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Part 1

Introduction

The subject of particle detectors covers those devices by which the existence
and attributes of particles in a detecting medium is made manifest to us. The
full and complete understanding of these devices requires a good under-
standing of basic physics. Without that knowledge we are simply ‘mechanics’
without the capacity to advance the state of the art of detector technology. On
the other hand, a rigorous understanding from first principles is also not an
optimal approach. The ‘useful’ understanding of a given device proceeds from
an understanding of what approximations to full rigor are possible. That
understanding can only come from experience and it is the purpose of this
volume to communicate that experience. The aim of this text is to steer a per-
ilous course between the purely descriptive and the purely theoretical.

The role of detectors can be visualized by assuming that an interesting inter-
action occurs at a point in space and time. From that point several secondary
particles of different masses are emitted with various angles and momenta as
shown in Fig. I.1. It is the job of the detector designer to measure the time of
interaction, 7, and the vector momenta, p,, and masses, M, of those emitted
particles. The text is organized so as to show the ensemble of tools available to
the designer. Typically, mathematical detail and topics outside the main scope
of the text are relegated to the Appendices.

A list of the topics covered is given in the Table of Contents. The first chapter
is an introduction devoted to a numerical description of the appropriate size,
energy scales, and cross sections for different processes. The numerical data
given in the tables of Chapter 1 will constantly be referred to in later chapters.

There then follow eight chapters on ‘non-destructive’ measurements, or
those which do not appreciably change the measured particle’s position or
momentum. The first subtopic concerns the measurement of time and veloc-
ity. Chapter 2 starts with the basic physics of the photoelectric effect and
leads into photomultiplier tubes, scintillator and time of flight measurement.
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Fig.I.1. A schematic representation of the reaction A+B—1+2+3+4+5+6. The
reaction is specified when the vector momentum and mass of each particle is deter-
mined.

Chapter 3 describes velocity measurement by way of the emission of optical
photons in the Cerenkov process. Chapter 4 follows with a discussion of the
closely related emission of x-ray photons in transition radiation which also
determines the velocity of a particle.

The second subtopic within non-destructive readout first lays the physics
groundwork of elastic scattering in Chapter 5. Chapter 6 then covers the
application of single scattering to scattering off atomic electrons and the result-
ing energy loss. Detection of the energy lost is the physical basis of many of the
techniques used in charged particle detection. The third subtopic then follows
up with the non-destructive measurement of the position and momentum of
charged particles. Chapter 7 contains a derivation of the particle trajectory
in a magnetic field and the consequent measurement of momentum. Those
measurements have intrinsic limitations which are explored first in Chapter 8
in studying diffusion in gases and wire chambers. Chapter 9 looks at faster and
higher spatial resolution silicon detectors for more accurate position measure-
ments.

The text then switches to destructive measurements, where the particle to be
measured loses a significant fraction of its energy or is fully absorbed in the
detector. First, in Chapter 10, the physics foundation is laid by exploring radia-
tion and photon scattering. Then these concepts are applied in exploring the
topic of destructive energy measurements. Chapter 11 describes measurements
of electron and photon energy, while Chapter 12 describes the measurement of
the energy of strongly interacting particles.

Finally, a general-purpose high energy physics detector using all the previ-
ously described techniques is sketched in Chapter 13. The concept of multiple
redundant measurements is introduced and several examples are given.
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The full set of material in the text is suitable for a one year course. If a one
semester course is desired, the algebraic details in the Appendices can be
skipped as well as Chapter 1, the first half of Chapter 2 and Chapters 5, 6, and
10 assuming that no supplementary physics background was required.

Note that the subjects covered in the text are strongly limited to detectors
themselves. Exceptions are a brief description of coincidence circuits in
Chapter 2 and front end noise processing in Chapter 9. These brief forays were
made since these special topics were tightly connected to the detectors them-
selves. However, there is no other discussion of front end electronics, trigger
systems, data acquisition, or computer programming. In addition, the vital
area of detector modeling and Monte Carlo techniques is only sketched in
Appendix K. Probability theory and statistical analysis appear only briefly in
Appendix J. References to these vital areas are given at the end of the text for
readers who want to go beyond the scope of this volume.

The aim of this text is to describe the full ensemble of particle detectors from
first principles. The goal is to strike a balance between simply presenting the
final result and a full and rigorous derivation and thus to extract the relevant
physics in a clear fashion. Intuition and order of magnitude numerical esti-
mates are stressed throughout in an attempt to communicate the insights gar-
nered from experience.

Ah, but a man’s reach should exceed his grasp, or what’s a heaven
for?
Robert Browning

Curiosity is, in great and generous minds, the first passion and the
last.
Dr Samuel Johnson, 1750

General references — A

Mechanics, electricity and magnetism and quantum mechanics

[1] The Feynman Lectures in Physics, R. Feynman, R. Leighton, and M. Sands,
Addison-Wesley Publishing Co., Inc. (1963).

[2] Classical Mechanics, H. Goldstein, Addison-Wesley Publishing Co., Inc. (1950).

[3] Classical Electricity and Magnetism, W.K.H. Panofsky and M. Phillips, Addison-
Wesley Publishing Co., Inc. (1962).

[4] Quantum Mechanics, E. Merzbacher, John Wiley & Sons, Inc. (1961).

General references — B

Textbooks on particle detectors
[1]1 Detectors for Particle Radiation, K. Kleinknecht, Cambridge University Press
(1987).
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[2] Experimental Techniques in High Energy Physics, T. Ferbel, Addison-Wesley
Publishing Co., Inc. (1987).

[3] Instrumentation in High Energy Physics, Ed. F. Sauli, World Scientific Publishing
Co. (1992).

[4] Instrumentation in Elementary Particle Physics, J.C. Anjos, D. Hartill, F. Sauli,
and M. Sheaf, Rio de Janeiro, 1990, World Scientific Publishing Co. (1992).

[5] Instrumentation in Elementary Particle Physics, C.W. Fabjan and J.E. Pilcher,
Trieste 1987, World Scientific Publishing Co. (1988).

[6] C.W. Fabjan and H.F. Fisher, ‘Particle detectors’, Rep. Prog. Phys. 43 1003
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1
Size, energy, cross section

Beauty depends on size as well as symmetry.
Aristotle
Energy is eternal delight.
William Blake

Textbooks on detectors often jump directly into a description of the devices
themselves. The relevant descriptive formulae are then simply given without
derivation and readers are instead referred to the relevant texts. A comple-
mentary approach is taken here. A ‘derivation’ of the relevant physics is always
attempted first. Armed with the derivations, the reader is then introduced to the
detector where the approximations which are made are explained along with
the reasons why they are valid. In order to contain the length of the text, all
‘derivations’ are heuristic and thus either compressed or left to the Appendices.
Numerical examples are given at regular intervals in order that the reader be
firmly connected to real devices and have a firm grasp of the appropriate orders
of magnitude. We note that ‘intuition’ is largely the result of experience. The
judgement that allows a simplifying approximation to be made usually comes
with an appreciation of orders of magnitude of the quantities involved. In this
text, that hard won ‘intuition’ is, it is hoped, passed on to the student.

Detectors function by causing a particle to interact with some detecting
medium. For example, a charged particle might ionize a gas in a device and the
freed charge might be collected as an electrical signal localized in time, a
‘pulse’, on a detector electrode. To characterize the detector it is fundamental
to understand the probability of interaction of the particle with the device. The
aim of Chapter 1 is to provide the basic numerical data needed to later
characterize the interaction probability of the different particles which we wish
to detect.

1.1 Units

It is traditional in high energy physics to work in dimensionless units where %
and c are defined to be equal to 1. In those units momentum (pc), energy (¢),
mass (mc?), inverse time (%/f) and inverse length (%c/x) all have the same
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6 1 Size, energy, cross section

dimensions, which we take to be energy. Units for energy are taken to be the
electron volt, where one electron volt, eV, is the energy, AU, gained by an elec-
tron of charge e, in dropping through a potential difference, AV, of 1 volt,
AU=¢eAV. A tabulation of many of the physical quantities used throughout
the text is given in Table 1.1[1]. In that table, the speed of light, the Planck con-
stant, the electron charge, the masses of elementary particles, the fine-structure
constant, the classical electron radius, the Compton wavelength of the electron
etc. are gathered together in electron volt and in MKS units. This table and
Table 1.2 contain sufficient numerical information for the needs of this text.
Kinematics, the constraints imposed by energy—momentum conservation, are
worked out in Appendix A.

1.2 Planck constant

In going from the dimensionless calculations of high energy physics to dimen-
sional quantities, it is necessary to know the Planck constant and be able to use
it. (See Table 1.1.)

fc =0.2 GeV fm=2000eV A
1GeV =10V
1A =108¢cm=10nm

I1fm =10"3cm

(1.1)

The Planck constant is given for two different distance scales, the angstrom
and the fermi. Those two distance scales are characteristic of the size of an
atom and the size of a nucleus respectively. The conversion of size to energy
leads us to the immediate conclusion that nuclear energy scales are GeV
whereas atomic energy scales are of order a few electron volts. The ratio of one
angstrom to one fermi is 100000 to 1.

1.3 Electromagnetic units

In the body of the text we will most often use CGS units in symbolic manipula-
tions and we will freely convert back and forth to MKS units. It is a fact of life
that practicing physicists must acquire a facility with both systems of units
since experimentalists have connections to both theory and engineering. (See
the beginning of Chapter 3 for a full explanation.) We will later explicitly give
a prescription for converting between MKS and CGS units.
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