
wires on which analog signals are generated and the TDC's of the data acquisition system
decoding the drift times. The total delay time between each sense wire and its TDC is
calibrated by a specially designed device. This device sends t. calibration signal to the field
wires of each sense wire plane of the chamber. These signals induce by electromagnetic
coupling a signal on the sense wires, which is used to stop the TDC counting. The TDC's
are started by a common signal synchronized with the calibration signal. In Figure 4.10.a
the average total delay time is plotted for all the sense wires of the MI chamber on octant
11. This average value was measured by pulsing the calibration system 100 times. The
RMS of this distribution is plotted in Figure 4.10.b. It can be concluded from this figure
that the error in each single drift time measurement due to the electronics is about
1 ns (50 ftm) and that 100 pulses are sufficient to determine the total delay time within
±100 ps or ±5 fim.
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Octant

3

4

9

8

10

5

MI

210

205

210

200

205

210

MM-1

215

205

210

205

210

215

MM-2

215

205

210

205

220

215

MO-1

215

210

215

200

200

210

MO-2

215

205

210

200

205

200

Table 4.2: Average single wire resolution (in fim) for all the 5 drift chambers
of the first 6 octants produced.

Octant

3

4

9

8

10

5

12

6

13

2

Cosmic rays

-

17 ±15

-21 ±25

0 ±12

15 ±9

-5 ±11

10 ±12

-28 ±18

9 ±11

-16 ±14

UV laser

-29 ±8

-24 ±7

-34 ±4

0 + 5

-2 ±5

1 ±3

-3 ±4

-23 ±4

3 ±9

24 ±8

Table 4.3: Relative alignment of the wire planes (in (im) at the interaction
point side for the first 10 production octants, measured with cosmic rays and
with UV laser beams. The analysis of the cosmic data was not completed
for octant 3 at the time when this table was made.
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The performance of individual chambers is checked with cosmic rays and UV laser
beams. The tests with cosmic rays are described in detail below. For the UV laser system
only the final results for the aligned octant are shown in this section. A full account of
the UV laser system tests will be given in the next chapter.

For the cosmic ray test tv, o cosmic ray hodoscopes, one above the octant and one
underneath, are used. Each of the hodoscopes consists of 15 scintillators having dimen-
sions of 10 cmx40 cm, providing the possibility to cover 15 cells at the same time. The
coincidence of two hodoscope signals is used to produce a start signal for the drift time
measurement. The cosmic ray events are collected using the main data acquisition sys-
tem. The single wire resolution of the drift chamber is calculated in a similar way as in
section 3.7. The average single wire resolution for each chamber of the first 6 produc-
tion octants is given in Table 4.2. The results are better than the ones expected in the
technical proposal.

After having established that the electronics and the chambers operate normally, the
relative alignment of the wire planes in the octant is checked using the cosmic ray events
and the events from the UV laser beams. A detailed discussion of this procedure can
be found in the next chapter. Table -*.3 gives the results of these measurements at the
interaction point side for the first 10 production octants, after they were aligned with
the laser beacon and the electro-optical alignment systems.

It can be concluded that the procedure, described in this chapter, for aligning the
chambers in the octants gives excellent results. The accuracy achieved with the first 10
octants is better than aimed for in the L3 technical proposal.



Chapter 5

UV Laser Calibration

5.1 Introduction

The accurate mechanical alignment of the sense wires within the large volume of an
octant of the muon spectrometer was described in chapters 3 and 4. However, although
every effort is made to meet the requirements for the accuracy and the stability of
the mechanical structure, it is still necessary to check continuously whether deviations
develop while the detector is running in the experimental hall deep underground. Besides,
the mechanical structure is not the only critical factor in the accurate measurement of
the muon momentum. To give one example: variations in the gas composition may also
have an influence on the measured drift length.

To keep a check on the functioning of the entire muon spectrometer, a monitoring
system was designed that checks for systematic errors by direct measurement of straight
tracks of ionization. Sometimes cosmic ray tracks are used for this purpose, but the
distribution of these tracks is not isotropic, leading to difficulties in measuring tracks in
octants with an unfavorable orientation. Also, for measuring straight tracks the magnetic
field must be turned off. This is a major operation that necessitates switching off the
magnet and this by itself interferes with the normal LEP machine operation.

A laser beam produces free electrons through ionization [39,40,41]. Atoms or molecules
of the chamber gas can be ionized when the photons in the beam satisfy the relation

hv > To

where hv is the photon energy and Jo is the ionization potential of the gas molecules. The
gas in the muon chambers is a mixture of argon and ethane with ionization potentials
of 15.7 eV and 11.6 eV respectively [42]. According to the relation above, a iaser with a
wavelength A < 105 nm would then be required to produce direct ionization. Controlling
a laser beam thus far in the ultraviolet is very difficult. These problems can be avoided
by adding a very small amount of a suitable organic compound with lower ionization
potential to the chamber gas. The compounds N,N-diethylaniline (DEA), with an ion-
ization potential of 6.99 eV, and Tetramethylphenyldiamine (TMPD) with an ionization
potential of 6.18 eV meet these requirements [42,43]. The ionization potential of DEA
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corresponds to a photon wavelength of 175 nm, which is still too far in the ultraviolet.
However; in these compounds an appreciable amount of ionization can be produced by
double photon absorption [44]. This process is shown schematically in Figure 5.1 [40]. A
first photon excites the molecule to an intermediate virtual state with a (non-negligible)
l'fe-time of r = 10"16 s. A second photon arriving within this period will then lift the
electron over the ionization limit. An N2 laser with a wavelength of 337 nm, correspond-
ing to hu = 3.68 eV, is suitable for exciting double photon absorption in DEA [45] and
TMPD. A laser of this type was used in all experiments described in this chapter.

Jo = 6.99 eV
E2 = 3.68 eV

i = 3.68 eV

10-16 cm2

icr16

~ 10~16 cm2

Figure 5.1: Two photon absorption.

Within an octant of the L3 muon spectrometer the path length of a muon is 3 to
4 meters. A laser beam used for calibration of the octant must therefore produr* a
region of ionization with an edge that is straight within ±30 fim over at least 4 m length.
The feasibility of constructing a laser system meeting these requirements was investigated
in a series of experiments performed at NIKHEF-H between 1983 and 1986 [46,47]. This
has resulted in a laser system, reliable and not too expensive, that will be installed on
the 16 octants for regular calibration of the overall alignment.

The feasibility study will be described in section 5.2. In section 5.3 the final UV laser
system for the calibration of the octant is discussed. The results of the tests of the laser
calibration system installed on the fully equipped octants will be shown in section 5.4.

5.2 Feasibility study

5.2.1 The UV laser

The home made laser used in the feasibility studies [47] was an #2 ultraviolet laser of
the type mentioned in the previous section. It is a pulsed two-stage MOPA (Master
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Oscillator Power Amplifier) laser [48] with the characteristics listed in Table 5.1. Two
conjunctive TEA (Transversely Excited Atmospheric) laser channels [49] form the main
body of the laser [Figure 5.2]. The first channel, called "oscillator", produces a powerful
laser pulse, but the beam is still rather divergent. In order to diminish the divergence
the laser beam is reflected by a mirror system into a telescope, with a magnification of
16, that reduces the divergence of the beam to near the diffraction limit. The beam then
enters the second laser channel, called "amplifier", for a synchronized amplification.

The operation of the pulsed MOPA laser has been proved not to be affected by a
magnetic field with a strength up to 1.2 Tesla [50]. Therefore the lasers can be safely
operated within the L3 magnet.

Amplifier

Oscillator

Figure 5.2: The optical path in the nitrogen laser. The operation of the
two laser channels is synchronized by adjusting the gap space in the laser
channels.

5.2.2 Experimental set-up

Each of the octants of the L3 muon spectrometer will be equipped with an independent
UV laser calibration system. This system is described in section 5.3, but the principle
features can be seen in Figure 2.1. A laser beam emitted from a UV laser box mounted on
one of the A frames of the octant is sent through the octant in 8 pre-set directions, using
an optical switch. The total path length of the laser beam in the octant is 6-10 m. The
optical system guiding the laser beam should therefore be .^.signed in such a way that
the beam passing through the octant produces a region of ionization with an edge that
is straight within ±30 nm over a length of 8 m. The set-up that was used for designing
and testing an optical system capable of producing a iaser beam with these properties is
shown in Figure 5.3. The light source is the AT2 la-^r described in the previo .-. subsection
which emits at 337 nm wavelength 0.8 ns UV li •••*. raises at a frequency of 1 Hz. This
beam passes through a pair of positive lenses Cj, î j and then through a diaphragm D.
By adjusting the distance between the lenses the focus of the beam can be shifted and the
beam diameter is controlled by changing the ratio of the focal lengths of Ci anc C2. The
size of the diaphragm opening D determines the interference patterns at the edge of the
beam. These are an essential feature of the straight line calibration. By means of mirror
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assemblies A and B the beam is reflected into a drift chamber, which is a three-cell test
model of the MM chamber. Two laser windows made of high quality BK7 glass plates
are placed on both the top and the bottom cover of the chamber, allowing the passage
of the UV laser beam through the chamber. The chamber was operated with a mixture
of 61% argon and 39% ethane with 60 ppm N, N-diethylaniline vapor added to establish
a controlled laser ioniaation. The sense wires were kept at a high voltage of +3.6 kV,
the field wires at +1.8 kV and the mesh planes at -2.5 kV. The sense wires were coupled
to a preamplifier which in turn was connected to a leading edge discriminator. The drift
times were registered with CAMAC TDC's under the control of a Caviar microcomputer.

Wave length

Pulse width

Power/pulse

Output stability FWHM

Repetition rate

Beam cross-section

Laser head overall size

337 nm

0.8 ns

100 nJ

11 %

0-5 Hz

0.6 x 0.6 mm2

29 cmxl5 cmx4 cm

Table 5.1: Characteristics of the home made nitrogen laser.

A small fraction of the laser beam was reflected by a partially reflecting mirror onto
a UV photodiode for generating the start signal for the drift time measurement and for
monitoring the laser output. The mirror assembly A could be moved along the 5 m long
optical bench, allowing investigation of the beam over a length of 10 m. By measuring
the position of the edge of the laser beam in the drift chamber for different positions of
the mirror assembly A the straightness of the laser beam edge over the full 10 m length
can in principle be found. However, such a measurement is only reliable if the optical
bench supporting the mirror assembly is of an extremely high straightness, a quality
that was not available. Therefore the following procedure was adopted. The mirror
assembly B was mounted on a computer controlled precision stage with which the laser
beam could be moved from position 1 left of the sense plane to position 2 right of the
sense plane. The quality of the stage was such that the distance between position 1 and
position 2 was reproducible within ±2 fim. Drift time T\ with the besra at position 1
and drift time Tj with the beam at position 2 were measured and the sum (Ti + T^) was
calculated. This sum is de« /mined by the total drift distance between the position 1
and the position 2 and is not affected by possible errors in the optical bench. The drift
time measurement was repeated 100 times for each beam position and a correction was
made for the traveling time of the laser beam.
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Chamber

Output monitor

B

C2D

Figure 5.3: Optical set-up for testing the straightness of a laser beam: Lens
C\ and Ci and diaphragm D form a beam width adapter. Mirror assemblies
A and B are movable.

5.2.3 Results

The laser beam profile was investigated by measuring the drift time (Ti + Ti) with the
mirror assembly A at various positions along the optical bench. For each scan of the laser
beam over a length of 10 meter the total drift distance between the position 1 and the
position 2 was kept constant. Assuming that the center line of the laser beam is straight
and that the beam profile is symmetrical around this center line, the relation between
(Ti \-Ti)/2 and the position along the beam line gives the relative position of edge of the
laser beam. This beam edge is used as the calibration line for the drift chamber system.
It should be noticed that it is sufficient for the purpose of the straight line calibration of
the chambers that the edge of the laser beam is straight.

Various combinations of optical set-up and discriminator threshold were tried. The
best results were obtained with a slightly divergent beam (focus at f = - 75 m) and a
diaphragm opening of 3.6 mm. The relative position of the laser beam edge obtained by
measuring (Ti + T2)/2 over the whole beam length under these conditions is plotted in
Figure 5.4. The laser beam edge is observed to be straight to within ±20 fim over the
full length of 10 m.

The effect of the discriminator threshold on the straightness of the measured beam
edge was also investigated. The results are summarized in Figure 5.5, where the stan-
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dard deviation (RMS) of the linear fit to the beam edge is plotted as a function of
t'signal/Vthreihoidi the ratio of the sense wire signal amplitude and the discriminator thresh-
old level. The accuracy of the fit is quite independent of the threshold level for all values
of Vsignal/Vth.Teshoid > 4.

2 4 6 8
POSITION ALONG BEAM ( m ) •

10

Figure 5.4: Relative position of the edge of the laser beam.

Figure 5.5: Standard deviation of the linear fit using the measurements over
a 8 meter long laser beam as a function of Vsianai/Vthreshotd.

For the laser beam energy of 8.5 — 10 fxJ used in these measurements the ionization
in the chamber was found to be of the order of 150 ion pairs per cm, as compared to 90
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ion pairs per cm for muons. One can conclude that the straight line calibration can be
done using the normal high voltage setting of the muon chambers.

5.2.4 Computer simulation

A computer program was written to simulate the complete UV laser calibration of the
muon chambers. The simulation includes the calculation of the laser beam profile, the
generation of the ion clouds, the influence of the drift path differences near the sense
wire on the pulse shape, the broadening by diffusion of the electron cloud and the effect
of the electrical wire characteristics.

Earlier experiments showed that a beam edge with the required straightness could
only be obtained by carefully adjusting the size and the position of the diaphragm in
the optical system. The influence of the diaphragm cut-off on the beam profile can be
described by the Fresnel diffraction theory [51]. In the program the Huygens-Fresnel
principle of imaginary oscillators was used. A numerical approach was chosen as the
analytical solution was difficult to evaluate. The calculation started from a rectangular
grid of light sources on a circular area (the diaphragm), the intensity distribution was
given by a Gaussian:

I[r) = Ioezp{-r2/2o2)

where a was taken to have the measured value of 1.04 mm. The curved wave front of
a focused beam was simulated by introducing an r dependent phase shift. The profile
along the beam was found by adding for each point the contributions of the light sources
on the diaphragm surface.

The ionization distribution was obtained using the relation [45]

The effect of longitudinal diffusion was calculated by a convolution of the shape of
the primary electron cloud with the Gaussian diffusion function.

The sense wire signal was assumed to be proportional to the flux of the primary
electrons. Each electron was supposed to yield a Gaussian shaped pulse with u. a of 10ns.
This is certainly a good approximation for the first part of the rising edge of the sense
wire pulse where the influence of the ion space charge is still small. It is this part that
triggers the leading edge discriminator. The time dependence of the signal was found by
integrating slices of the laser induced ionization track for each possible drift path. The
time difference between the various drift paths v/as experimentally obtained for this drift
chamber using a strongly focused laser beam as described in Reference [45].
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Figure 5.6: Ionization along a laser beam with an initial Gaussian distribution
&beam =104 mm, focused at -75 meter: 1) measured with a diaphragm having
an opening of 3.6 mm, 2) calculated with the diaphragm having an opening
of 3.6 mm, 3) calculated without the diaphragm.
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Figure 5.7: Relative time shift (in ns) of the rising edge of a laser induced
chamber signal against V,ignai/VthTe!,hM.
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The dispersion of the pulse when propagating along the sense wire was taken into
account by considering the wire as a number of RLC networks. The RC broadening of
the preamplifier was also included in the model.

The laser beam profile in Figure 5.4 was checked and reproduced by the calculation,
using a diaphragm cut-off of 3.6 mm and a focal length of -75 m for the laser beam.

In Figure 5.6 the calculated and observed ionization are compared as a function of
laser beam length. The correspondence between the calculation and the measurement is
surprisingly good. The rapid decrease of the ionization calculated for a beam without
diaphragm indicates the importance of this optical element.

As a third and last check for the correctness of the model, the shape of the rising edge
of the drift chamber pulse was calculated. Experimentally, the shape can be determined
by measuring the drift time for various values of V,ignai/VthrCihoid- The result is shown in
Figure 5.7. Again a nice correspondence between calculation and measurement is found.

5.3 The calibration system

Each of the octants of the muon spectrometer is equipped with an independent UV laser
calibration system. The layout of the UV laser calibration system in the octant is shown
in Figure 2.1. The UV laser head and the beam shaping optics of the calibration system
are contained in an aluminum box which is mounted on the A frame at the magnet door
side of the octant. A UV laser beam emerging from the box is guided through each of
the 8 laser channels pointing to the interaction region, simulating muon tracks of infinite
momentum passing through the three drift chamber layers in the octant. The drift time
of electrons released by the UV laser beam in the chambers is measured by the main data
acquisition system of the spectrometer. The laser track reconstructed from the drift time
measurement should give the relative x-alignment of the wire planes in the octant.

The location of the laser channels in the octant is shown in Figure 5.8. The channe's 1
to 4 start at a position one ireter from the magnet door end on the top of the MO
chambers and extend to the bottom of the MI chamber 2 m from the interaction point
end. The channels 5 to 8 start only one meter from the interaction point end of the MO
chambers and thus have a small inclination with respect to the A frame. The channels
are symmetrical about the octant center plane, having an angle of 0 or ±8 degrees
with respect to the octant center plane. All the channels are used for the straight line
calibration of the drift chambers within the octant. Channels 6 and 7 can also be used for
measuring the drift velocity in the chambers. These channels can be shifted sideways into
each of three well-defined positions by means of a pneumatically controlled transmission
stage, thus changing the distance between the laser beam and the sense wire planes by a
known amount. The drift velocity is obtained by dividing the displacement of the laser
beam observed with the transmission stage by the corresponding change in drift time.
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Figure 5.8: Layout of the 8 channels of the UV laser calibration system in
an octant: 4>i,*,5,8 = ±8° , ^2,3,6,7 = 0° and ^1,2,3,4 = 44°, 65,6,7,8 = 8°.

The internal structure of the laser box is shown in Figure 5.9. The lasers are mounted
head-to-head at the bottom of the box. Only one laser is needed to produce the cali-
bration beam, while the second laser is a stand-by. A beam switch between the two
lasers selects the laser that is operational. All the beam shaping optics is supported by
an optical bench mounted on the laser box. The beam diameter and the focal point of
the final laser beam are determined by a beam width adapter consisting of two positive
lenses and a diaphragm, all mounted on the optical bench. At the top end of the laser
box a beam rotator is placed. The beam rotator, an accurate system of movable minors,
is used to guide the UV laser beam step by step to each of the 8 mirrors above the MO
chambers. A small fraction of the light is directed by a semi-transparent mirror to a
reference UV photodiode to measure the time zero and the energy of each laser shot.

The optics within the laser box is aligned and fixed before mounting. The optical
paths for the laser beam on the top of the MO chambers are shown in Figure 2.1. The
mirror systems used to deflect the laser beams from the beam rotator into the laser
channels are mounted on two bridges made of carbon fiber material. The bridges are
supported at both ends and in the middle by feet mounted on the MO chamber.

The absorption of the U V light by the chamber gas over a distance of 7 m is only about
5%. However, windows should not be used as they distort the laser beam. Therefore
the beams in the inter-chamber spaces are guided through aluminum tubes which do
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not contain windows and are filled with chamber gas. Only one window is used in each
channel, on the top of the MO chamber where the laser beam enters the octant.

Bench-

Rotator

jf- -pi — Reference diode

Laser
1 V

Switch

Laser
2

Figure 5.9: Inside a laser box: Two UV lasers are placed head-to-head at the
bottom of the box, one of which is operated and the laser beam is guided by
the beam switch to the beam shaping optics mounted on the optical bench.
The beam shaping optics is similar to that in Figure.5.3.

The laser beams are terminated on position-sensitive photodiodes having a dimension
of 20 mmx 20 mm, which are mounted on top of the innermost Z layer of the MI chamber.
The event-by-event position of the beam centroid and the light intensity of the laser beam
are measured with the diodes.

The UV laser calibration system will be operated during normal data taking at LEP
and measurements will be stored on the output tape like the normal events. Possible cor-
rections for the distortion of the octant can be found off-line from the laser measurements
and if necessary the muon tracks can be corrected accordingly.

I
I
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5.4 Laser test runs with the octants

When, in the course of the octant test procedure, the chambers have been installed and
are ready for high voltage operation, the UV laser system is switched on. The beam is
guided through the 8 laser channels of the octant successively. For each laser event three
straight beam segments are reconstructed from the drift time measurements obtained
from the chambers. These beam segments intersect with the center planes of the MO,
MM and MI chambers in points with x coordinates x0, xm and xf respectively. This
measurement is repeated a number of times (usually 100) and a mean value for the
coordinates of the intersection points (imo,ymo), (xmm,ymm) and (xmi,ymi) is calculated.

The y-positions of the center planes of the chambers in the octant coordinate system
are assumed to be known with an infinite accuracy. Any alignment error in the y-
coordinate of a center plane will therefore be observed as an additional systematic error
in the x-coordinate of the intersection point. The test of the octant with straight tracks
of ionization thus tests the overall alignment of the octant and not only the alignment
of the wire planes in the x-direction.

The geometry of the octants is such that ymo - ymm = 1415 mm and ymm - ymi =
1480 mm. For straight tracks of ionization the x-coordinate of the intersection points
should therefore obey the relation

(imo + xmi)/2 = 0.9561 X xmm

assuming perfect alignment and perfect drift time measurement. It is therefore useful to
define the relative misalignment Ax:

Ax = (xmo + xmi)/2 - 0.9561 x xmm

The quantity Ax can be used to test the straightness of the laser beam edge for each
individual octant. This can be done by comparing directly the Ax value obtained from
the laser system with the Aa; value obtained from cosmic ray tracks traversing the octant
and selected by a hodoscope. On the average these cosmic ray tracks should be perfectly
straight. The results, shown for 9 octants in Table 5.2, are in perfect agreement with the
results obtained in the feasibility test described in section 5.2.

When the installation of the fully equipped drift chambers in the octant is completed
the UV laser system is actuated to help in the final adjustments and to record the history
of the alignment of the octant. In Figure 5.10 the values of Ax are plotted, obtained
with the laser channels 6 and 7 for octant 5 during the period of the initial adjustment.
Laser channel 6 checks the left half and channel 7 the right half of the octant [Figure 2.1].
The Ax could be finally reduced to almost zero. This example shows that the UV laser
system is very convenient for the adjustment of the chambers in the octant since it gives
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an instantaneous value of the deviation.

Octant

Difference

4

41

9

13

8

0

10

17

5

-6

12

13

6

-5

13

6

2

-40

Table 5.2: Difference (in fj,m) between the Ax values obtained with cosmic
rays and with the built-in UV laser system, for 9 octants.

80

40
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-40

-80

-120

-160

200

• LEFT HALF OCTANT
• RIGHT HALF OCTANT

25 50 75 100 125
Run number —>

150 175 200

Figure 5.10: A.r for octant 5, measured with the laser channels 6 and 7 over
the period of the alignment. The octant is adjusted step by step until it is
completely aligned.

A number of tests were done to check the accuracy of the laser beam system.

In the first test, the middle bridges in the MM and MO chambers were displaced
in opposite x-directions using the mechanical adjustment system [Figure 3.4]. The A.T
value was measured in the eight UV laser channels for two cases. In the first case the
middle bridges were moved by +100 f.im in the MM chambers and by -100 pun in the
MO chambers. In the second case the middle bridges were displaced —100 fim in the
MM chambers and by +100 \im in the MO chambers. The change in Ax is shown in
Table 5.3. The values of Ax are compared with those predicted using the measurements
obtained with the electro-optical system in the drift chambers. For the laser beams 1,
2, 3 and 4, the channels for which 9 = 54°, crossing the MM chamber near the middle
bridges, the deviation is 25 fim. For the channels at 9 = 82°, where the shift of the wires
is much smaller the agreement is even better.
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Laser channel

S(Ax)ia$er

6(Ax) prediction

1

207

232

2

204

232

3

210

232

4

218

232

5

66

86

6

82

86

7

83

86

8

80

86

Table 5.3: Change in Ax in the eight laser channels when the middle
bridges in the MM und MO chambers are moved over ±100 fim in oppo-
site x-directions. The prediction is based on the measurements obtained
with the internal electro-optical systems in the chambers.

Laser channel

S(Ax)ia,er

S(Ax)frediction

1

350

366

2

364

366

3

362

366

4

-

366

5

364

366

6

356

366

7

354

366

8

354

366

Table 5.4: Change in Ax when the MM chamber layer is displaced over
±200 fitn in the x-direction. The prediction is based on the measurements
obtained with the vertical electro-optical alignment systems.

A similar measurement was done in which, instead of the middle bridge, the whole MM
chamber was moved in the x-direction over ±200 fim. The displacement was measured
with the vertical electro-optical systems at both ends of the octant. The results of this
test are shown in Table 5.4. There is excellent agreement.

It can be concluded from the feasibility study and the tests with the fully equipped
octants that the UV laser system is able to simulate ionization tracks, straight to within
±20 /im, through the drift chambers of the L3 muon spectrometer. These straight tracks
are used to check the most critical alignment of the drift chambers, which ensures that
the design momentum resolution of 2% of the spectrometer can be achieved.
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Summary

In this thesis the construction of the muon spectrometer of the L3 detector is described,
one of the four detectors presently being prepared for experimentation at LEP. This
accelerator is built at CERN, Ceneva, and is due to start operation in July 1989. One
of the unique features of the L3 experiment is the measurement of the momentum of the
muons produced in the e+e~ collisions with an independent muon spectrometer. This
makes it possible to study final states involving muons, with high accuracy (AP/P = 2%
at 45 GeV). The muon spectrometer consists of 80 large drift chambers, arranged in
16 modules or "octants", that fill a cylindrical volume of 12 m in length, 5 m inner
diameter and 12 m outer diameter. The design of the drift chambers, the construction,
the alignment procedure and the test results for the complete octants are described.

The LEP machine and the L3 detector are described in chapter 1. Some examples
are given of physics experiments that can be done using this detector.

The muon spectrometer is described in detail in chapter 2. The sources of error
affecting the momentum resolution are analysed. It is shown that a 2 percent resolution is
indeed achievable. This corresponds to a positioning accuracy of 30 pm for the individual
sense wires. As part of this analysis the temperature distribution within the spectrometer
was studied for various environmental conditions using a computer simulation.

In chapter 3 the construction and the performance of the middle drift chambers are
discussed. These chambers were designed and constructed at NIKHEF-H. The use of
precision wire bridges and electro-optical devices for the alignment of the signal wires
is one of the main features in the construction of the chamber system that makes it
possible to achieve the wire positioning accuracy of 30 fim. It is shown that a single wire
resolution of 150 fim, with a wire efficiency of 99% and a negligible correlation between
the wire signals, can be obtained with these drift chambers.

The assembly of and the tests on the octants of the spectrometer are described in
chapter 4. The precision of the assembly is controlled by using specially designed optical
alignment systems and precision measuring devices. Test results are given for the finished
octants.

In the last chapter a UV laser beam system is discussed that is used to simulate muon
tracks with infinite momentum in the chambers. With this system the alignment of the
wire planes in each module can be measured with an accuracy of 20 /tm.
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Samenvatting

In dit proefschrift worden het ontwerp en de bouw beschreven van het muonkamer sys-
teem van de L3 detector, een van de vier in aanbouw zijnde detectoren bij de LEP
machine. Deze e+e~ versneller wordt door CERN te Geneve geconstrueerd en zal in juli
1989 in bedrijf worden genomen. Een van de unieke kenmerken van het L3 experiment
is de onafhankelijke spectrometer voor het meten van de impulsen van de geproduceerde
muonen in de electron-positron botsingen. Deze spectrometer maakt het mogelijk om
eindtoestanden waarin muonen voorkomen met grote nauwkeurigheid (AP/P = 2% bij
45 GeV) te bestuderen en bestaat uit 80 grote driftkamers in 16 eenheden (octanten
genaamd) gerangschikt. Deze octanten vullen in gemonteerde toestand een cylinder
vormige ruimte met een lengte van 12 meter en een binnen en buiten diameter van re-
spectievelijk 5 en 12 meter. Het ontwerp van de driftkamers, de bouw en het uitlijnen
plus de testresultaten van de gereed gekomen octanten vormen het hoofdonderwerp van
dit proefschrift.

De LEP machine en de L3 detector worden in hoofdstuk 1 beschreven. Enige voor-
beelden van de mogelijke onderzoekingen die met deze detector kunnen worden uitge-
voerd worden eveneens behandeld.

De muon spectrometer wordt omstanoi í beschreven in hoofdstuk 2. De fouten bron-
nen die van invloed zijn op de impulsbepaling worden geanalyseerd. Een oplossend
vermogen van 2% bij 45 GeV muon impuls blijkt inderdaad bereikt te kunnen worden.
Dit komt overeen met een nauwkeurigheid van 30 urn in de positionering van de indi-
viduele meetdraden. Als onderdeel van deze analyse is de temperatuur verdeling binnen
de spectrometer bestudeerd voor verschillende toestanden van de omgeving door gebruik
te maken van een computersimulatie.

In hoofdstuk 3 worden de constructie en het gedrag van de middenkamers, die bij het
NIKHEF-H ontworpen en gemaakt zijn, besproken. De nauwkeurige rekjes en electro-
optische instrumenten met behulp waarvan de meetdraden worden uitgelijnd zijn de be-
langrijkste hulpmiddellen waarmee de hoge nauwkeurigheid van de muonkamers verkre-
gen wordt. Tevens wordt aangetoond dat de plaatsbepaling van een muonspoor met een
nauwkeurigheid van 150 urn per meetdraad geschiedt. De efficiency van de meetdraden
is 99% en het resultaat van de meting is onafhankelijk van het gedrag van da buurdraden
in de kamer.

De montage en het testen van de octanten van de spectrometer worden in hoofd-
stuk 4 beschreven. De nauwkeurigheid van de montage wordt gecontroleerd door gebruik
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te maken van speciaal ontworpen optische ujtlijnsystemen en nauwkeurige meetinstru-
menten. Testresultaten voor de gereed gekomen octanten worden gepresenteerd.

In het laatste hoofdstuk wordt het UV laser systeem beschreven. Dit systeem wordt
gebruikt om sporen van muonen met een oneindig grote impuls in de kamers te simuleren.
Met dit systeem kunnen eventuele uitlijnfouten van het draden systeem in een octant
met een nauwkeurigheid van 20 fim opgespoord worden.
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