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Abstract

From Dirac monopole theory to modern GUT’s (Grand Unified Theories), mag-
netic monopoles have attracted much attention from physicists. While Dirac had
demonstrated the consistency of magnetic monopoles with quantum eletrodynamics,
't Hooft and Polyakov demonstrated the necessity of monopoles in GUT’s. Further-
more, the GUT’s supply more clues about magnetic monopoles, including their ex-
ceptionally heavy masses ~ 1016 GeV. Both current theories and previous monopole
experiments have suggested that the flux of magnetic monopoles is likely to be very
small, so it is necessary to have a large area detector to search for them. This thesis

presents a search for fast moving magnetic monopoles with the MACRO detector.

The MACRO detector is a large underground detector located at Gran Sasso, Italy.
Its primary goal is to search for magnetic monopoles at a flux level beyond the
Parker bound. It is underground at 3,000 meters water equivalent depth, with a
nominal acceptance of 10,000 m? sr. It employs liquid scintillator counters, streamer
tubes and track-etch detectors which can supply both independent and cross checks

for fast monopole candidate events.

This search is mainly based on the liquid scintillator counters with primary event
selection and energy reconstruction from the ERP system. The 6.2 us trigger time
is based on the time of flight of a fast moving monopole diagonally through one

supermodule with a velocity ~ 1072c. The search uses the “six-month-run” data
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which were taken from December of 1992 to July of 1993 with the operation of the
lower part of the detector. With energy reconstruction ability up to 8 GeV with
22% error, we apply a double-face high energy requirement to reject most muon

events from the data sample. We then apply the WEFD, streamer tube and strip

information to reject non-monopole events.

The live time for this analysis is 5,300 hours, with acceptance of 4050 m? sr. With
no fast monopole candidate event found, we establish an upper flux limit for the
fast moving magnetic monopole at 90% confidence level of 3.03 x 10715 cm™?sr~1s~!

for velocities from 10~ 2%¢ to 1.0c.
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Chapter 1

Introduction

Five thousand years ago, when the Emperor called Huang led his tribesmen into bat-
tle against a neighboring tribe in today’s central China, his advances were checked
by a heavy fog which hid his enemy and disorganized his army. Emperor Huang was
desperate for a breakthrough until he found a magic stone which always pointed to
the south. He placed this magic stone inside a chariot and led his army to victory.
Aided by the stone, he conquered many tribes and eventually unified central China
in the Yellow River region. This magic stone was called the “magnetic stone,” and
was written into Chinese history more than 3,500 years ago. Since then, human

beings have found many applications of magnets.

One of the most productive uses of the magnet is to generate electricity. This fol-
lowed the discovery of the connection between electric current and magnetic field by
Oersted [1] as later formulated by Ampere [2] in his famous Ampere’s law. A pic-
ture of a magnet is always drawn with two nonseparable poles regardless of the fact
that magnetic monopoles are formally permitted by physics theory. As every college
freshman has been taught in an introductory physics course, the normal Maxwell’s

equations are formulated under the assumption that there is no isolated magnetic
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monopole. Magnetic monopoles were generally ignored until Dirac published his pa-
per in 1931 [3]. Since then, many physicists have worked on the problem of finding
magnetic monopoles and understanding their origins. So far, all searches have been
fruitless. Even now in the 1990’s, people are still puzzled by the lack of evidence
for magnetic monopoles and work to prove their existence. With the guidance of
modern physics theory and technology, a group of people including this author have
labored in a deep underground tunnel in central Italy trying to find any evidence for
the existence of magnetic monopoles. This thesis describes a search for fast moving
magnetic monopoles with the MACRO experiment, the largest underground physics
experiment in the world, based on the technology of liquid scintillator and streamer

tubes.

1.1 Dirac Monopoles

For centuries, physicists have felt very strongly that magnetic monopoles could exist.
One reason is the symmetry between electricity and magnetism which suggests the
existence of isolated magnetic monopoles should be true like the existence of positive
and negative electrical charge particles. In 1931, P. A. Dirac [3] published a paper
in which he put forward an argument for the existence of magnetic monopoles for

the first time based on quantum physics theory.

Dirac used a fundamental quantum physics conclusion that the change in phase of
a wave function around any closed curve must be the same for all wave functions,
and it must be an arbitrary integral multiple of 2. This leads to the quantization
of the total flux of magnetic field crossing a small closed surface, and further leads

to the magnetic monopole quantization condition:

3

(1.1)

Im€ =
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where e = electron charge,
gm = magnetic monopole charge, and
n = is any integer such as £1, +2 ...
Here we use the Gaussian unit system with the additional simplification that of

i = ¢ = 1; the fine structure constant is thus a = €? in this system.

Dirac pointed out that this result could have two different interpretations. On
one hand, it indicates that the theory allows isolated magnetic monopoles and the
strength of such monopoles must be quantized with the quantum gp = ¢/2a. On
the other hand, it indicates that electric charge must be quantized if there is even a
single monopole in the entire universe. The observed phenomenon that the electric
charge can only be some integral multiple of the electron charge e supports the
conclusion that magnetic monopoles must exist. It should be pointed out that the
fractional charge of quarks is consistent with Dirac’s conclusion because quarks are
confined [4]. Further, as reference [4] has pointed out, in correspondence to the
theory of quantum chromodynamics (QCD) which indicates that quarks have color

charge, the magnetic monopole should also have color charge.*

Dirac envisaged a magnetic monopole as a semi-infinitely long, infinitesimally thin
solenoid, but he did not indicate any other characteristics for magnetic monopoles
such as mass, spin, structure, possible sources, or the flux of magnetic monopoles

in cosmic rays.

1.2 Grand Unified Theory and Monopoles

Physicists have dreamed of a unified theory which can explain all four fundamental

interactions: strong, weak, electromagnetic, and gravitational (Table 1.1). The

*As J. Preskill pointed out, the “color magnetic field” of the monopole would become screened
by the nonperturbative strong-interaction effects at distances greater than 10713 cm.



MACRO—RZL 4

success of the GSW (S. Glashow, A. Salam, S. Weinberg) model of electro-weak
interactions has helped to encourage more efforts toward this grand unification.
An exceptional discovery by ’t Hooft [5] and Polyakov [6] not only demonstrates
the existence of the magnetic monopole as a natural result of most GUT’s (Grand
Unified Theories) but also predicts many properties of these magnetic monopoles
which were not determined in Dirac’s theory. In this section we give an overview of
GUT’s and discuss briefly GUT monopoles. An excellent review of the monopole

theory given by J. Preskill can be found in reference [4].

Interaction Strong | Electromagnetic Weak Gravitational

Coupling constant

dimensionless 1 1/137 1.02 x 107¢ | 0.53 x 10738
Range (m) <107 00 10718 00
Source “Color Electric “Weak Mass
charge” charge charge”
Typical
cross-section (m?) | 1073 10733 10-* —

Typical lifetime
of decay (s) 1072 10720 1078 —

Table 1.1: The four fundamental interactions. The typical cross-sections are calcu-
lated at 1 GeV. The table is from reference [7].

1.2.1 Grand Unified Theory

One of the profound insights in understanding the unification of different interactions
is the principle of gauge symmetry. Using gauge symmetry, physicists successfully

combine the electromagnetic interaction and the weak interaction into a single in-
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teraction: the electro-weak interaction or GSW model. It, together with the QCD
strong interaction model, composes the “standard model” of particle physics. The
success of the standard model inclines more people to believe that the dream of

unification of all four known physics interactions may come true.

The current goal of a Grand Unified Theory, or GUT, is the unification of the
electro-weak and strong interactions within one grand unified group’ G. This group

G must include the subgroups of all three interactions.
GDSUB)e ®SU(2)L @ U(l)y, (1.2)

where SU(3)c¢ is the group describing the strong interaction, and
SU(2)r and U(1)y are the groups of the unified electro-weak
theory.
Above some mass scale, Mgy, there is only one gauge interaction described by
group (7, and, hence, only one gauge coupling ag. Below Mgyr, the gauge symmetry
could be dynamical breaking into different subgroup symmetries at different energy
scales, where the effective coupling constant for each interaction will be different.

Figure 1.1 shows how the coupling constants change with (), the mass scale.

Many GUT’s with different symmetry groups have been attempted; none of them,
however, is completely successful. As particular, the most simplest unifying gauge

group SU(5) predicts proton decay at a rate that has been excluded experimentally.

1.2.2 GUT Monopoles

In 1974, ’t Hooft [5] and Polyakov [6] independently discovered that magnetic

monopoles exist as solutions of gauge symmetry breaking in many nonabelian gauge

1t is difficult to create a unified theory which includes the gravitational force because it is by
far the weakest and has no measurable quantum effect to guide us to a quantum theory.
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Figure 1.1: The variation of the coupling constants with the characteristic mo-
mentum @, showing the speculative grand unification of the strong [SU(3)] and the
electro-weak [SU(2)®U (1)] interactions, where the M,, is the mass of charged bosons
which mediate the weak interaction, M, is the grand unification mass, and a1, az,
a3 are the coupling constants of electromagnetic, weak, and strong interactions. ag
is the coupling constant at the unification energy. This picture is reprinted from
reference [8].

theories (including GUT’s). All grand unified theories possess a large group of exact
gauge symmetries that mix the strong and electro-weak interactions, but these sym-
metries become spontaneously broken at an exceedingly short distance scale M!
(or, equivalently, an exceedingly large mass M, ). They demonstrated that as a sim-
ple nonabelian group is broken to give U(1) at low energy, the field equations yield
a solution for magnetic monopoles. The properties of the magnetic monopole are

determined by the distance scale of the spontaneously symmetry breaking.
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In contrast to the fact that the monopole mass must be regarded as an arbitrary
free parameter in Dirac’s theory, the GUT monopole mass is calculable in a given
unified model. Different GUT’s will give slightly different values of M,. From the
electromagnetic coupling constant a., =~ 1/137 which is related to «, according
to the symmetry breaking theorem and the “desert hypothesis,”  the GUT energy
scale M, is estimated to be about 10'* GeV, for which the mass of GUT magnetic

monopoles is ~ 10 GeV.

Charge : g =g¢gp, (1.3)
M, 16
Mass : M, ~ — =~ 10"° GeV, (1.4)
27
Core size: R~ M, ~107% cm, (1.5)

where M, = grand unification energy scale, and

o = coupling constant at grand unification scale.

Most of the monopole mass is concentrated in its tiny core of radius M !, but it has
interesting structure on many different size scales. At distances less than ~ 107'% cm
from the center of the monopole, virtual W and Z bosons have important effects on
its interactions with other particles. As we mentioned early, the color magnetic field
will be screened by nonperturbative strong interaction effects beyond the distances
of 1073 cm from the center. And, because of its large magnetic charge, the monopole
is strongly coupled to a surrounding cloud of virtual electron-positron pairs, which

extends out to distances of about 107!* cm from the center [4, 9].

It is believed that magnetic monopoles may carry electric charge in addition to their
magnetic charge, simply because monopoles have a large electromagnetic interaction
with electrical charged particles. These monopoles with electric charges are called
dyons. It is not obvious whether magnetic monopoles in nature should be dyons or

not; if monopoles did carry electric charge, however, it would slightly affect some

tThe “Desert hypothesis” assumes that no unexpected new interactions or particles appear
between present-day energies (of order 100 GeV) and the unification scale M.
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experimental searches, such as the mica searches, which we will discuss later.

The core of the GUT magnetic monopole contains grand unified gauge and Higgs
fields, where most grand unified theories predict that the baryon number is not con-
served [10, 11]. Several authors have argued, moreover, that interactions between
fermions and GUT monopoles are independent of the unification scale, M, and in
fact independent of the typical strong interaction strength [11, 12]. For example,
a proton in the vicinity of a GUT monopole could decay; this process is called
monopole-catalyzed proton decay. A typical monopole-catalyzed proton decay re-

action is:
gm + P — gm + et + 7" (1.6)

The monopole-catalyzed decay could be used as a signature for the detection of
GUT monopoles in some searches although this is a controversial subject because

the expected behavior is strongly model dependent.

1.3 Monopoles and Astrophysics

Because the GUT monopole mass is so large, it is impossible to artificially produce
one via current experimental methods. In fact, the only possibility of producing
GUT monopoles is during the very early (¢t ~ 10734 s) epoch of the big bang.’
The big bang theory holds that the universe was once extremely hot and small, so
hot that processes occurred that were sufficiently energetic to produce monopoles.
This connection relates GUT monopoles to cosmology and astrophysics. Figure 1.2
shows the history of the universe according the big bang theory, with the very hot

epoch of the universe at the beginning.

$The Big Bang Model is also called the standard model of cosmology.
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Figure 1.2: The history of the universe according the big bang theory. GUT
monopoles can only be created at 1073* s during the early epoch of the big bang
universe. This picture is reprinted from the Fermilab poster.
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1.3.1 The Density of GUT Monopoles

To estimate the density and flux of magnetic monopoles, we must understand their
production, acceleration mechanism, gravitational dynamics, magnetic field, etec.
These questions have no definite answers; we can still, however, work out some

constraints on the flux from our present knowledge of cosmology and astrophysics.

Cosmology

In big bang cosmology, GUT monopoles are produced at the phase transition [13]
where the unifying gauge symmetry breaks down to SU(3) @ [SU(2) @ U(1)], which
takes place at the critical temperature T, ~ M,/a (~ 10'¢ GeV). Monopole pro-
duction was roughly one within each event horizon,7 which produces too many
monopoles to be consistent with the mass of the universe. The only way of decreas-
ing the number of monopoles is via annihilation of monopole anti-monopole, but this
rate is very small [15, 14]. Various attempts have been made to resolve this conflict.
Among them, the inflationary universe scenario [16, 17] is the most appealing reso-
lution. If there is a period in the early universe during which the universe expands
exponentially as a function of time, then the GUT monopole density is diluted by

a tremendous factor, which is, unfortunately, impossible to be predicted accurately.

The Mass of Universe

The most straightforward astrophysical limit on the magnetic monopole density
comes from the assumption that GUT magnetic monopoles account for most of the
mass of the universe [18]. With the mass density in galaxies estimated to be about

0.02p., where p. is the critical density to close the universe, the monopole density

The event horizon is at the distance a light pulse could have traveled since the initial singularity
of the big bang.
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is then:

N ~ 4 x107%%cm™2, or (1.7)
Im < 1014 (1.8)
nN

where n,, and ny are the density of monopoles and nucleons, respectively. If GUT
magnetic monopoles account for the total dark mass of the universe (about 0.98p.),
the monopole density is then about two orders of magnitude larger than the above

result.

1.3.2 The Flux of GUT Monopoles

Because GUT monopoles are produced in the very beginning of the big bang uni-
verse, they must interact with other particles during the formation of the galaxy and
other objects. Although cosmology and astrophysics do not offer definite answers,
general arguments are still used to place severe limits on the velocity and the flux

of monopoles in the cosmic rays.
Monopole Velocity

As a relic gas of the big bang, GUT monopoles should have cooled down to 1078 K
which implies a velocity of less than 10~?'¢c. However, the existing magnetic fields
and gravitational forces of the earth, solar system, and galaxy can accelerate monopoles

to their escape velocities [20], which are listed in Table 1.2.

The escape velocities for Dirac monopoles are the same as those for GUT monopoles
or any other object. These velocities indicate that monopoles in the cosmic radiation
arrive with very low speed (v < 1072¢); there exist, however, very strong magnetic

fields surrounding objects [21] as neutron stars, pulsars, and black holes, where
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Astronomical Object Escape velocity
Earth-type planets v<4x107%c
The sun and similar stellar systems v~ 1074
The Galaxy or local supercluster v 1073¢
Velocity expected for extragalatic sources v>10"3¢

Table 1.2: List of possible GUT monopole velocities in universe.

GUT magnetic monopoles could be accelerated to relativistic velocities (v ~ ¢) [22].
Since the population of these objects is small, the GUT monopole flux from them

is expected to be much less than the Parker bound, which will be explained shortly.

Unlike GUT monopoles which are expected to be supermassive, light Dirac magnetic
monopoles could be accelerated by the galactic magnetic field to escape velocity in
a much shorter period. Obviously, Dirac monopoles can be accelerated up to near

the speed of light by neutron stars, pulsars, white dwarfs, etc.

Parker Bound

A simple estimation of the flux of GUT monopoles is to account the monopole for
the mass of galaxy and with galactic escape velocity (1073c). With the density
discussed in Equation 1.8, we obtain a flux limit:

v
10—3¢

, (1.9)

F, <5.4 x107%cm™%sr™'s 7 'my, 7|

where my7 = m/(10'7 GeV), and
v = velocity of GUT monopoles.
A more interesting result has been obtained by the consideration of the survival of
the galactic magnetic field by E. N. Parker et al. [19]. The idea is the following:

monopoles moving through a magnetic field cause dissipation of the field energy at
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a rate equal to ]; o B. If we assume that the galactic field can be regenerated by the
motions of the interstellar gas, we can obtain a flux limit using the current known

galactic field (~ 3 x 107° gauss):
F, <107%¥cm™2 sr7t 7t (1.10)

However, taking into account that monopoles are isotropically distributed, Parker
et al. reexamined the energy dissipation due to each monopole using the monopole
mass and velocity distributions. They obtained a flux limit of:

my7v3107Bem™?sr7 s, i v > vy,

F, < (1.11)

107 ¥ cem~2sr1s71, if v < Vi,

where mj; = m,;/10'7 GeV, and where m, is the mass of a monopole,
vs = v/(1073 ¢) where v is the monopole velocity, and
Vmag = the velocity a magnetic monopole which is initially at
rest would acquire by magnetic acceleration through a coher-

ent region (of order 10*! ¢m) of the magnetic field.

1.4 Previous Monopole Experiments

The induction technique, which detects the current induced by magnetic monopoles
in a conducting ring, is an attractive method for monopole detection. It is a pure
magnetic monopole effect [23]; thus, it is sensitive to both Dirac and GUT mag-
netic monopoles of any velocity. However, it is almost impossible to build a large
area detector with this technology at reasonable cost. On the other hand, because
the energy loss for fast moving monopoles (v > 107%c) is so large, (dE/dX >
1 GeV/(g/cm?)), they can be detected by scintillators and gaseous detectors such

as streamer tubes and multiwire proportional chambers. Some new materials such
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as CR-39 and Lexan have been adopted for the detection of monopoles, and are

believed to be sensitive to fast moving magnetic monopoles of either GUT or Dirac

types.

Some other experimental methods differ for GUT and Dirac monopoles because
of the large mass of GUT monopoles. For example, many experiments based on
accelerators are irrelevant to GUT monopoles. Searches for magnetic monopoles in
bulk materials, especially in ferromagnetic and lunar [24] materials have also been
performed, but such searches are hardly relevant to GUT monopoles because GUT
monopoles are unlikely to be trapped by the earth or the moon. Ancient micas
are used for GUT monopoles searches because mica is believed to be sensitive to
GUT monopoles with slow velocities, but, consequently, they are irrelevant to Dirac

monopoles.

1.4.1 Accelerator Experiments

Accelerator searches [25, 26, 27] for Dirac monopoles are based on the following

interactions:

P+P = gn+ Gm, (1.12)
P+DP—= gntgm+X, (1.13)
e” +et = gn + gm, and (1.14)

e +et = gm + g + X, (1.15)

where g, and g,, represent monopoles and anti-monopoles, and X represents other
charged particles with a total of zero charge. These searches have been performed
in both ete™ colliders and pp colliders. The usual spectrometers based on ionization
or excitation due to electrically charged particles are used for magnetic monopole

detection in these experiments, and some also use track-etch detectors at the center
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of the apparatus such as MODEL [27] at LEP.

Searches with accelerators are only valid for a monopole mass less than the half of
center of mass energy of the collider. For instance, the mass limit for monopole
searches at the LEP ete™ storage ring is less than 44.9 GeV as the total center of
mass energy is 91 GeV. No magnetic monopoles have been found in any of these ex-
periments. Clearly, these searches are only meaningful for Dirac monopoles because

their mass could be light.

1.4.2 Induction Experiments

As mentioned above, the induction technique is sensitive to monopoles at any ve-
locity with any mass as long as the monopole still carries a magnetic charge of at
least gp = e/2a. A monopole will induce a predictable current, an eddy current,

when it passes through a conducting loop.

Several experiments [28, 29, 30] with superconducting rings have been developed
to search for monopoles. There are two advantages to this low temperature su-
perconducting technology. One is that the induced current can last much longer,
and hence it can be measured more easily. The other is that the signal-to-noise
ratio can be higher at lower temperature. A very sensitive device, called a SQUID
(superconducting quantum interference device), is used to help to demonstrate that
the induced current is quantized and agrees with the expected value for magnetic

monopoles.

Because of the low temperatures required by superconducting rings, however, it is
hard to make a large area detector based on this technique, and this limits their
ability to set low flux limits. The present global-combined upper limit from induction

experiments is 2.2 x 107!2 cm™2?sr~*s™! [32], which is well above the Parker bound.
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1.4.3 Ionization Experiments

Magnetically charged particles, like electrically charged particles, will lose energy
when traversing material. For fast moving monopoles, this energy loss is largely
due to their magnetic charge. Energy loss via ionization can be detected with con-
ventional detectors such as scintillator and gaseous detectors, which are important
after the theoretical verification [33, 34] that they could be sensitive to low velocity
monopoles. A great advantage of these techniques, compared with the supercon-
ducting induction detectors, is that a large area detector can be built with much less
cost. For GUT monopoles in the cosmic radiation, a large area detector is important

because the astrophysical flux limit of GUT monopoles is expected to be very small.
Scintillator Detector

As we will discuss in Chapter 4, the energy loss of magnetic monopoles in scin-
tillator is very large for fast moving (v > 1072¢) monopoles while it is very small
for slow moving (v < 1073¢) monopoles. Thus, it is easier to detect fast moving
monopoles, but it is also possible to detect slow monopoles with specially designed

trigger systems.

Many scintillator detectors [35, 36, 38, 37, 39, 40] have been developed to search for
magnetic monopoles. Among them, the Baksan experiment has operated for more
than ten years. This detector is located 850 m w. e. d. (water equivalent depth)
underground in the Baksan mountains. The detector is 16 mx16 mx11 m, with
four layers of liquid scintillator. Each layer consist of a 20x20 array of scintillator
counters with dimensions 70 cmx70 cmx30 cm. At the end of 1993, the Baksan
experiment had set an upper limit of 4 x 1071 cm™2sr™'s™! [41] at 90% c.l. for

monopoles velocities between 10~3¢ and 107 'c.

Gaseous Detector
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Measuring the ionization loss of magnetic monopoles is also practical for many
gaseous detectors such as streamer tubes and multiwire proportional chambers.
Since the ionization energy loss of magnetic monopoles has been theoretically much
better modeled in the last ten years, it is now believed possible for proportional
chambers to measure directly the energy loss for monopoles at velocities larger than
10~2%c. Drell et al. [33] have additionally presented the calculation of magnetic

monopole energy loss in atomic hydrogen and helium for velocities less than 10~3c.

Several groups [42, 43, 44] use gaseous detectors for monopole searches. Among
them, the Soudan 2 detector, which is an underground (2,100 m w. e. d.) tracking
calorimeter using Ar—CQ; gas, was originally built to detect nucleon decays, but
can also observe traversing magnetic monopoles. The upper limit from the Soudan

2 experiment [42] is 8.7 x 107*® cm™2sr™*s™! for 8 > 2 x 1073.

1.4.4 Track-etch Experiments

Some materials, especially transparent solid materials, record the passage of charged
particles by means of the formation of submicroscopic damage trails tens of angstroms
in diameter. Such damage trails can be amplified by chemical etching [45] and seen
under a microscope. The size of the trail depends upon the nuclear and electric
stopping power of the traversing particles. Three materials are commonly used for
monopole detection: mica, CR-39, and Lexan. For the expected monopole energy
deposition, mica is believed to be sensitive only to monopoles that have captured
nuclei, Lexan is believed to be sensitive to monopoles with velocities greater than
~ 0.3¢c, and CR-39 is believed to be sensitive to monopoles with velocities greater

than 10~4c.
CR-39

CR-39 is a plastic material widely used for optical lenses such as eye glasses. It is
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sensitive to monopoles in a wide velocity region. The majority of CR-39 calibrations
performed with heavy ions show that it should be sensitive to fast moving monopoles
at 8 > 1074, although the measurements for low 3 response of CR-39 from Snowden-
Ifft and Price [46] show that there is some insensitivity at 4 around 10~3. Members
of the MACRO collaboration at Bologna University in Italy, on the other hand, have
also performed a CR-39 calibration with low 3 ions. Their results show that CR-39

is sensitive to all 8 down to 10~* which is inconsistent with Price’s results [45].

Several groups use CR-39 for fast moving monopole searches [47, 48, 49]. The best
flux limit so far achieved is by Orito et al. [49], who used a 2,000 m? array of CR-
39 track-etch detectors underground at a depth of 100 m w. e. d. In 2.1 years of
operation, they found no monopole event, for a flux limit of 3.2 x 10716 cm~2sr~ 157!

for monopole velocities greater than 4 x 10~ 2¢.

MICA

Unlike CR-39 and other organic polymers, damage to the structure of mica is caused
by a particle’s nuclear stopping power. This fact makes mica much less sensitive
to fast moving particles than CR-39, and the nuclear stopping power of magnetic
monopoles would not be strong enough to produce tracks unless the monopoles have

captured nuclei.

The fact that mica is only sensitive to monopoles with captured nuclei makes
searches based on it less encompassing, although it is still useful for GUT monopoles
because they are expected to have the slow velocities and are required to capture
nuclei. In addition, micas were formed 10® — 10 years ago, and so have extremely
long exposure times which allows mica to play an important role [50, 51, 20] in mag-
netic monopole searches in the low velocity regime. It is almost certain, however,

that mica is not sensitive to fast moving magnetic monopoles.
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1.4.5 Monopole Captured Proton Decay

Some experiments search for GUT monopole-catalyzed proton decays. These ex-
periments are irrelevant to Dirac monopoles and are sensitive only to slow moving
GUT monopoles because of the probability of GUT monopole catalyzed proton de-
cay is proportional to 1/v. Several groups are using this technique to search for
GUT monopoles in detectors such as water Cerenkov detectors. For a review, see

reference [20].

1.5 Summary

While Dirac merely demonstrated that the existence of magnetic monopoles could
explain electrical charge quantization, modern GUT’s actually predict their exis-
tence. Both give the same magnetic charge, but GUT’s suggest many other features
of magnetic monopoles as well. As a very general consequence of the unification
of the fundamental interactions, GUT magnetic monopoles tied to many physics
topics from particle physics to cosmology and astrophysics. Any evidence for the
existence of magnetic monopoles will have a great impact with modern physics.
Particularly, the detection of GUT magnetic monopoles with extremely heavy mass
(10'¢ GeV) would confirm a fundamental prediction of grand unification as well as
provide a solid evidence to support big bang cosmology. The measurement of a flux
of magnetic monopoles would also put severe constraints on the cosmological model
building and could also solve, or at least partly solve, the dark matter mystery which

is one of the most interesting contemporary physics topics.

GUT monopoles with expected superheavy masses (10'® GeV) could only be pro-
duced in the early epoch of the big bang universe. It is practical to search for GUT

monopoles in the cosmic radiation rather than in bulk materials because they are
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unlikely to be trapped by the earth. Although the cosmic radiation is not very well
understood, and neither is the origin of the universe, it is clear that the flux of
magnetic monopoles is very small. Therefore, it is necessary to have a large area
detector to search for them. The MACRO experiment, designed specially to search

for magnetic monopoles, is such a detector.
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Chapter 2

The MACRO Experiment

In this chapter, we will describe the apparatus of the MACRO detector, its location,
and its components. Since the scintillator system plays the major role in monopole
detection, we will describe it in detail: the liquid scintillator, the photomultiplier
tubes (PMT’s), the PMT gain setting, and the MACRO calibration system. We
will briefly discuss the streamer tube system, for which more details can be found
in reference [52]. We will also briefly discuss the other physics objectives of the
MACRO experiment.

2.1 General Information About the Gran Sasso

Laboratory

MACRO (Monopole Astrophysics and Cosmic Ray Observatory) is located just off
a roadway in the Abruzzo province of central Italy, where highway A14 from Rome
to the east coast passes beneath the Gran Sasso, the “Great Rock” (Figure 2.1). In

the center of this mountain, about 110 kilometers northeast of Rome, three large
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experimental halls were built. They comprise the Gran Sasso underground labora-

tory [54]. Figure 2.2 shows the layout, where the MACRO experiment occupies Hall
B.
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Figure 2.1: Geographical map of central Italy. The circle near the city of Assergi
indicates the underground tunnel area. Inside the circle is shown the location of the
Gran Sasso underground Laboratory [53].

The geographical coordinates of the Gran Sasso Laboratory are 13°34'28” E lon-
gitude and 42°27°09” N latitude. The floor of the laboratory is 963 meters above
sea level. The mountains provide an excellent shield for the MACRO detector at
about 3,200 meters w. e. d. (water equivalent depth), reducing the surface muon
flux by a factor of 106. The average rock density above the Gran Sasso Laboratory
is (2.71 £ 0.04) g/cm?, consisting of Ca(27%), O(51%), C(12%), Mg(8%), Si(1%),

and less than 1% of Al, K, and H. The minimum energy required for a muon to
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penetrate the rock to the MACRO detector is approximately 1.2 TeV.
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Figure 2.2: The layout of the Gran Sasso underground laboratory. One of the
twin roadway tunnels and the three underground Halls (A, B, and C) are shown.
MACRO is represented by the rectangle in Hall B [53].

2.2 The MACRO Detector

The MACRO detector is 77 meters long, 12 meters wide and 9 meters high. It
consists of six independent “supermodules” placed side by side from the north to the
south, shown in Figure 2.3. The six supermodules (SM’s) are identical in structure
except that SM1 and SM6 have north and south faces, respectively, on their lower
parts. The six supermodules are instrumented and operated in three pairs in order
to allow for the continuous operation of part of the detector while others may be

undergoing calibration.

The upper and lower parts of the detector are constructed differently. The lower part

is about five meters high. Figure 2.4 shows a cross-sectional end view of the lower
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Figure 2.3: The full MACRO detector with six SM’s and attico [52].

part of one SM, made up of two modules, each with area of 6 mx12 m x5 m. Between
the two modules there is a gap of 30 cm occupied by the supporting structure of
the apparatus. The lower part of one SM consists of two horizontal layers (center
and bottom) and vertical layers (west, east) of scintillator counters (also called
scintillator tanks). The geometry of a horizontal tank is different from that of
a vertical one, as will be described later. Each layer of the horizontal tanks is
sandwiched between two planes of limited streamer tubes. There are also six more
horizontal layers of streamer tubes in between the two scintillator layers, for a total
of ten planes. The eight inner planes are separated by seven layers of crushed rock
absorbers, each 32 cm thick. The absorbers set the minimum energy threshold at

about 1.5 GeV for a vertical muon crossing the detector. The absorbers also help
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Figure 2.4: A cross section of the lower part of one supermodule [53].

to stop energetic secondary particles produced by particle showers. The horizontal
streamer tube planes are instrumented with external pick-up strips, which make
an angle of 26.5° with the streamer tube wires. The vertical scintillator tanks are
sandwiched between six layers of streamer tube planes, with three planes on each
side. No pick-up strips are installed on these vertical streamer tube planes. In the
middle of the lower part of the detector, there is one horizontal layer of track-etch
modules to provide redundancy for GUT monopole detection. Track-etch modules

also exist on the west face and on the north face of the lower part of the detector.

The upper part (called the “attico”), about 4 m, does not contain any concrete
absorber, and has fewer streamer tube layers than the lower part. The space below
the attico is occupied by electronics and the data acquisition system. The upper
part of each SM consists of two vertical and one horizontal (top) faces. The top face
has 17 horizontal tanks (as opposed to 16 tanks in the center and bottom); this 17th
tank fills the gap between modules. There are also four streamer tube planes at the

top of the detector, two above and two below the horizontal scintillator tanks. The
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vertical faces of the upper part of the detector are similar to those in the lower part.

The east face of the detector is completely covered by a layer of track-etch modules,
as well as the north face of the lower part of the detector. Each track-etch module
including the layer at the center of the detector consists of two types of plastic with
different sensitivities, CR-39 and Lexan, separated by an aluminum sheet. This
configuration makes possible a distinction between heavily ionizing nuclear frag-
ments and the expected signature for magnetic monopoles, which will be discussed

in Section 2.5.

2.3 The Scintillator System

The MACRO scintillator system consists of the scintillator counters (the tanks), the
liquid scintillator in a mineral oil base, the photomultiplier tubes (the PMT’s), and

the scintillator calibration system. We will discuss each of these in detail.

2.3.1 The Scintillator Tank

There are two types of scintillator tanks, those for the horizontal planes and those
for the vertical planes. All are constructed from 0.63 cm thick PVC, and both types
are of uniform rectangular cross section and consist of three chambers separated by
transparent PVC windows. The large chamber in the middle of the tank is filled
with liquid scintillator while two small chambers on either end are filled with pure
mineral oil and house the PMT’s. The inner walls of the scintillator tanks are lined
with a white vinyl-FEP material to achieve better light reflection. The critical angle

for total internal reflection from this wall is about 25.6°.

The two types of scintillator tank have different geometries. The horizontal tanks
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are 12 meters long, 75 cm wide, and 25 cm high, with scintillator chamber 1120 cm
long and 73.2 cm wide. The typical depth of the scintillator oil is about 19 cm. The
vertical tanks are also 12 meters long, but only 25 cm wide, and 50 cm high. The
length of the active scintillator volume in the vertical tanks is 1107 cm, its width
is 21.7 cm, and the oil depth is about 46.2 cm. There are variations in oil depth
of several millimeters from tank to tank mainly because it was difficult to perfectly

control the scintillator filling operation.

clear PVC
mirror / window
L}

oil

10cm

Figure 2.5: Configuration of a horizontal tank end chamber [52].

The different tank geometries result in different end chamber PMT configurations.
In particular, horizontal tanks contain two PMT’s while vertical end chambers have

only one. Figures 2.5 and 2.6 show the details.

The mineral oil in the end chamber not only helps to achieve better light transmission
between the scintillator chamber and the photocathode, but also helps to suppress
electric sparks. This suppression works very well for the vertical tanks, where the

mirrors are just a simply shaped core made of highly reflective aluminum, but not
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Figure 2.6: Configuration of a vertical tank end chamber [52].

as well for the horizontal tanks, where the mirrors are made of plastic coated with
highly reflective aluminum. The shape of the mirrors is that of a revolved planar
curve, which has been calculated [58] to guarantee that any light rays from a distant
source which are coplanar with the mirror axis will reach the photocathode. The
electric sparks in the horizontal end chambers are discussed below. Real data show
that the vertical tanks have reasonably good light collection although it is not as

impressive as in the horizontal tanks.

As is well known, PMT’s are very sensitive to magnetic fields. The metal supporting
frame in the detector (near horizontal scintillator tanks) concentrates the earth’s
magnetic field near the PMT’s and thus reduces their efficiency. To solve this
problem, a metal shield has been installed around the mirror and dynode chain of
each horizontal PMT. This solution, however, can lead to serious sparking around
the PMT’s. To completely eliminate electric sparks, wires were installed to connect
every conductor in the tank end together, to keep potential the same everywhere.
For the end chambers in the vertical tanks, there is no need to install such “spark

suppression kits” because there are no metal shields in the vertical end chambers,
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and the mineral oil helps to eliminate the sparks produced by the PVC and the

mirror as mentioned earlier.

2.3.2 The Liquid Scintillator

It was a challenge to find the ideal scintillator for MACRO because the tanks are
very long and must transmit light over a distance much greater than the attenuation
length of usual scintillator materials. Fortunately, MACRO was able to obtain a
very high purity mineral oil in North America, the attenuation length of which is
more than 20 meters. By carefully selecting the scintillator added to this oil, we
have developed a very good liquid scintillator mixture with an attenuation length

of more than 12 meters.

The scintillator is a mixture of pseudocumene (1,2,4-trimethylbenzene), PPO (2,5-
diphenyl-oxazole), and bis-MSB (p-bis[o-methylstyryl] benzene). The pseudocumene
is the primary scintillator and the PPO and bis-MSB are light waveshifters which
shift the scintillator light to the most sensitive region of the PMT around 350 nm.
The peak absorption wavelengths for pseudocumene, PPO, and bis-MSB are 268 nm,
304 nm, and 345 nm respectively, and their absorption and fluorescence spectra are

given in reference [55].

MACRO collaborators tested different scintillator concentrations, ranging down
from the purest concentration of 40 g PPO and 40 mg bis-MSB per liter of pseu-
documene (876 g). Figure 2.7 shows the results, which indicate that the number
of photoelectrons produced increases as a function of scintillator concentration for
small concentrations. The number of photoelectrons, however, starts to decrease
when the concentration is greater than 4%, caused by absorption of light by the
scintillator. A conservative pseudocumene concentration of 3.6% was selected. The

final mix is:
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¢ 96.4% mineral oil,

e 3.6% pseudocumene,
e 1.44 g/l of PPO, and
e 1.44 mg/l of bis-MSB.
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Figure 2.7: Light yield vs pseudocumene concentration for a muon passing through
the far end of a MACRO test counter. This plot is from reference [58].

The mineral oil supplied by the manufacturer also contains 40 mg/1 of an antioxi-
dant. To monitor the quality of the liquid scintillator mixture, a special spectropho-
tometric apparatus was set up, checking the attenuation length for each batch of

the mixed scintillator before putting it into the scintillator tanks.

2.3.3 Photomultiplier Tubes

The photomultiplier tubes used in the lower part of MACRO are EMI-642’s, which

have 20 cm diameter hemispherical photocathodes. This tube was chosen because
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its clear single photoelectron peak (Figure 2.8) is important for the detection of
slow moving magnetic monopoles which are expected to produce light at the single
photoelectron level. The PMT risetime is about 15 ns for a typical muon pulse, with

a height of about 1.5 V. The jitter on this risetime is less than 1 ns.

These PMT’s have 13 CeS dynodes in a fast venetian blind structure. The base of the
PMT has been designed to give negative signals with typical power supply voltages
of about —1600 V. The PMT’s used in the attico vertical tanks are Hamamatsu

tubes which are similar with EMI but no clear single photoelectron peak.
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Figure 2.8: Pulse spectra from the qVt showing the single photoelectron peak.

Setting the PMT gains is an important issue because achieving uniform gains across
the whole detector is critical for slow monopole search sensitivity. We use a LeCroy
qVt module 3001 setup to integrate the PMT pulse charge, and adjust the high
voltage supplied to each tube in order that the integrated charge of the single pho-
toelectron peak is the same for all tubes. The pulses are obtained by firing an LED
to produce a very weak light signal at the far end of the tank. Figure 2.8 shows a
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qVt spectrum taken from these signals.

The qVt method not only provides a way of precisely setting PMT gains but more
importantly helps to achieve uniformity of the gain setting across the detector. The
gains have been set at 4 mV for the single photoelectron peak. We use pulse height
rather than integrated charges as a standard because the slow monopole trigger
system is sensitive to the height rather than the charge of the pulse. The actual
charge gain of the PMT’s is about 5 x 10.

2.3.4 The Laser and LED Calibration System

The scintillator has both a LASER and an LED calibration system, both computer
controlled. Basically, the lasers help to calibrate the energy, PMT response, and
ADC response of the electronics while the LED’s help to calibrate timing, waveform,
small PMT pulse, and TDC response. A simple layout of the calibration system is

shown in Figure 2.9.

LASER OPTICAL FIBER
pmr—> [{ ) ‘Y]
B SCINTILLATOR COUNTER ]
K 1N
LED
PULSER FANOUT LASER ATTENUATOR SP) L;f)l;(m |

Figure 2.9: Layout of the LASER and LED calibration system.

MACRO uses a VSL337 nitrogen laser, which produces UV light at a wavelength
of 337.1 nm. The laser fires very quickly within about 1 ns of the trigger, and
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is always fired at maximum output. An attenuator is used to control the total
amount of light in each scintillator tank, so that the scintillator system is calibrated
at different light levels. The laser light is transmitted to each scintillator tank via
quartz optical fibers, which go to the center of each tank. Each SM in the lower
part of MACRO has one laser, while two SM’s of the attico share one laser.

HLMP-3001 red LED’s manufactured by Hewlett-Packard reside on the mirrors
beside the PMT’s in each end chamber. They have a rated “speed of response” of
10 ns, with risetime for long pulses of about 60 ns. The LED’s are driven by two
central Hewlett-Packard 8115A programmable pulse generators, which are controlled
by the data acquisition system so that two pulses with selected pulse height and
relative time delay can be produced. CAMAC controlled fanout boxes are used in
order to select tanks in any combination for slow monopole simulation or waveform
digitizer calibration. More details about the LED calibration system can be found

in reference [56].

The calibration is performed for each uVAX (two SM’s) separately while the rest of
MACRO is still in operation for monitoring gravitational collapse candidates. Dur-
ing calibrations, the laser is triggered at 2.0 Hz and the LED is triggered at 4.0 Hz.
Both calibration systems work well; however, the laser sometimes triggers sponta-

neously during normal data-taking runs. The details are discussed in Chapter 5.

2.3.5 Scintillator Electronics

The scintillator system has three types of triggers—fast particle triggers, the slow
monopole trigger, and two gravitational collapse (GC) triggers. The three fast

triggers are:

e ERP (Energy Reconstruction Processor) for muon and FMT events,
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e CSPAM (Chuck (Lane), S. P. Ahlen Muon trigger), and

e FMT (Fast Monopole Trigger).

The two GC triggers are the ERP GC and the PHRASE (Pulse Height Recorder
And Synchronous Encoder). Table 2.1 lists all scintillator system triggers and their

classification.
Trigger Class | Time Window
ERP fast 6.5 ps
ERP GC GC <15 min
CSPAM fast 1 ps
FMT fast 10 ps
Caltech Monopole | slow 500 us
PHRASE GC —

Table 2.1: MACRO scintillator triggers.

Besides these trigger systems, MACRO also has a waveform digitizer (WFD) to
record PMT signal waveforms. The ERP, the FMT, and the CSPAM trigger systems,
along with the WFD, are all used for the fast moving monopole search and will be
discussed in Chapter 4. The Caltech slow monopole trigger and the gravitational
collapse trigger systems are not related to the topic of this thesis. Details can be

found in reference [57] and reference [58, page 31-34].

2.4 The Streamer Tube System

Tracking in MACRO is performed by streamer tubes and pick-up strips, which are

briefly discussed here. A thorough treatment can be found in reference [52].
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2.4.1 Streamer Tube and Strip Structure

Each streamer tube module consists of eight-chamber cells of size 3.2 cmx25 cmx12 m.
The chamber is made of PVC and is glued and heat sealed. Three sides of the cell
are coated with a low-resistivity graphite (< 1k€}/square), and act as the cathode.
A metal silvered Be-Cu wire resides in the center of each cell to act as the anode,
and is supported by plastic at one meter intervals. Figure 2.10 shows the streamer

tubes and strips.

Z-axis %

8-Tube PVC Chamber X-axis -

26.5°

1 Stereo Pick-up

Anode Wires . Strips

[---
v

25 cm
Figure 2.10: Streamer tube and pick-up strip configuration [52].

The gas used in the streamer tubes is a mixture of He (73%) and n-pentane (27%).
Helium is chosen with slow monopole detection in mind (in view of the Drell-Penning
effect [33]). The gas passes through all streamer chambers in parallel under the

control of a central gas system at the rate of one complete volume change every five

days.

_ The typical MACRO streamer tube high voltage is +4250 V, at which the gas works

in the plateau region, a fully efficient noiseless operation region more than 700 V
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Figure 2.11: Singles rate as a function of high voltage. The inset shows a wire pulse
for a test streamer tube [52].

wide. Figure 2.11 shows the streamer tube signal as a function of high voltage.
The maximum drift time in a tube is about 600 ns; the dead region along the wire

induced by the streamer discharge is a few mm wide, and the dead time is about

300 ps.

The pick-up strips are made of 40 ym thick aluminum, each 3 cm wide. As shown in
Figure 2.10, the strips are placed at an angle of 26.5° to the streamer tubes, and face
the uncoated side of the streamer tube cells. The charge induced by the streamer

tube is picked up by the strips and transmitted to the ends where readout occurs.

The streamer tube is a low noise device, and its signal rate is dominated by ionizing
particles from radioactive decay. In MACRO, this rate is quite low at 40 Hz/m? In

Chapter 5, we will discuss event reconstruction using the streamer tubes and strips.
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2.4.2 Streamer Tube Electronics

The streamer tube readout electronics cards are located at the end of each chamber.
They are digital devices, each of which processes signals for the eight cells in each
streamer tube module. The cards produce two digital pulses, one fast and one slow,
for each signal over a 40 mV threshold; the fast pulse is 10 us wide while the slow
pulse is 500 us wide. These digital pulses may be latched if a trigger occurs with the
appropriate time window. The two possible triggers are referred to as “fast chain”
and “slow chain,” respectively. The data then can be read out by the acquisition
system, which puts all the cards in series to create one long shift register: each shift
command causes the readout of one bit while at the same time each card outputs

one bit to the next card and accepts one bit from the previous card.

Strip readout is similar to streamer tube readout; the digital pulses, however, are
stretched to 14 ps for the fast chain and to 580 us for the slow chain, and, for the

fast chain only, four strips are fanned into one bit.

In addition to the digital hit readout, there is also an analog streamer tube readout
system, the Charge and Time Processor (QTP), which records the time and charge
of every streamer tube hit. The information it provides is coarser than the digital
information, however, because 32 wires are fanned into one channel. Details of the

QTP system can be found in reference [52].

There are two triggers based on the streamer tube system, the Bari trigger (which is
a muon trigger), and the streamer tube monopole trigger. The monopole trigger has
a coincident time window of 480 us, while for the Bari trigger it is 1 ps. Obviously,
the Bari trigger is related to the fast chain and the streamer tube monopole trigger

is related to the slow chain,

A Bari trigger is produced if one of the following combinations of hits is satisfied:
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e Six out of ten horizontal planes,
e Five out of eight contiguous horizontal planes,
e Five out of six vertical planes on the same side,

e Three out of six vertical East planes and three out of six vertical West planes,

or

e Three out of ten horizontal planes and three out of six vertical planes on the

same side.

The exact streamer tube monopole trigger conditions are more complicated. Simply
speaking, the monopole trigger requires seven or more planes to be hit with relative
timing consistent with the passage of a slow particle. Two main devices have been
developed to recognize this condition. First, each plane has a serial-in parallel-out
shift register, with a total memory of 480 bits, each bit representing 1 us. Second, a
circuit which looks for 160 different majority coincidence patterns is used in order to
check each “f slice.” The streamer tube monopole trigger has significant geometrical
acceptance for the detection of monopoles faster than about 3 = 107*. Details are

given in reference [59].

2.5 The Track-etch Detector

As mentioned earlier, one horizontal layer and the entire east face of the MACRO
detector are covered by track-etch modules, as well as the north face of the lower
part of the detector. Each module has dimensions 25 cmx25 c¢cm and consists of
three layers of CR-39, three layers of Lexan, and an aluminum absorber which can
absorb low energy ions produced coherently or by spallation. All are inserted on

rails to allow for convenient removal.
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In current theories of monopole energy deposition, the CR-39 threshold velocity
for a bare monopole is about 10™%¢c. The threshold for Lexan is ~ 0.3c; hence, it
is sensitive only to events with unusually large signals observed in the electronics

detectors.

The track-etch will be mainly used for confirmation of a monopole candidate, if an
appropriate signal in the scintillator counters and/or the limited streamer tubes is
found. For these candidate events, certain modules will be selected around the ex-
pected position according to the streamer tube and scintillator counter information.
A special chemical etching process will then be performed, allowing the material
damaged by magnetic monopoles or heavily ionizing nuclear fragments to be re-
moved. A scan for holes will be performed with low magnification optical methods
to examine the candidate events. The track-etch detector is not used in this analysis,

however; details can be found in reference [52].

2.6 The Data Acquisition System

The MACRO online data acquisition system uses two central VAX 4000 computers
along with three pVAXes connected via Ethernet. Each pVAX controls two SM’s
and can be operated independently. Data are collected through a CAMAC interface
on the Q-bus of each uVAX. The central VAX 4000’s handle the data stream and
write it to the hard disks; they run VAX/VMS while the three pVAXes run VAX-
ELN. Figure 2.12 shows the general configuration of the data acquisition system,
which is connected to the external laboratory via optical fibers and from there is

connected to the rest of the world via INTERNET and DECNET.

It bears mentioning that the PHRASE system uses a completely separate acqui-
sition system, which during the “six-month-run” employed two uVAXes, each of

which handled three SM’s. This separated system allows PHRASE to take data
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Figure 2.12: General layout of the MACRO global data acquisition system.
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continuously for the gravitational collapse trigger even if the main data acquisition

is shut down. It currently uses three yVAXes, and each of which handles two SM’s

including the attico.

2.7 Other Physics Capabilities

Although searching for magnetic monopoles is the main goal of the MACRO ex-

periment, it can also achieve many other physics objectives. MACRQ’s geometrical

acceptance is larger than that of any other underground experiment in the world,

making it useful for general cosmic ray physics experiments such as the measure-

ment of the spectrum, composition [60] [62], and decoherence function [61] of the

ultra-high energy cosmic rays, etc. With the ability to record more than 5 million

muon events annually, MACRO is also able to search for muon sources [63], and has
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performed a muon all-sky survey [63]. Using upward going muon events, MACRO
performs WIMP searches [64] and neutrino oscillation [65] measurements, and with
a total of 610 tons of liquid scintillator, MACRO is well able to monitor gravi-
tational collapse. (In fact, there are two separate systems for this purpose, ERP
and PHRASE, as mentioned earlier.) Nuclearite [66] and heavily ionizing particle
searches can also be made in MACRO, and, lastly, a fractionally charged particle

trigger system is now under construction.
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Chapter 3

Monopole Ionization and

Scintillator Light Yield

To know what the signals of fast monopoles look like is one of the most important
issues for their detection. This search mainly depends upon the liquid scintillator

system; therefore, the light yield of monopoles in liquid scintillators is our concern.

Energy losses of magnetic monopoles are very much dependent on their velocity,
and there are several scenarios regarding monopoles in different velocity regions. In
general, energy losses are extremely large for fast moving monopoles (with velocities
greater than 0.1¢) while they are small for slow moving monopoles (with velocities
less than 3 x 1073¢), and the energy loss of monopoles with velocities between 10™2¢
and 1.0c is much larger than muon minimum ionization energy. This can be seen in

Figure 3.1 in the following section.

Energy losses are understood for the response of the scintillation light yield. In gen-
eral, the light yield is proportional to the energy deposition at low energy loss rate;
for particles with extremely high ionization energy losses such as fast monopoles,

however, the light yield is not proportional to the energy because of the scintillation
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saturation. The light yield of magnetic monopoles has been calculated for MACRO
liquid scintillator, and for fast monopoles is about two orders of magnitude larger

than that produced by muon.

In this chapter, we will discuss magnetic monopole energy losses in various media

and their light yield in MACRO scintillator.

3.1 Monopole Energy Loss

The energy loss mechanisms for fast moving monopoles are quite different from
those of slow moving monopoles. Generally, for monopole velocities greater than
ac, where a is the fine structure constant, a formula similar to Bethe-Bloch [72]
is used; for monopole velocities between ac and 10~ 3¢, a formula derived by Ahlen
and Kinoshita using the Fermi gas model is used; and for monopole velocities less
than 10™¢, a method suggested by Drell et al. is used. There has been no direct
confirmation of these formulae from experiments; however, based on knowledge of
the electromagnetic interaction, they are widely accepted. We will briefly discuss

each of them below.

3.1.1 Relativistic Monopole Energy Loss

Several authors have discussed the energy loss of fast moving magnetic monopoles [67,
68, 69, 70, 71]. These discussions are based on the symmetry of the electromagnetic
interaction. As is well known, the energy loss of electrically charged particles at
relativistic speeds can be described successfully with the Bethe-Bloch formula:

dE A NZ?2%* . 2mc?(32y? )

EX—I mc2ﬂ2 [ln ]e - ﬂz - _22]? (31)

e =
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where N = Avogadro’s number,
ze = electric charge of the incident particle,
Z = atomic number of the material,
m = electron mass,
Be = velocity of incident particle,
v=1/vVI-72
I. = mean ionization constant of the material, and

6. = density effect [73] correction.

This formula is derived by considering collisions between an incident particle and
the electrons around the atoms of the medium. (The energy transfer due to the
interaction of the incident particle with the nuclei of the media is very small com-
pared with that due to the interaction of the incident particle with electrons.) The
collisions are divided into two classes: close collisions and distant collisions. Two

assumptions are used in this formula:

e For close collisions, two-body kinematics and the Columb scattering cross

section are used, and the electrons in the material are considered to be free;

o Yor distant collisions, the impact parameter is large enough to consider each

electron and the rest of the atom as a dipole.

This formula is appropriate for particles with velocity greater than ac, or roughly
the electron orbital velocity. It should remain valid for magnetic monopoles, with
the effective charge of the monopole depending upon its velocity (¢3). A formula

simnilar to Bethe-Block for relativistic magnetic monopoles is given by S. Ahlen [71].

dE 4:71']\7Z2g2621 2mcipiy?t 1
= n _— +

kil [ K(lgh) _ ém
ax'"™ mc? I, 2 2

2, (32)
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where |g| = magnetic monopole charge,
I,, = mean effective ionization constant of the material for monopoles,
6m = density effect [73] for monopoles, and

1

K(lg]) = 0.406 for a monopole with ge =

Reference [71] has also shown that the differences between I, and I, and between
8, and §,, are of the order of 1% or less and can be ignored, although the definitions

of I, and 6, remain fundamentally different from those of I, and 6,),.

Like the Bethe-Bloch formula, Equation 3.2 is only strictly valid for 8 >> ac. For
velocities less than this, the formula breaks down because the two assumptions are
no longer valid. In close collisions, for instance, the orbital velocity of the electron
is comparable to or even greater than the velocity of the incident particle; hence,
we cannot treat the electrons ds being free. To get a valid energy loss formula in

the low velocity limit, we must use a different approach.

3.1.2 Slow Moving Monopole Energy Loss

The energy loss of slow electrically charged particles has been calculated by several
authors. They apply the Fermi gas model, which has been used especially success-
fully [75, 76] for conductors, semi-conductors, and heavy atoms (Z > 10) because
the electrons in the conductor, the electrons in the conduction band of a semi-
conductor, and the outermost electrons in heavy atoms are not strongly confined by
the nuclei, and thus can be treated as a Fermi gas of free electrons. Lindhard [76]
has derived such a formula:

dE, 4 m2Z2%ety
dX'"  3x B3

[m(g—)m + % +(In7—1)/2), (3.3)
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where v = incident velocity,

vp = h(37%N)'/? the Fermi velocity (N is the conducting electron

density),

a = fine structure constant, and

Z = atomic number of the material.
The characteristic velocity of Fermi gas electrons is vz, which is roughly equal to ac.
The Fermi gas approximation is valid for an incident particle with velocity much
less than vy so that the implicit perturbation assumption used in the calculation is
correct. The kinematic limit to energy transfer (for vrp << ¢) is 2mv(v 4 vp). This
energy must be greater than the minimum energy gap (E,) required to ionize an
electron, which is typically a few eV. Setting £, = 2 eV, we find that the incident

particle velocity must be greater than about 3 x 10~%e.

Using this method, Ahlen and Kinoshita [74] obtained the following formula for

magnetic monopole energy losses:

dE 27 NgZelv 1 1
—|m = 1 - =], 3.4
dX' mcvp [In Lmin 2] (34)

where |g| = the magnetic monopole charge,
Zmin = h/(2mvpA) is determined by eddy current losses, where for
conductors A is the mean free path = 50a7,,/T, and
a,T,,,T = the lattice constant, the melting temperature, and the tem-
perature of the material.
In the use of the above formula for non-conducting media such as scintillators, we
can set NV equal to the total valence electron density and set A equal to the atomic
radius. A calculation of the energy loss for magnetic monopoles in silicon, made
by Ahlen, is shown in Figure 3.1 together with the calculation for slow protons
by others. The plot shows that the Fermi gas model is in good agreement with

experimental data for protons.
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Figure 3.1: Energy losses in silicon for protons and for magnetic monopoles with
g = £137e/2. Experimental data (open circles) showing measurements of energy
losses for protons with both high and low velocities are included. The calculated
energy losses for monopoles using different methods discussed in the text are shown.
The hatched region indicates the uncertainties in the calculation. This figure is

reprinted from reference [74)].

For monopoles with velocities less than 10~3¢, the above formula is invalid. If we try
to extrapolate the formula to this very low velocity region, we get very small energy
losses; S. Drell et al. [33], however, used a very different method to calculate the
energy loss of monopoles with velocities less than 1073¢ in matter which provides a

different answer.

The idea for Drell’s calculation is the following: when a magnetic monopole passes
through matter, the magnetic field is very large near its path because the monopole

charge is large. This strong magnetic field will cause the energy levels of the atom’s
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electrons to split (Zeeman spin splitting). For instance, the energy shift of an
electron at a distance r from the monopole is eg/2mr* ~ 7 eV. If the splitting is
large enough, energy level crossing will occur and two different levels will be mixed,
and electrons might freely switch into other levels. As a result, an atom could
be excited after the monopole has passed. The energy loss calculated using this
method is much higher than the extrapolation of Ahlen and Kinoshita’s formula.
Besides this greater energy loss, Drell’s mechanics also implies that scintillation
light could be produced by very slow moving monopoles even though the maximum
kinematic energy transfer through collisions is less than the energy gap between the
ground state and an excited state of an atom. This important phenomenon could
allow the detection of very slow moving magnetic monopoles in ionization dependent

experiments.

From the above discussion we understand that the energy losses of magnetic monopoles
are strongly dependent upon their velocity. For fast moving monopoles, the energy
loss is enormous, roughly a factor of (137/2)* ~ 5,000 times the minimum ioniza-
tion energy loss. For very slow moving monopoles, the energy losses are smaller and
much less than the minimum ionization energy loss, but still detectable. In MACRO,
because we use liquid scintillator to detect the light produced by monopoles, we will
carefully discuss the light yield of monopoles in scintillator materials in the following

section.

3.2 Monopole Light Yield

The energy losses in scintillator and the scintillator light yield are quite different
issues, but they are strongly related. Only part of the energy loss is converted to
excitation or ionization of the scintillator molecules to produce scintillation light,

while most is converted into heat. As is well known, the scintillation response is
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linear in energy loss for low loss rate dE/dX. Fast muons, with minimum ionization
energy rates of about 2 MeV /g cm?, fall within this linear regime. When the energy
loss rate is high, on the other hand, the total amount of light is not linear in energy

loss, this nonlinearity being due to the scintillation saturation.

A widely used semi-empirical formula describing the light yield as a function of

energy loss was first proposed by J. B. Birks [78]:

dL _ S(dE/dX)

dX = 1+ B(dE/dX)’ (3:5)
where dL/dX = the light yield rate,
dE[dX = the energy loss rate,
S = the scintillation efficiency, and
B = the scintillator saturation constant, typically about

1072 gcm~%/MeV in commonly used scintillators.
This formula describes the scintillation behavior quite well. When the energy loss
rate is small, the term BdFE/dX can be ignored in the denominator and the light
yield rate is a linear function of the energy loss rate. However, for very high rates
of energy loss such as for fast moving monopoles, the light yield will completely
saturate and be proportional only to the pathlength of the incident particles in the

scintillator.

3.2.1 The Scintillator Saturation Constant

The saturation constant of MACRO scintillator has been measured [79] by com-
paring the light yields of electrons and low energy « particles. The electrons were
produced by recoil 4 rays from Co® and Cs'¥, yielding 1.17 MeV and 1.33 MeV
7v’s, while the o particles result from the Radon (Rn??°) decay chains, which yield
a particles of 8.785 and 6.06 MeV. The electrons have a small energy loss rate,
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so that light yield is just proportional to their energy loss; the energy loss rates

2, which is quite

of the low energy « particles, however, are about 1.1 GeV/g cm™
high. By comparing light yields from the « particles and electrons, we obtain the
saturation constant. In addition to measuring the MACRO standard scintillator
(at a 3.6% scintillator concentration in the mineral oil), we have also measured the
saturation constants for concentrations from 1% to 10% at 1% intervals. Figure 3.2

shows the results. The saturation constant for the MACRO standard scintillator
was determined to be (11.6 & 0.6) mg cm™2/MeV.
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Figure 3.2: Measurements of the saturation constants for scintillators at different
concentration levels. There are only two points for each sample, one obtained from

the 8.785 MeV «a’s, and the other from the 6.06 MeV a’s.

The scintillation efficiency of the MACRO scintillator is about 40%* relative to
anthracene, which requires 68 eV of energy loss per scintillation photon emitted.

Therefore, the absolute scintillation efficiency of the MACRO scintillator is about

*From Dr. S. Ahlen, a MACRO collaborators at Boston University, who measured the scintil-
lation efficiency for the MACRO scintillator.
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170 eV of energy loss per photon. In the following discussions, however, we will
use the light yield relative to that produced by muons at the minimum jonization

energy loss rate.

3.2.2 Fast Moving Monopole Light Yield

Looking at the energy loss rate for fast monopoles, we find that according to Birks’
formula the scintillator will function completely in the saturation region where the
light yield is proportional only to the pathlength of the monopole. This light yield
level is about 135 times that produced by muons at the minimum ionization energy

loss rate.

Simply speaking, the complete saturation region is the column along the incident
monopole path within which all the scintillator molecules are excited or ionized.
The radius of this column is called the impact parameter, and is about ~ 768vae
where ag is the Bohr radius. For monopoles with velocities greater than 0.1¢, there
are also some energetic electrons, é rays, which have enough energy to escape from
the saturation column, after which they can produce additional scintillation light
not included in Birks’ formula. At extremely high speed, this additional light yield
becomes dominant, and for this range the total scintillation light yield is roughly
proportional to the total § ray energy. However, we also must take into account the
fact that some very high energy é rays will escape from the scintillator volume and
thus part of their energy will not be recorded. Figure 3.3 shows the light yield in
scintillator due to these additional é rays consideration. In Appedix A, we discuss

more detail on the 6 rays contribution to the scintillation light.
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Figure 3.3: Estimate of the light yield for monopoles in MACRO scintillator. The
Drell’s energy loss calculation for very slow monopoles has not been included because
no calculation has been done.

3.2.3 Slow Monopole Light Yield

For slow moving monopoles, we again can use Birks’ formula to calculate the scin-
tillation light yield, with the energy loss rate from Ahlen and Kinoshita’s formula.
For scintillator materials, however, Ahlen and Tarlé [77] have pointed out that there
will be a cut-off energy in the light yield due to the energy gap of the scintillator
molecules. As mentioned above, if the maximum energy transfer from the two-body
collision is less than the energy gap, the electron can not be excited to higher energy
states. Hence, there will be no scintillation light even though the incident particle
still loses thermal energy. For MACRO scintillator, this energy gap is about 4.7 eV,
and using two-body kinematics, we calculate that the scintillation light yield has a

cut-off at velocities less than about ~ 6 x 107%¢.
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Figure 3.3 shows the light yield in MACRO scintillator for monopole velocities from
107%c to 1.0c. Generally, the scintillation light yield is much higher than the max-
imum light from Birks’ formula when the § rays turn on. For slow velocities, the
light yield drops significantly near the threshold of the scintillator energy gap and
completely cuts off below this point. However, at the velocities lower than 10™3¢, the
light yield from Drell’s calculation becomes important. There is no precise calcu-
lation using Drell’s mechanics for the exact light yield for the MACRQO scintillator
in this velocity range, but nevertheless the light yield of very slow monopoles in
helium has been calculated and is proportional to the velocity. Most importantly, it
does not have the exponential cutoff as in Tarlé and Ahlen’s calculation. Interested

readers can find details in reference [58].
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Chapter 4

The Fast Moving Monopole
Trigger System

The fast moving monopole trigger is sensitive to monopoles with velocities greater
than 107%¢. (The slow monopole trigger is sensitive to monopoles with velocities
less than 1072¢.) Two systems have been designed for the fast monopole detection:
the ERP and the CSPAM/FMT. Because of the large expected signals, both have
nominal trigger efficiencies near 100%; due to cable connection problems, however,

the effective efficiency of the CSPAM/FMT is lower by several percent.

The ERP system, which was originally designed for muon and gravitational collapse
detection, has been modified to trigger on fast monopole candidates. This ERP
trigger is based on single scintillator counters. Generally, if signals from both ends
of a scintillator tank pass threshold within 270 ns of one another, a trigger will be

generated, and ADC and TDC information from the signals will be recorded.

The FMT is also a scintillator based trigger dedicated to fast moving particles. It
is a double-face trigger, requiring signals from two different faces within 10 s of

one another. A single-face signal is produced when the PMT signals from both



MACRO—RZL 55

ends of a scintillator tank pass the threshold (about —120 mV) within a 100 ns
coincident window. The CSPAM is configured similarly to the FMT trigger but
has a shorter coincidence window (1 us), and the FMT is vetoed by the CSPAM to
eliminate muon events. Both the CSPAM and the FMT triggers force readout of

the waveform digitizer.

In the following sections, we will discuss in detail the ERP and FMT/CSPAM

triggers, as well as the configuration of the waveform digitizer.

4.1 The ERP Trigger

The ERP (Energy Reconstruction Processor) is an integrated ADC/TDC readout
system for the MACRO scintillator counters. It provides both the fast particle and
the gravitational collapse triggers. It is composed of three separate electronics mod-
ules: sample-and-hold (S/H) cards, trigger processors, and the readout supervisor.
In each SM, the S/H modules occupy one VME crate and the trigger modules and
the supervisor occupy one CAMAC crate.

The S/H module is the front end of the ERP system. PMT signals from the fanout
enter the S/H module via 50 Q coaxial ribbon cables. (The fanout module linearly
copies PMT signals for each different system.) The S/H module is packaged as a 9U
VME module and contains the circuits for four scintillator tanks with two channels

per tank. Figure 4.1 shows the general layout.

The primary function of the S/H is to hold the PMT signal amplitude and timing
information for both readout and trigger processing purposes. Signals from each
end of the scintillator tank are split into four identical copies, two of which are used
to provide TDC information and two of which provide the ADC inputs. The TDC

signals are discriminated at two different thresholds, starting a constant current
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Figure 4.1: General layout of the ERP sample-and-hold (S/H) module.

source which charges a capacitor until stopped by the first minimum bias trigger
signal (explained shortly) after a delay of 400 ns. The charge in the capacitor is
digitized to produce the TDC value if a trigger occurs. The signal from the higher
threshold discriminator produces a “T'DC high” value while the other produces
a “TDC low” value (T0/T1 and T’0/T’1, respectively, in Figure 4.1). The use
of two TDC measurements with independent timing thresholds not only provides
redundancy but also helps to eliminate the effects of PMT pre-pulsing, which will
be discussed in Chapter 5. One of the remaining two signal copies used for the ERP
ADC information is discriminated. If over threshold, a one-shot generates a gate for

the integration of the signal and also for the minimum bias trigger as well. The last
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signal copy is sent through an analog delay line, then split into one direct output
and one output attenuated by a factor of ten (A0/Al and A’0/A’l in Figure 4.1).
Both the direct and attenuated outputs are integrated (using separate integrators)
with the aforementioned integration gate. The delay time used for ADC integration

is 140 ns to guarantee that the signals completely fall within the integration gate.

The integration gate is 270 ns, which is somewhat short for the 180 ns width of
the PMT pulse which would be produced by a magnetic monopole with velocity at
10~2¢ because the signal gets delayed by 140 ns, but the waveform digitizer can be
used for very wide pulses to compensate for the short ERP ADC integration gate.
This gate is also used to produce a minimum bias trigger if there is a coincidence

within the gate from the other end of the same tank.

Discriminator thresholds are set via CAMAC bus, and ADC thresholds are gen-
erally about —120 mV (a typical muon pulse is about —1.5 V). The S/H module
holds all the integrated TDC and ADC information while awaiting for a decision
from the trigger processor. In the absence of a minimum bias trigger within the
270 ns coincident gate time, the S/H module will clear itself immediately without

the participation of the trigger and the readout modules.

Figure 4.2 shows the trigger processor and readout supervisor layouts. The trigger
processor module is a CAMAC module connected to the S/H module through a 30-
conductor ribbon cable. When a minimum bias trigger occurs, the module begins
processing the integrated PMT pulses stored in the S/H modules, performing rapid
6-bit digitizations. The digitized values are used as addresses for an 8K x8K RAM
look-up table (LUT), which is preloaded with the information required to make both
muon and GC trigger decisions. The LUT is produced from both muon events and
laser calibration data to set a muon trigger threshold of about 7 MeV. If the LUT
indicates that the event does not qualify, a clear signal will be issued to clear the

S/H module; if it does qualify, the readout supervisor module is notified and inhibit
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signals are issued to all the S/H modules. The trigger processor requires about
6.2 us to produce a trigger, long enough for a particle as slow as 1072¢ to cross one

SM from corner to corner diagonally.
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Figure 4.2: General layout of the ERP trigger processor (left) and the ERP readout
supervisor (right).

The readout supervisor module is also a CAMAC module, which begins operation
when a trigger is received from any trigger processor. The readout module notes
which trigger processors have triggered and begins digitization of these channels’
signals with a 12-bit 1 MHz ADC via a single daisy-chained RG-172 cable. There
are two buffers in the readout module, the muon and the GC buffers, which are read

out separately according to which type of trigger was generated.

The ERP is a single box trigger, and each SM is independent from the others, so
inter-supermodule events trigger each SM separately. For these events, an inter-
ERP timing device is used to record the relative timing among the different SM’s.

The ERP has a high trigger efficiency for muon and highly ionizing particles, and
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for fast moving magnetic monopole, the efficiency should be close to 100%.

4.2 The FMT/CSPAM Trigger

The FMT (Fast Monopole Trigger) is dedicated to the detection of fast magnetic
monopoles. It is a two-face trigger and combines adjacent SM’s in order to achieve

a large acceptance for monopoles, whose flux is expected to be isotropic.

Signals from the PMT fan-out module are connected to the FMT/CSPAM fan-in
module through 93 €} coaxial ribbon cables with an 8:1 fan-in ratio. The FMT/CSPAM
generates three identical analog outputs which are used to produce the triggers and
for the waveform digitizer. They are transmitted to a discrimination/latch module
through 50 Q coaxial cables which are quite long because they must transfer signals
to adjacent SM’s. If a signal is greater than the discrimination threshold, a 100 ns
wide NIM logic pulse is generated using Philips CAMAC 7601 modules and out-
put to a coincidence module. The threshold is set via the CAMAC bus at about
—200 mV for horizontal scintillator tanks and about —100 mV for vertical tanks,
which is sufficiently high to eliminate background signals from radioactivity and low

enough to have good trigger efficiency for muon pulses.

The coincidence module generates an output if the signals from both ends of a tank
coincide within 100 ns, which is sufficient for a light pulse to travel the length of
the tank (56 ns). Each coincidence module has inputs for two SM’s, and two faces
on the same side of adjacent SM’s are combined together into one output. Hence,
there are a total of four outputs for the lower part of the detector, corresponding to
the center, bottom, west and east faces. The output from each face starts two gate

generators which produce 1 us wide and 10 us wide logic pulses for trigger decisions.

The four 1 us gates are sent to a coincidence module for the CSPAM muon trigger.
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The four 10 us gates are sent to another coincidence module for the FMT. The
trigger condition is the same: the coincidence of any two out of four faces. The

FMT, however, is vetoed by the CSPAM in order to remove muon events.

GENERAL LOGIC of CSPAM and FMT TRIGGERS
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4:1 Latch Coinci
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side 1 S fan-in disc 10 us
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Figure 4.3: General layout of the FMT and the CSPAM trigger systems.

If a trigger occurs, it notifies the discriminator/latch modules to hold all information
for readout and latches information about which group of tanks fired. Figure 4.3

shows the layout of the FMT and CSPAM triggers.

Because the FMT/CSPAM trigger requires a two-face coincidence and has a higher
threshold than the ERP system, its trigger efficiency is lower; for two-face muon
events, however, the CSPAM trigger efficiency should be close to that of the ERP.
Neither the FMT nor the CSPAM trigger has any standalone readout. Both use the

waveform digitizer to record events.
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4.3 The Waveform Digitizer

Two LeCroy 2261 CAMAC waveform digitizer modules were used by each SM,
giving two channels per face. Each module had four inputs, each of which had
a buffer containing 320 words with a dynamic range of about 2 V. Signals from a
single central 80 MHz TTL clock were distributed to every WFD module to obtain a
uniform sampling rate. The WFD could be operated in either uni-phase or bi-phase
mode. In bi-phase mode, two channels are combined into one, the sampling speed
is truly 80 MHz, and the total data buffer is 640 instead of 320 words. In MACRO,
however, the WFD modules were operated in uni-phase mode, under which the real
sampling clock of each channel of the WFD has only half the rate of the input
sampling clock, a 40 MHz real sampling speed, producing an 8 us long WFD buffer
for PMT signals.

WFD input comes from the CSPAM/FMT fan-in module (8:1) through an RG-172
50 Q coaxial cable. Since each horizontal face has 16 scintillator tanks, a lemo T-
connector combines two 8:1 inputs together into one WFD channel, which causes
the signals from the horizontal faces input to the WFD to be attenuated by a factor
of 3/2. For the vertical faces, there are only seven tanks in the lower part of the

detector, so no attenuation is necessary.

Several different triggers prompt WFD encoding, but trigger processing times are
different for each. For example, the CSPAM trigger processing time is less than a
hundred ns for muons, but for the ERP it is about 6.2 us. To properly stop the
WFD without losing information, the Caltech slow monopole latch module is used.
It stops each face separately, while other triggers stop each face simultaneously, but
the Caltech slow monopole trigger has priority, meaning that the other triggers will

be prohibited from stopping the WFD when a slow monopole trigger occurs.

A new WFD system has been designed and will soon be installed in the MACRO
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detector. This new system has 200 MHz sampling speed; combines only four PMT
signals per WFD channel; operates with zero suppression, suppressing pulse infor-
mation at —2 mV or above; and has a very long memory buffer which holds up to
32 ms. With this long memory, any PMT signal tail such as reflections from the
other end of the scintillator tank, PMT after-pulses, and other late pulses such as
hydrogen and helium after pulses will be recorded. The new WFD amplifier has
three different slopes which give it a dynamic range of up to —10 V, with one count

per mV in the range from zero to —100 mV.

4.4 Summary

As discussed above, the ERP could trigger on magnetic monopoles with velocities
as low as 1072¢, but its TDC cannot cover the whole range expected for these fast
monopole candidates. The FMT/CSPAM trigger system can provide additional
timing for these events using the WEFD. The WFD has a time buffer up to 8 us and
runs in common stop mode with 25 ns resolution, adequate for candidates with times
of flight in the few us region. However, the WFD dynamic range of only 2.0 V is
too small to provide all the desired information about the monopole candidate pulse
heights, but the combination of the ERP energy measurement, the FMT/CSPAM
trigger system, and the WFD provides complete energy and time measurements for

fast magnetic monopoles candidates in MACRO.
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Chapter 5

Event Reconstruction

MACRO event reconstruction includes the energy deposition in the scintillator from
the ERP ADC, the time of flight from both the ERP TDC and the WFD, and event

tracks from streamer tube and strip information. We will discuss each in detail.

5.1 Overview of Event Reconstruction

MACRO performs regular weekly ERP calibrations. Both laser and LED systems
are used to determine ERP ADC and TDC response in terms of phototube pulse

charge and timing.

Fast monopoles’ theorized large energy deposition makes the hardware trigger rela-
tively easy, but, because the phototube gain has been set high to obtain clear single
photoelectron pulses for slow moving monopoles, the PMT’s respond nonlinearly
to scintillation light at incident particle energy losses greater than about 120 MeV
per counter. (This energy is approximately three and a half times muon minimum

ionization energy with a full vertical pathlength (19 c¢cm) in a horizontal counter.)
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Accurate energy measuremehts, then, are a challenge for fast monopole analysis
with deposited energies greater than 1 GeV. From the laser calibration, however,

the ERP attenuated ADC’s can be calibrated up to 8 GeV.

The theoretical scintillation light yield of fast moving monopoles depends strongly
upon velocity. Good timing resolution, therefore, will help to identify candidates.
The ERP TDC has 0.5 ns resolution for muons, but only a 400 ns range (as men-
tioned in the last chapter), which is not long enough for all FMT candidates. The
WEFD system, however, can provide timing information for times of flight as long
as 8 ps. Its fixed 25 ns resolution translates to better than 2.5% for times of flight

longer than 1 us.

Particle tracks are reconstructed using the streamer tubes and associated pickup
strips. The tracking packages are very efficient for single or multiple muon events,
but less so for electronic showers. For most muon and multiple muon events, they
determine the total pathlength as well as the pathlength in each scintillator tank

for single muons.

5.2 Energy Reconstruction

Energy reconstruction at muon energy levels has been well described in reference [64]
using the ERP unattenuated ADC, but this approach is only completely valid for
energies less than four times muon minimum ionization. When the energy deposited
in the scintillator is greater, the PMT’s respond nonlinearly, and the ERP unatten-
uated ADC’s are saturated; consequently, the ERP attenuated ADC must be used
to obtain the correct energy. Laser calibration data are used to correct for the PMT
nonlinearity. Event energies (after the primary event selection) used in this thesis,
then, are reconstructed from the ERP attenuated ADC’s. The energy reconstruction

requires:
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1. A fit of the ERP attenuated ADC to correct for PMT nonlinearity,

2. The tank response function to correct for the scintillator attenuation (position)

factor, and

3. A comparison of the corrected attenuated ADC value with the mean attenu-

ated ADC value for muons.

The reconstructed energy is defined to be the square root of the product of the two

energies observed at each end (the geometric mean).

5.2.1 The PMT Nonlinearity Correction

In Appendix B, we discuss in detail the MACRO laser attenuator and the ERP
responses for both unattenuated and attenuated ADC’s. The ERP unattenuated
ADC’s respond linearly to low level scintillation light before saturating at 4095
counts, the maximum of the 12-bit ADC. The ERP attenuated ADC’s, however,
as the data in Figure 5.1 show, do not saturate; instead, they show a nonlinear
response to high level laser light. This nonlinear response is due to the PMT’s (the
attenuated ADC itself is linear with the input signal). The PMT nonlinear response

can be corrected for using the attenuated ADC laser calibration data.

One example of the PMT linear and nonlinear responses is shown in Figure 5.1.

For each tank end, we first fit the linear and the nonlinear terms with the following

functions:

Ay = gL + Py, (51)
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Figure 5.1: The ERP attenuated ADC value as a function of relative laser light
output, with both the linear and quadratic fits.

where A, = the ERP attenuated ADC value,
L = the relative laser light, and
g, Pq = fitting slope and ADC pedestal; and

L= bD + bl(Aa - Ped) + b2(Aa - ed)2 + b3(Aa - Ped)3 + b4(Aa - Ped)4a (52>

where by, by, b2, b3, b4 = fitting constants.

The nonlinear formula is an empirical polynomial, with which we convert the ERP
attenuated ADC into a relative light value, so that the linear gain can be used to

obtain the corrected attenuated ADC value.

(ADC), = gL, (5.3)
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where (ADC), = the corrected ERP attenuated ADC value.

5.2.2 Event Position

The position within a scintillator tank is determined from the difference between
the times that the light signal arrives at each end. The ERP TDC is in common
stop mode; that is, each channel starts its own TDC provided the signal is over
threshold, and all are stopped by a common signal generated by the channel which

triggered first. The position formula is:

1 c
o= =Ty — Ty)—, 5.4
2o = 5(To = Th) o (5.4)
where Tpy, Ty = reconstructed times from the 0 and 1 ends,
¢ = 29.98 cm/ns, the speed of light,
n, = the effective index of refraction of the scintillator, and

z. = the position relative to the center of the tank.

The index of refraction of the MACRO scintillator is about 1.47, but this is effectively
about n, = 1.587 [64] due to reflections from the inner walls of the counter: while
the actual distance from one end of a tank to the other is about 11.2 meters, the
real mean distance that light travels is longer because some reflects back and forth
from the inner walls along the way, making the effective index of refraction larger.
Its value is obtained by comparing the position calculated from the TDC’s and the
position calculated from the streamer tube track, which are fit to get the speed of

light in the scintillator, and hence the effective index of refraction.
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5.2.3 The Position Response Function

In order to determine the energy of an event, we must know the PMT response
as a function of position inside the tank. This response function results from a
combination of the MACRO scintillator oil attenuation, reflection efficiency of the
mirrors, and PMT acceptance and response. Since the response functions from tank
to tank are almost identical {64], we use only two response functions: one for all

horizontal tanks and one for all vertical tanks.

The response function is:
R(z) = % + aze™/% + a,e7"/, (5.5)

where R(z) = the response function,
x = distance from the end of the tank, and

ay, az, a3, a4, as = fitting constants.

This semi-empirical formula includes the inverse square geometric term (1/z%) and
two exponentials, one of which may be understood as attenuation due to the bulk

scintillator and the other as attenuation due to reflections from the tank walls.

We cut the muon events along the scintillator counters into 14 cross-sectional strips
and use the most probable value from Landau fit to the ADC values for each strip in
the fit to Formula 5.5. Figure 5.2 shows these ADC values as a function of position

inside and the fitted curve.

The response function is a simple correction factor and so is dimensionless. It is
normalized to unity at the center of the tank. Figure 5.3 shows both the ERP raw
attenuated ADC and the corrected attenuated ADC vs position along the tank. The

ERP attenuated ADC’s are essentially position independent after the correction.
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Figure 5.2: The PMT signal response for single muon events at different positions
inside the tank.

5.2.4 Absolute Energy Normalization

The laser calibration can only determine relative energy deposition. Absolute en-
ergy normalization is obtained from the minimum ionization energy for single muon
events. Using a collection of single muons within 100 cm of the center of a tank,
we get the distribution of ERP attenuated ADC values for fixed pathlength. The
most probable value of the ERP attenuated ADC, obtained from the Landau fit, is
considered the attenuated ADC value corresponding to the expected muon energy.

Figure 5.4 shows this distribution for tank 4B01.

The energy from each tank end is calculated from the following formula:

5, - __{ADC),

= R@)(ADC)_ (56)



MACRO—RZL 70

700 LS A H A A SO L S L E A S i B
600 o '
500
400
300
200

100

ERP raw attenuated ADC

IIIIIlIII[TIIITﬂlllllllllﬂl]Wl
_LLL(ILLIIIIIIIIILI_LIIIJ_II!HlIIII

| S S VRN S SR S IS EEN U SO T NN ORI T R S N N T

0] 200 400 600 800 1000 1200
Position in tanks

700 —r e i L L K I R I
600 ' -
s00
400
300

200

100

Corrected attenuated ADC

III||1|IIFIIIIIIIIIWIIIIIHIH_I'I
J_I_IJ(LLll!IIIlIILLiIII]lI!IIJ_IIII

P N L I ' M| i i !
[¢] 200 400 600 800 1000 1200

Position in tanks

o
L
I
—

Figure 5.3: The ERP raw attenuated ADC vs position (upper plot), and after
correction with the position response function (lower plot). Positions are calculated
from streamer tube tracking.

where (ADC)_ = the corrected attenuated ADC value,
(ADC), = the mean ADC value per MeV in the center,
R(z) = the response function, and
E, = the energy from end n (n =0 or 1).
The energy for the counter is calculated by taking the geometric mean of the values

obtained at the two ends:

E =+/EoE,. (5.7)

Ideally, the energies on both ends should be same after all corrections; historically,
however, we use the above formula instead of doing a position correction. In case that

no position correction is made, the reconstructed energy on each end will be different
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Figure 5.4: Distribution of the ERP attenuated ADC for single muon events near
the center of the tank.

because the energy is approximately an exponential function of the position (£;
e~%/®), where z is the position in a tank and z, is the scintillator attenuation length.
In the case of no position correction, we use this square root of the multiplication
of two energies instead of the mean value of energies on both ends to eliminate this
position factor. We use this formula even though we have corrected for the position

factor in this analysis.

5.2.5 Energy Calibration Quality

The quality of the energy calibration depends very much on the stability of the
scintillator system as well as the ERP electronics. As shown in Figure 5.1, the PMT
saturates at high energy, where a small change in ADC value could produce a large
change in the reconstructed energy. Figure 5.5 shows boundaries of the uncertainty

in the ERP attenuated ADC correction.



MACRO—RZL 72

The laser calibrations performed for the data sample used in this thesis (“six-month-
run” data) was only up to 2 GeV which is below the ERP attenuated ADC limit.
We extrapolate the fit and use these fitting results for larger energy reconstruction

> we took laser calibrations for

in this analysis. In early 1994 after “six-month-run,’
the ERP system up to its hardware limit. The data showed that the reconstructed
energy limit from the ERP attenuated ADC was about 8 GeV in the worst case,

and was consistent with the “six-month-run” data.
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Figure 5.5: The uncertainty of the energy reconstruction (from laser calibrations).

Energy reconstruction errors are mainly due to the saturation correction error (errors
from the position correction are negligible). The light level of the calibration data
extend to the equivalent of a couple of GeV, for which the corresponding energy error
(at 2 GeV) is about 10%, and the fitting results can be extrapolated to several GeV
with about 20% error. The upper limit of the energy calibration is approximately
8 GeV in the worst case as mentioned above, limited by the ERP ADC integration
gate and the PMT pulse height saturation. (The actual maximum calibration energy

varies from tank to tank, and for some can reach 15 GeV. In this analysis, we will
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assume the worst case value.) The error from the energy normalization, less than

2% from the muon peak fitting, is an additional contribution.

We state that the above reconstructed energy is the energy deposited inside each
scintillator tank by an incident particle, but this statement is not precise. The
reconstructed energy is actually the equivalent energy for the light produced by the
incident particle. From the discussions in Chapter 3, we know that the scintillation
light yield is proportional to the energy loss rate at low energy while it is heavily
saturated at high levels [78]. In this case, the light yield equivalent energy is not
proportional to the energy loss rate of the incident particles; the saturation for fast

monopoles, however, has been included in the calculation of the light yield.

5.3 Timing Calibration

Timing calibrations are necessary to determine the time of flight (TOF') of particles
crossing the MACRO detector, and thus their velocities. For relativistic particles,
the TOF is less than 400 ns, and the ERP TDC is used. For non-relativistic particles,
the ERP TDC is saturated, and we rely on the WFD. We will discuss the ERP TDC
calibration here, and the longer WFD TOF timing calibration in Section 5.4.

There are three major steps required to calibrate the ERP TDC. First, the TDC
slope (counts per nanosecond) is calculated; second, the timing offset of each TDC
channel, including cable and electronic delay, is calculated; and third, since fixed
threshold discriminators are used, a correction for signal size is made (the “time
walk correction”). All three can be obtained from LED calibration data and muon

events.
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Figure 5.6: An example of TDC slope fitting.

5.3.1 TDC Slope

A CAMAC controlled pulse generator allows triggering of each tank end with dif-
ferent time delays. This yields TDC values as a linear function of delay, the slope
of which corresponds to the TDC value per nanosecond, and the intercept of which
yields the relative timing offset. Figure 5.6 shows an example. The fitting formula

is:
(TDC) = (slope) x T + P, (5.8)

where (slope) = fitting slope,
T = time in ns controlled by pulse generator, and

Py = TDC offset.

Note that the offset determined above is not used in the time of flight calculations
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because there is some jitter in LED light delivery time from tank to tank. A more

accurate determination of the offset is discussed in Section 5.3.3.

5.3.2 Time Walkr |
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Figure 5.7: Time walk caused by different sized pulses. The two pulses are taken
with LeCroy module 3011 digital scope with 400 MHz sampling clock.

Time walk is a systematic shift in the recording time caused by a variation in
TDC triggering times at different pulse heights. For a fixed TDC trigger threshold,
differently sized pulses pass the threshold at different times even though they begin
at the same time. Clearly, it takes longer time for a smaller pulse (i.e., far from the

PMT) to cross the TDC threshold, as seen in Figure 5.7.

Time walk is determined by recording a set of pulses of different heights but with

the same delay. The TDC time difference (time walk) can be parameterized using
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the following empirical function:

dv d,

T = T TADC) = (ped)’

V(ADC) — (ped) (59)

where T}, = the time walk,
(ADC) = the ERP unattenuated ADC value,
(ped) = the ERP unattenuated ADC pedestal, and
dy,d, = fitting constants.

In reference [64], page 44-47, there is suggested a reason for choosing this formula.
It has been shown that the time walk is a power series of 1/v/V, where V is the
pulse height. We use the ERP ADC value instead of the pulse height because the
pulse height is not directly measured in the ERP. Figure 5.8 shows the time walk

fit, which improves resolution by a factor of two to 0.5 ns.
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Figure 5.8: An example of the time walk fit.
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5.3.3 TDC Offset

The TDC offset is caused by cable delays, PMT response, and electronics delays.
It is difficult to know these offsets precisely, so the ERP TDC offset is calibrated
from muon events. Single wire and strip tracks are required to eliminate shower and

multiple muon events that can confuse the TDC start.

In all applications of the TDC, only the difference between the two ends of a counter
or the difference between two counters (TOF) is used. Therefore, only the relative
offset is important. Two types of relative offsets are calculated using real muon
events: the two-side offset between the two ends of one scintillator counter, and the

two-counter offset between two different scintillator counters.

ﬂ T TT I T 1T T T 177 T 1 1 T 17T T T T I T IE"’E}!@EY T I T T I I5385_
c 600 — RMS 84591
)
> t ’
o | ]
[T -
O 500 - %
} Y |
] L i
8 I ’
g i ]
z400 N ]
300 .
200 N
100 |- —
_I 1 I | , N | I | 11 ’ L1 | 1 JJ LLL[ L1 I £l -{

%0 80 60 40 20 0 20 4 60 80 100
ERP TDC position - track position (cm)

Figure 5.9: The difference between the ERP TDC and the track position.

For the two-side offset, we compare the position determined from the timewalk

corrected TDC to the position from the streamer tube track, then adjust the offset so
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that two positions are consistent. Figure 5.9 shows the distribution of the difference
between the offset corrected TDC and track positions. The events are from the
horizontal tanks of SM1. The o is less than 10 cm, which corresponds to less than

0.5 ns.

After calibrating the two-side offsets for each counter, we can calculate the TOF
from two different counters for single muons and adjust the offset so that 1/ = 1.
We use 1/f instead of B because 1/8 is proportional to time of light, and for a
fixed pathlength in the detector is expected to have a Gaussian distribution. The
two-counter offsets are also well calibrated, with errors of not more than 0.5 ns as

discussed in the following section.

5.3.4 Time of Flight

The time of an event hitting each tank is determined from the mean time at both

ends. Figure 5.10 demonstrates the geometry.

) // i
4
Start TDC Start TDC N |
Disc TDCO Common Stop TDC1 1 Disc |

Figure 5.10: The layout of the ERP TDC.

We use the following formulae to calculate the time:

Ttopl = Tpassage + X/’U + Tdelayl; and (510)
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Tiop2 = Tpassage + (L — X) /v + Tuetay2, (5.11)

where Tj4s509¢ = the time when an event hits the tank,
X = the event position inside the tank,
v = the speed of light in the scintillator, and
L = the scintillator tank length.

The time of an event hitting the tank is calculated through:

1
Tpassage = §(Ttop1 - Tdelayl + Ttop2 - TdelayZ + L/U) (512)

With the delay corrected TDC, T1 = Tiop1 — Tgetayn and To = Tiopz — Tdetay2, S0 We

have:
1
Tpassage = ‘2"(T1 + 15 + L/'U) (513)

The difference between the times for two tanks on different faces of the detector

gives the time-of-flight (TOF):

<T0F> = Tpassagel - Tpa,ssage2, or (514)
1

where Ti,T5 = the corrected time for both ends of the top tank, and
T3, T4 = the corrected time for both ends of the bottom tank.

The MACRO ERP TDC system, after calibration, gives a time resolution of 0.5 ns.
This is seen in the distribution of 1/ for single muon events in Figure 5.11. The
o of the above Gaussian distribution in 1/4 is 0.03, corresponding to the resolution

in timing of 0.5 ns.

Although the time resolution of the MACRO scintillator system is quite good
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Figure 5.11: The distribution of 1/8 for single muon events.

(0.5 ns), the distribution of 1/4 still has non-gaussian tails on both ends. Some
cases which can produce the incorrect timing information which cause these tails
are radioactivity decay nearly coincident with the passage of a muon, multiple muons
in a single event, and muons accompanied by showers. In fact, applying some strin-
gent cuts on these types of events can eliminate the non-gaussian tails. MACRO has
successfully performed these requirements [65] and obtains an upward going muon

peak near 1/ = —1. For monopole analysis, we only use absolute timing and the

B =lvl/e.
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5.4 WEFD Reconstruction

Since it extends beyond the range of the ERP (400 ns), the WFD is used for fast
moving monopole trigger timing as well as providing a tool to study the signal
waveforms. This is particularly important when we look for rare events with heavy
ionization because the WFD provides rejection of multiple muons which could be
confusing if only the ADC were recorded. The WFD can also distinguish shower

events from a large signal due to a single crossing particle.

Because each channel of the WFD has a buffer of only 8 us, the MACRO WFD
system is stopped in two different modes. The “common stop mode” is used for
the muon triggers and the FMT because the TOF of particles from these should
be within that time window. A separate stop mode is used for the slow monopole
trigger, for which the TOF can be as long as 500 us. In this mode, each face of the
WFD is stopped immediately after the trigger occurs in that face.

Waveform reconstruction involves reading out the waveforms from triggered chan-
nels, fitting them, and correcting the baseline. For fast particle triggers, one can

also get the TOF by comparing the event times from two different faces.

5.4.1 Waveform Baseline Correction

For some WFD channels the baseline is not stable, as shown in Figure 5.12 which
contains the WFD readout from two different channels, one with a stable baseline,
the other with baseline drift.* A least-squares-fit program is applied to fit the true
baseline, first fitting with all points, then a second time eliminating points which

lie three sigma or more away from the first result. Figure 5.13 shows the results of

*The WFD module is a charge coupling device (CCD), which has a nonzero baseline. The
charge for each sample of the baseline voltage is held by a cell in CCD before it is digitized, giving
an unstable baseline when the CCD is leaky.
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baseline correction.

The WFD has 1.0 mV/count gain, and a dynamic range of around 2.0 V, which
is insufficient to record very large pulses. In fact, the WFD can even be saturated
if a muon passes close to a tank end. Although for the subject of this particular
thesis a smaller PMT gain would be preferred to minimize this problem, in fact, in
MACRO the PMT gain is high to guarantee that for slow monopole detection the

single photoelectron pulses will stand significantly above the baseline noise.

5.4.2 WPFD Timing

The WFD has a common sampling clock which cycles at 80 MHz. The cable delay is
identical for every channel to ensure that measured times are comparable in common
stop mode. It can be seen from muon events that these cable delays are consistent
because the TOF of a typical muon from the center to the bottom face is only 15 ns,
and with the 80 MHz sampling clock, the muon pulses from these two different faces
appear in simultaneous or consecutive samples. Figure 5.14 shows the waveform of

a typical muon for which the pulse height (this case in a horizontal tank) is about

1.5 V.

For TOF’s less than 400 ns, precise timing can be obtained from the ERP TDC. For
particl