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The field of beam physics touches many areas of physics, engineering and the 
sciences. In general terms, beams describe ensembles of particles with initial 
conditions similar enough to be treated together as a group so that the motion 
is a weakly nonlinear perturbation of a chosen reference particle. Particle beams 
are used in a variety of areas, ranging from electron microscopes, particle spec-
trometers, medical radiation facilities, powerful light sources and astrophysics to 
large synchrotrons and storage rings such as the LHC at CERN. 

An Introduction to Beam Physics is based on lectures given at Michigan State 
University’s Department of Physics and Astronomy, the online VUBeam program, 
the U.S. Particle Accelerator School, the CERN Academic Training Programme 
and various other venues. It is accessible to beginning graduate and upper-
division undergraduate students in physics, mathematics and engineering. The 
book begins with a historical overview of methods for generating and accelerat-
ing beams, highlighting important advances through the eyes of their developers 
using their original drawings. The book then presents concepts of linear beam 
optics, transfer matrices, the general equations of motion and the main tech-
niques used for single- and multi-pass systems. Some advanced nonlinear top-
ics, including the computation of aberrations and a study of resonances, round 
out the presentation. 

Features
• Provides an introduction to the physics of beams from a historical 

perspective
• Describes the production, acceleration and optics of beams
• Discusses transfer matrices and maps for particle accelerators and other 

weakly nonlinear dynamical systems 
• Covers various important devices used for imaging and repetitive systems, 

including electron microscopes, spectrometers and storage rings
• Incorporates some advanced material such as aberration integrals  

and the treatment of resonances
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Preface

This volume provides an introduction to the physics of beams. This field
touches many other areas of physics, engineering and the sciences, and in
turn benefits from numerous techniques also used in other disciplines. In
general terms, beams describe ensembles of particles with initial conditions
similar enough to be treated together as a group, so that the motion is a
weakly nonlinear perturbation of that of a chosen reference particle.

Applications of particle beams are very wide, including electron micro-
scopes, particle spectrometers, medical irradiation facilities, powerful light
sources, astrophysics – to name a few – and reach all the way to the largest
scientific instruments built by man, namely, large colliders like LHC at CERN.

The text is based on lectures given at Michigan State University’s Depart-
ment of Physics and Astronomy, the online VUBeam program, the US Particle
Accelerator School, the CERN Academic Training Programme, and various
other venues. Selected additional material is included to round out the pre-
sentation and cover other significant topics.

The material is at a level to be accessible to students of physics, mathemat-
ics and engineering at the beginning graduate or upper division undergraduate
level and can be viewed as an introductory companion to the more advanced
Modern Map Methods in Particle Beam Physics by M. B., published by Aca-
demic Press. Emphasis has been placed on showing major concepts in their
original incarnations and through historic figures. Finally, some of the sec-
tions and chapters that contain more advanced material are marked by a *
symbol and can be omitted in a first reading.
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Poincaré Recurrence Theorem, 42
Point Filament, 7
Point–to–Parallel, 46

Periodic Transport, 190
Point–to–Point, 44

Periodic Transport, 190
Polygon, 144
Position, 1
Positron Source, 4
Potential, 2, 49

Electrostatic, 63
Pre-Accelerator, 19
Production of Beam, 4
Projector, 44
Proton Source, 8

Q Value, 167
Quad, see Quadrupole
Quadrupole, 52, 143, 173, 208, 229,

235, 271
Electric, 70
Error, 264
Magnetic, 72
Mass Spectrometer, 164
Rotational Symmetry, 122
Transfer Matrix, 70

Radio Frequency (RF), 15, 22
Cavity, 17, 22, 29, 212, 232, 241
Gun, 7, 8
Quadrupole Accelerator (RFQ),

18
Radioactive Beam, 4, 174
Rectangular Dipole, 79
Recurrence Theorem, 42, 43
Reference

Orbit, 32, 50
Particle, 2, 10, 31

Relative



308 Index

Coordinates, 31
Dynamics, 32

Relativistic Heavy Ion Collider
(RHIC), 28

Repetitive System, 261
Resolution, 164, 166

Linear, 166
Nonlinear, 167

Resolving Power, 166
Resonance, 206, 261, 263

Coupling, 271
Difference, 276, 279, 280
Half–Integer, 264, 266
Integer, 261
Sum, 276, 279, 280
Third Order
Tune Shift, 293
Tune Shift, Amplitude, 292

Third–Integer, 281
Perturbed Invariant, 286

RF, see Radio Frequency
RFQ, see Radio Frequency,

Quadrupole Accelerator
RHIC, see Relativistic Heavy Ion

Collider
Richardson-Dushman Equation, 5
Rigidity, 20, 64

Electric, 64
Magnetic, 64

Ring, see Storage Ring
Rotational Symmetry, see

Symmetry, Rotational
Round Lens, 87, 123, 177

Electric, 89
Magnetic, 97

Scalar Potential, 2, 49
Scanning Electron Microscope, see

Electron, Microscope,
Scanning

Scanning Transmission Electron
Microscope, see
Electron, Microscope,
Scanning Transmission

Schottky Emission, 7

SDI, see Strategic Defense Initiative
Sector

Field Mass Spectrometer, 164
Magnet, 76
Inhomogeneous, 82

Self Interaction, 2
SEM, see Electron, Microscope,

Scanning
Sextupole, 180, 213, 235, 271
Shanghai Synchrotron Radiation

Facility (SSRF), 235
Shearing

Horizontal, 142
Vertical, 143

Sigma
Ellipse Matrix, 145

Sine-like Ray, 178, 179
SLAC National Accelerator

Laboratory, 8, 19, 215, 239
SLC, see Stanford Linear Collider
Small Oscillation, 67
SMART, see SpectroMicroscopy for

All Relevant Techniques
Solenoid, 97, 271

Edge, 99
Rotational Symmetry, 121

Source
Electron, 4
Ion, 9, 14
Proton, 8

South Hall Ring (MIT), 215
Space Charge, 2
Spark, 14, 16
Spectrograph, 164
Spectrometer, 87, 164

Mass, 164
Momentum, 164
Resolution, 166

SpectroMicroscopy for All Relevant
Techniques Project
(SMART), 184

Spherical
Aberration, see

Aberration, Spherical



Index 309

Deflector, see
Deflector, Spherical

Lens, 39
Spin, 1
SSRF, see Shanghai Synchrotron

Radiation Facility
Stanford Linear Collider (SLC), 19
Steering, 207
STEM, see Electron, Microscope,

Scanning Transmission
Step Function, see

Heaviside Function
Stigmatic Image, 87
Stop Band, 263, 268, 275, 280

Half–Integer, 270
Integer, 269, 270

Storage Ring, 4, 27–30, 261
Strategic Defense Initiative (SDI), 46
Stripping, 8, 15
Strong Focusing, see Focusing, Strong
Sum Resonance, see Resonance, Sum
Super-ACO Ring, 28
Surface Plasma Source, 8
Symmetry, 115

Double Midplane, 118
Midplane, 116
Mirror, 227
Rotational, 50, 119, 120
Quadrupole, 122
Round Lens, 87

Symplectic, 123
Transfer Map, 116

Symplectic
Condition, 124, 126
Edwards-Teng Parametrization,

155
Symmetry, see

Symmetry, Symplectic
Synchrocyclotron, 25
Synchronicity Condition, 23
Synchrotron, 25, 27, 30, 207

Light Source, 30
Motion, 241
Radiation, 6, 19, 30, 231
Tune, 256

Tandem Van de Graaff, 15
TBA, see Achromat, Triple-Bend
TEAM, see Electron, Microscope,

Transmission, Aberration-
corrected

Telescope, 41, 47, 235
Television Tube (TV), 161
TEM, see Electron, Microscope,

Transmission
Tevatron, 28, 207
Thermionic

Emission, 5
Gun, 5

Thin
Lens, 37
Edge Focusing, 77

Mirror, 40
Third Order Resonance, see

Resonance, Third Order
Third–Integer Resonance, see

Resonance, Third Integer
Thomas Jefferson National

Accelerator Facility
(Jefferson Lab, JLab,
TJNAF), 23

Tilt of Focal Plane, 170
Time Reversal, 8
Time-of-Flight, 33

Mass Spectrometer, 164
Time-Resolved Spectroscopy, 7
TJNAF, see Thomas Jefferson

National Accelerator
Facility

Transfer Map, 35, 36, 115
Differential Algebra, 134
Symmetry, 116

Transfer Matrix, 36
Drift, 37, 70
Edge Focusing
Electrostatic Round Lens, 91
Magnetic Dipole, 77
Solenoid, 105

Electric
Deflector, Cylindrical, 86
Deflector, Inhomogeneous, 86



310 Index

Deflector, Spherical, 87
Quadrupole, 71
Round Lens, 95, 97

Lens
Defocusing, 40
Drift-Lens-Drift (DLD), 45
Focusing, 38
Lens-Drift-Lens (LDL), 47

Magnetic
Dipole, Homogeneous, 76
Dipole, Inhomogeneous, 83
Dipole, Rectangular, 81
Dipole, Sector, 76
Quadrupole, 72
Round Lens, 105
Solenoid, 105

Mirror
Defocusing, 41
Focusing, 40

Transit Time Factor, 244, 245
Transition, 248

Jump, 248
Transmission Electron Aberration-

corrected Microscope, see
Electron, Microscope,
Transmission,
Aberration-corrected

Transmission ElectronMicroscope, see
Electron, Microscope,
Transmission

Transport, 4
Transversal Dynamics, 33
Triple-Bend Achromat, see

Achromat, Triple-Bend
Triplet, 229, 230, 235
Tune, 192, 193, 206, 208

Shift, 293
Amplitude, 292

Synchrotron, 256
Tungsten, 7
Tunneling, 6
TV Tube, see Television Tube
Twiss Parameter, 146

Alpha, 146
Beating, 159

Beta, 146
Function, 149

Gamma, 146

Ultra-Slow Extraction, 30
Undulator, 19, 30
Unstable Motion, 191

Perturbation, 194

Van de Graaff, R. J., 13–15
Vector Potential, 2, 49
Veksler, V., 22, 23
Velocity, 60
Voltage Multiplier, 12

Waist, 153
Walton, E. T. S., 12, 13
Weak Focusing, see Focusing, Weak
Weakly Nonlinear, 35, 66
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