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The positron as the antiparticle of the electron was predicted by Dirac in 1928 [9]. First
experimental indications of an unknown particle were found in cloud-chamber photographs
of cosmic rays [1]. This particle was identified later as the positron, which was thus the first
antiparticle in physics. The annihilation of the positron with electrons in matter was first
studied in the 1940s. It was discovered early that the energy and momentum conservation
during the annihilation process could be utilized to study properties of solids. The bound
state of a positron and an electron, as the lightest known atom to be formed, is analogous to
a hydrogen atom, where the proton is replaced by the positron. This e+–e− state is called
positronium (Ps). It was predicted by Mohorovicic in 1934 [19] and discovered by Deutsch in
1951 [8].

The early experiments with positrons were dedicated to the study of the electronic struc-
ture, e. g., the Fermi surface in metals and alloys [2, 5]. The various experimental techniques
of positron annihilation based upon the equipment of nuclear spectroscopy were developed
strongly in the two decades after 1945. In addition to the angular correlation of annihilation
γ-quanta, Doppler-broadening of the annihilation line and positron-lifetime spectroscopy were
established as independent methods. It was realized by the end of the 1960s that the annihila-
tion parameters are sensitive to lattice imperfections. It was discovered that the positron may
be trapped in crystal defects, i. e., the wave function of the positron is localized at the defect
site until annihilation. This behavior of positrons was demonstrated by several authors, e. g.,
MacKenzie et al. [18] for thermal vacancies in metals, Brandt et al. [3] in ionic crystals, and
Dekhtyar et al. [7] after plastic deformation of semiconductors. The investigation of crystal
defects has become the dominant issue of positron annihilation studies. Up to the mid-1980s,
defect studies in solids were mainly carried out in metals and alloys. The experience obtained
in this field was applied to elemental and compound semiconductors (for a review, see [16]).

The trapping of the positron in defects is based on the formation of an attractive potential
at open-volume defects, such as vacancies, vacancy agglomerates, and dislocations. The main
reason for this potential is the lack of a repulsive positively charged nucleus in such a lattice
defect. The sensitivity range for the vacancy detection in metals starts at about one vacancy
per 107 atoms. This enormous sensitivity is caused by the fact that the positron diffuses about
100nm through the lattice and probes a high number of atoms until annihilation. When the
positron is trapped in an open-volume defect, the annihilation parameters are changed in a
characteristic way. The positron lifetime increases in an open-volume defect due to the lower
electron density. Momentum conservation during 2γ annihilation leads to a small angular
spread of the collinear γ quanta or a Doppler shift of the annihilation energy. Both properties,
the density and the momentum distribution of electrons participating in the annihilation, re-
sult in observables to be detected in a positron experiment. The analysis of the annihilation
radiation thus gives the possibility to detect defects. Clustering of vacancies as a typical de-
fect reaction may be observed as the increase in the defect-related lifetime due to the further
decrease in the electron density. In addition, a higher affinity of the positron to atoms of one
element in a binary metallic alloy may also lead to the confinement of the positron wave func-
tion, i. e., the positron may get trapped there until the annihilation. This was first observed for
Guinier–Preston zones in Al–Zn alloys [10].
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The positron-trapping behavior in semiconductors is more complex compared with metals.
This is mainly due to the fact that the positron as a charged particle is sensitive to the charge
state of defects. The defect identification is more difficult in compound semiconductors since
the variety of point defects increases. The improvement of the theoretical understanding of
positron trapping (for a review see [20]), the refinement of positron lifetime spectroscopy as
the main technique for defect studies, and the increasing amount of data have made it possible
to give reliable qualitative and quantitative information on defects in solids and particularly
in semiconductors. A large number of investigations have been carried out for differently
grown bulk semiconductor crystals. Irradiation with high-energy electrons at low temperature
represents an important tool for defined generation of point defects. Many positron studies on
the defect structure have been carried out after such irradiation. In comparison with theoretical
calculations, the defects can be characterized by their specific positron lifetimes.

In addition to the positron traps known from metals, negatively charged non-open-volume
defects, e. g., acceptor-type impurities or negatively charged antisites in a compound, represent
positron trapping centers at low temperatures. The Coulomb potential of these defects is
responsible for the formation of shallow Rydberg states. Positrons may be bound with a small
binding energy to such centers, which are called shallow positron traps [22].

Beside defect studies of metals and semiconductors, the characterization of polymers is a
growing field. The free volume appearing in amorphous polymers due to their structural (static
or dynamic) disorder is of fundamental importance for several macroscopic properties of these
materials, such as viscosity, molecular transport, segmental and local polymer dynamics, and
physical aging. Despite a great interest in investigations of free volume in polymers, only
limited experimental information about its real structures, the hole dimensions and the size
and shape distributions, is available. During the past decade positron annihilation lifetime
spectroscopy has been developed to the most important method for studying sub-nanometer
sized local free volume (holes) in polymers [11].

Another important field for the application of positron annihilation in materials science of
condensed matter is the characterization of nanometer-sized pores [14]. Positronium is formed
and gives rise to very long components in the lifetime spectrum (1ns to more than 100ns)
which can be used to determine the pore size [15]. The filling of pores by the condensation of
gases can thus directly be observed [25].

Positrons can also be used to study the surface of solids. Low-energy positron diffrac-
tion has been proven to provide additional information over the diffraction with low-energy
electrons, LEED [21]. Furthermore, the release of Auger electrons from a solid surface can
also by stimulated by the annihilation of positrons with core electrons [24]. For this purpose,
the positrons can be implanted into the surface with very low energies of only a few eV, so
that the Auger spectrum is essentially free of secondary-electron background which is an im-
portant advantage over the conventional Auger electron spectroscopy (AES). The chemical
information corresponds almost completely to the outermost atomic surface layer.

The background-reduced measurement of positron annihilation of core electrons by Dopp-
ler-broadening coincidence spectroscopy [17] provides chemical information on the surround-
ings of the annihilation site by comparison of measured and theoretically calculated Doppler
spectra in the high-momentum region. The sublattice of a vacancy defect in a compound,
eventually the type of impurities stabilizing a defect complexes, and the annihilation in small
impurity clusters may be observed.
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Modern devices are often based on layered structures, such as epitaxially grown layers, ox-
ides, or implanted layers. The disadvantage of conventional positron techniques directly uti-
lizing positrons from the β+ decay of a radioactive source is the broad energy distribution and
the large penetration depth of positrons in the sample. Consequently, only bulk material can
usually be investigated. This drawback has been overcome by the development of the slow-
positron-beam technique (for a review see [23]). This is based on the moderation of positrons.
Monoenergetic positrons are obtained at surfaces exhibiting a negative positron work function,
e. g., tungsten. The emitted positrons are guided as a beam to the sample. The variation of
the incident positron energy in an accelerator stage enables the measurement of near-surface
defect profiles. The positron beam can be pulsed and thus the positron lifetime can also be
measured. The focusing of the positron beam allows the three-dimensional probing of defect
structures, i. e., the development of a positron microscope [6, 12]. Currently (2005), large
efforts are undertaken to combine these sophisticated instruments to high-intensity positron
sources based on pair production produced in a fission reactor [13] or by stopping an electron
beam of a LINAC [4].

See also: Antimatter; Fermi Surface; Lattice Defects; Positronium; Radiation Damage
in Solids; Microscopy, Optical; Auger Effect.
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Čerenkov Radiation, 267
Channeling, 268
Chaos, 272
Charge-Density Waves, 277
Charged-Particle Optics, 281
Charged-Particle Spectroscopy, 286
Chemical Bonding, 295
Chemiluminescence, 304
Circuits, Integrated, 306

Encyclopedia of Physics, Third Edition. Edited by George L. Trigg and Rita G. Lerner
Copyright c©2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-40554-2



vi Table of Contents

Clocks, Atomic and Molecular, 310
Cloud and Bubble Chambers, 312
Cold Atoms and Molecules, 316
Collisions, Atomic and Molecular, 317
Color Centers, 332
Combustion and Flames, 349
Complementarity, 354
Complex Systems, 356
Compton Effect, 359
Conduction, 362
Conservation Laws, 364
Constants, Fundamental, 371
Coriolis Acceleration, 393
Corona Discharge, 394
Cosmic Rays, Astrophysical Effects, 397
Cosmic Rays, Solar System Effects, 410
Cosmic Strings, 418
Cosmology, 421
Counting Tubes, 428
CPT Theorem, 438
Critical Points, 441
Cryogenics, 444
Crystal and Ligand Fields, 447
Crystal Binding, 449
Crystal Defects, 451
Crystal Growth, 455
Crystal Symmetry, 458
Crystallography, X-Ray, 474
Currents in Particle Theory, 487
Cyclotron, 490
Cyclotron Resonance, 497
Deformation of Crystalline Materials, 499
de Haas–van Alphen Effect, 502
Demineralization, 507
Diamagnetism and Superconductivity, 508
Dielectric Properties, 512
Diffraction, 516
Diffusion, 526
Dispersion Theory, 528
Doppler Effect, 532
Dynamic Critical Phenomena, 534
Dynamics, Analytical, 535
Eigenfunctions, 547
Elasticity, 548
Electric Charge, 553

Electric Moments, 554
Electrochemical Conversion and

Storage, 557
Electrochemistry, 563
Electrodynamics, Classical, 567
Electroluminescence, 574
Electromagnetic Interaction, 579
Electromagnetic Radiation, 583
Electromagnets, 589
Electron, 591
Electron and Ion Beams, Intense, 595
Electron and Ion Impact Phenomena, 600
Electron Beam Technology, 605
Electron Bombardment of Atoms and

Molecules, 611
Electron Diffraction, 616
Electron Energy States in Solids and

Liquids, 621
Electron–Hole Droplets in

Semiconductors, 631
Electron Microscopy, 635
Electron Spin Resonance, 637
Electron Tubes, 644
Electronics, 651
Electronic Noses, 659
Electrophoresis, 663
Electrophotography, 665
Electrostatics, 669
Elementary Particles in Physics, 671
Elements, 713
Ellipsometry, 718
Energy and Work, 720
Entropy, 723
Equations of State, 725
Ergodic Theory, 728
Error Analysis, 730
Excitons, 734
Far-Infrared Spectra, 737
Faraday Effect, 741
Faraday’s Law of Electromagnetic

Induction, 742
Fatigue, 744
Fermi–Dirac Statistics, 746
Fermi Surface, 748
Ferrimagnetism, 753



Table of Contents vii

Ferroelasticity, 761
Ferroelectricity, 763
Ferromagnetism, 768
Feynman Diagrams, 777
Fiber Optics, 779
Field Emission, 782
Field-Ion Microscopy, 785
Field Theory, Axiomatic, 791
Field Theory, Classical, 797
Field Theory, Unified, 803
Fields, 805
Fine and Hyperfine Spectra and

Interactions, 807
Fluctuation Phenomena, 813
Fluid Physics, 819
Formation of Stars and Planets, 835
Fourier Transforms, 840
Fractals, 847
Franck–Condon Principle, 850
Fraunhofer Lines, 851
Free Energy, 853
Friction, 854
Fullerenes, 858
Galaxies, 863
Galvanomagnetic and Related Effects, 866
Gamma Decay, 871
Gamma-Ray Spectrometers, 875
Gauge Theories, 877
Gauss’s Law, 882
Geochronology, 884
Geomagnetism, 888
Geometric Quantum Phase, 891
Geophysics, 893
Glass, 902
Glassy Metals, 904
Grand Unified Theories, 909
Gratings, Diffraction, 916
Gravitation, 918
Gravitational Lenses, 931
Gravitational Waves, 934
Gravity, Earth’s, 937
Group Theory in Physics, 941
Gyromagnetic Ratio, 952
H Theorem, 955
Hadrons, 956

Hadron Colliders at High Energy, 958
Hall Effect, 965
Hall Effect, Quantum, 969
Hamiltonian Function, 972
Heat, 975
Heat Capacity, 976
Heat Engines, 978
Heat Transfer, 982
Heavy-Fermion Materials, 988
Helium, Liquid, 992
Helium, Solid, 1001
Hidden Variables, 1010
High-Field Atomic States, 1013
High Temperature, 1015
History of Physics, 1024
Holography, 1044
Hot Atom Chemistry, 1052
Hot Cells and Remote Handling

Equipment, 1054
Hubble Effect, 1057
Hydrodynamics, 1060
Hydrogen Bond, 1065
Hypernuclear Physics and Hypernuclear

Interactions, 1072
Hyperons, 1076
Hysteresis, 1078
Ice, 1081
Inclusive Reactions, 1087
Inertial Fusion, 1090
Infrared Spectroscopy, 1096
Insulators, 1102
Interatomic and Intermolecular Forces, 1106
Interferometers and Interferometry, 1110
Intermediate Valence Compounds, 1114
Internal Friction in Crystals, 1120
Interstellar Medium, 1123
Invariance Principles, 1127
Inversion and Internal Rotation, 1132
Ionization, 1139
Ionosphere, 1143
Ising Model, 1145
Isobaric Analog States, 1147
Isomeric Nuclei, 1150
Isospin, 1155
Isotope Effects, 1160



viii Table of Contents

Isotope Separation, 1163
Isotopes, 1176
Jahn–Teller Effect, 1197
Josephson Effects, 1198
Kepler’s Laws, 1205
Kerr Effect, Electro-Optical, 1208
Kerr Effect, Magneto-Optical, 1209
Kinematics and Kinetics, 1212
Kinetic Theory, 1218
Kinetics, Chemical, 1226
Klystrons and Traveling-Wave Tubes, 1228
Kondo Effect, 1232
Laser Spectroscopy, 1239
Laser Cooling, 1246
Lasers, 1254
Lattice Dynamics, 1284

Lattice Gauge Theory, 1294
Leptons, 1297
Levitation, Electromagnetic, 1299
Lie Groups, 1308
Light, 1310
Light Scattering, 1316
Light-Sensitive Materials, 1319
Lightning, 1321
Liquid Crystals, 1325
Liquid Metals, 1334
Liquid Structure, 1338
Lorentz Transformations, 1344
Low-Energy Electron Diffraction

(LEED), 1345
Luminescence (Fluorescence and

Phosphorescence), 1349

Volume 2

Mach’s Principle, 1355
Magnetic Circular Dichroism, 1356
Magnetic Cooling, 1359
Magnetic Domains and Bubbles, 1366
Magnetic Fields, High, 1372
Magnetic Materials, 1379
Magnetic Moments, 1385
Magnetic Monopoles, 1389
Magnetic Ordering in Solids, 1392
Magnetoacoustic Effect, 1396
Magnetoelastic Phenomena, 1398
Magnetohydrodynamics, 1401
Magnetoresistance, 1412
Magnetosphere, 1415
Magnetostriction, 1421
Magnets (Permanent) and

Magnetostatics, 1425
Many-Body Theory, 1428
Masers, 1440
Mass, 1447
Mass Spectroscopy, 1448
Matrices, 1454
Maxwell–Boltzmann Statistics, 1463
Maxwell’s Equations, 1464
Mechanical Properties of Matter, 1467

Mesons, 1473
Mesoscopic Physics, 1474
Metal–Insulator Transitions, 1477
Metallurgy, 1482
Metals, 1485
Meteorology, 1486
Metrology, 1490
Michelson–Morley Experiment, 1493
Microscopy, Optical, 1496
Microwave Spectroscopy, 1508
Microwaves and Microwave Circuitry, 1512
Milky Way, 1520
Molecular Spectroscopy, 1522
Molecular Structure Calculations, 1600
Molecules, 1615
Molten Salts, 1622
Moment of Inertia, 1626
Momentum, 1633
Monte Carlo Techniques, 1635
Mössbauer Effect, 1642
Multipole Fields, 1659
Muonic, Mesonic, and Other Exotic

Atoms, 1662
Muonium, 1667
Musical Instruments, 1671



Table of Contents ix

Nanobionics, 1677
Nanocatalysis, 1681
Network Theory: Analysis and

Synthesis, 1686
Neutrinos, 1700
Neutron Diffraction and Scattering, 1705
Neutron Spectroscopy, 1714
Neutron Stars, 1721
Newton’s Laws, 1725
Noise, Acoustical, 1728
Nonlinear Wave Propagation, 1731
Novel Particle Acceleration Methods, 1734
Nuclear Fission, 1739
Nuclear Forces, 1751
Nuclear Fusion, 1756
Nuclear Magnetic Resonance, 1766
Nuclear Moments, 1771
Nuclear Polarization, 1774
Nuclear Properties, 1778
Nuclear Quadrupole Resonance, 1788
Nuclear Reactions, 1792
Nuclear Reactors, 1798
Nuclear Scattering, 1804
Nuclear States, 1807
Nuclear Structure, 1810
Nucleon, 1820
Nucleosynthesis, 1822
Operators, 1829
Optical Activity, 1832
Optical Pumping, 1834
Optics, Geometrical, 1838
Optics, Nonlinear, 1841
Optics, Physical, 1846
Optics, Statistical, 1852
Order–Disorder Phenomena, 1857
Organic Conductors and

Superconductors, 1861
Organic Semiconductors, 1866
Oscilloscopes, 1877
Paramagnetism, 1881
Parity, 1882
Partial Waves, 1895
Partons, 1899
Phase Transitions, 1901
Philosophy of Physics, 1921

Phonons, 1926
Photoconductivity, 1930
Photoelastic Effect, 1931
Photoelectron Spectroscopy, 1933
Photoionization, 1942
Photon, 1944
Photonic Crystals, 1948
Photonuclear Reactions, 1953
Photosphere, 1956
Photovoltaic Effect, 1958
Piezoelectric Effect, 1959
Plasma Confinement Devices, 1961
Plasmas, 1975
Plasma Waves, 1984
Plasmons, 1991
Polarizability, 1995
Polarization, 1998
Polarized Light, 2000
Polaron, 2004
Polymers, 2028
Positron, 2045
Positron Annihilation in Condensed

Matter, 2047
Positron–Electron Colliding Beams, 2050
Positronium, 2055
Precession, 2059
Probability, 2061
Proton, 2067
Pulsars, 2068
Pyroelectricity, 2072
Quantum Information, 2077
Quantum Electrodynamics, 2083
Quantum Field Theory, 2095
Quantum Fluids, 2105
Quantum Mechanics, 2111
Quantum Optics, 2128
Quantum Statistical Mechanics, 2134
Quantum Structures in

Semiconductors, 2138
Quantum Theory of Measurement, 2144
Quarkonium, 2152
Quarks, 2158
Quasars, 2163
Quasiparticles, 2168
Radar, 2171



x Table of Contents

Radiation Belts, 2174
Radiation Chemistry, 2177
Radiation Damage in Solids, 2181
Radiation Detection, 2187
Radiation Interaction with Matter, 2192
Radioactivity, 2196
Radiochemistry, 2200
Radiological Physics, 2205
Radiometry, 2217
Raman Spectroscopy, 2221
Rare Earths, 2227
Rare Gases and Rare-Gas Compounds, 2231
Rayleigh Scattering, 2235
Reflection, 2236
Reflection High-Energy Electron Diffraction

(RHEED), 2240
Refraction, 2241
Regge Poles, 2247
Relativity, General, 2249
Relativity, Special Theory, 2257
Relaxation Phenomena, 2274
Renormalization, 2278
Resistance, 2283
Resonance Phenomena, 2285
Resonances, Giant, 2291
Rheology, 2298
Rotation and Angular Momentum, 2310
S-Matrix Theory, 2333
Scanning Tunneling Microscopy, 2337
Scattering Theory, 2339
Schrödinger Equation, 2347
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