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Preface

Rudolf Ludwig Mossbauer discovered the recoilless emission and resonant absorp-
tion of nuclear gamma rays due to his research work during the years 1955-58 at
the Max Planck Institute in Heidelberg, Germany. The phenomenon is known as the
Mossbauer effect, the spectrum as Mossbauer spectrum and the hyperfine param-
eters such as isomer shift, quadrupole splitting and hyperfine field as Mossbauer
parameters. The Nobel Prize in Physics for 1961 was awarded to R. L. Mossbauer
“for his researches concerning the resonance absorption of gamma radiation and
his discovery in this connection of the effect which bears his name”. The discovery
stimulated interest and opportunities for further research in cross-disciplinary areas
within a short period.

Mossbauer spectrometry is used across various disciplines such as Physics, Chem-
istry, Biology, Metallurgy, Materials and Geology, and this book is intended for a
reader to know about a few important contributions in the relevant area. Chapters 1—
3 of this book introduce the nucleus, quantum mechanics and magnetism. Readers
familiar with these topics can revisit the concepts related to the Mossbauer effect.
Chapters 4 and 5 deal with the fundamentals of the Mossbauer effect and Mossbauer
parameters, respectively. Since the focus is on >’Fe nucleus, the book covers the
hyperfine parameters of important Fe compounds and their application in various
disciplines related to materials, Earth, planetary and biological sciences, which are
covered in Chaps. 6—13. The symbols and units used in the book have their usual
meaning unless explicitly mentioned in each chapter.

R. Justin Joseyphus is thankful to Prof. A. Narayanasamy, who introduced him
to the Mossbauer effect and experimental intricacies while he was at the University
of Madras, Chennai, India. J.-M. Greneche is very grateful to Prof. F. Varret who, as
his thesis supervisor, passed on to him his passion for research and the fundamentals
of Mossbauer spectrometry, with great expertise in the theoretical and instrumental
aspects and the numerical analysis of spectra, in correlation with the physical
properties of the materials studied. He would also like to extend his warmest thanks
to all the colleagues who, in the frame of various collaborative projects, have
enabled him to successfully apply >’Fe Mossbauer spectrometry to different types
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of materials. The suggestions by Dr. J. Shebha Anandhi, Dr. R. Sankaranarayanan
and Dr. R. Srinivasan are gratefully acknowledged.

The authors respect and recognize the contributions made by all the Moss-
bauer researchers worldwide. Nevertheless, suggestions, corrections and opinions
are welcome that shall be acknowledged and incorporated in future editions.

Tiruchirappalli, India R. Justin Joseyphus
Le Mans, France Jean-Marc Greneche



Contents

1 TheNucleus ............. . 1
1.1 Probing the Nucleus ...............ciiiiiiiiiiiiinnaa.. 1
1.2 Constituents of the Nucleus .............. ... 2

1.2.1  Charge Distribution ............ ... ... ... ... .. 2
1.3 Binding Energy ......... .. 4
1.4 Isotopes and Their Abundance ............................ 5
1.5 Binding Energy Per Nucleon ................ ... ... 5
1.6 Nuclear Spin . ... 8
1.7 Nuclear Magnetic Moment ................c.couuuiunnnan.. 8
1.8 The Shell Model Nucleus ..., 9
1.9 Radioactive Decay ...........ccoiiiiiiiiiiiiiiiii 12
1.9.1 AlphaDecay .......... ... o i i, 13
1.9.2 BetaDecay .........ccoiiiiiiiiiiiiiiiiii. 15
1.93 GammaDecay .............ciiiiiiiiiii 16
1.10  Rate of Emission .............ooiuuiniiiiinnneennnn... 18
1.11  Experimental Studies on Fe Isotopes ....................... 19
1.12 Internal Conversion ............. ...ttt 19
1.13  Nuclear Shape ..........ciiiiiiiii i, 21
1.13.1 Vibrating Nucleus ............ ... iiiiiniaa... 21
1.13.2 Rotational Motion .................. . .. 21
114 Summary ... 23
References ........ ... i 23
2 Introduction to Quantum Mechanics ............................ 25
2.1 Fundamental Concepts ...........ooiiiiiiiniiiiinneaan. 25
2.1.1  de Broglie Wavelength ........................... 25
2.1.2  WaveFunction ......... ... ... .. i 27
2.2 Uncertainty Principle ......... ... .. i 28
23 Schrodinger Equation ............ ... .. oo oot 28
2.3.1  Infinite Square Well Potential ...................... 31
2.3.2  The Finite Potential Well ......................... 35

vii



viii

Contents

2.3.3 Harmonic Oscillator ............................. 38

2.3.4  Schrodinger Equationin3D ....................... 42

2.3.5  Wave Function in Spherical Coordinates ............ 43

24 The Hydrogen Atom . ...ttt 48
2.5 Angular Momentum . ........... .. i 52
2.5.1  Orbital Angular Momentum ....................... 52

2.5.2  Spin Angular Momentum ................ ... ...... 56

2.6 Addition of Angular Momenta ............................ 58
2.6.1  Clebsch-Gordan Coefficient ....................... 58

2.7 Multielectron Atom .............. i 60
2.8 The Periodic Table .......... ... i, 64
28.1 Hund’sRule ......... ... ... 65

29 Fine Structure Splitting .......... ... ... ... ... ... ... 66
2.9.1  Spin-OrbitCoupling ..., 67

2.9.2  Relativistic Kinetic Energy Correction .............. 71

2.10  ZeemanEffect ........... ... .. i 72
2.11  Hyperfine Splitting ......... ..o ... 75
2.12  Transition Probability ........... ... .. ... . i il 78
2.13  SelectionRules .......... ... . 82
2.14  Spectral Linewidths ............ ... ... ... .. L. 83
2,15 TheSolid State ......... ... 86
2.15.1 Phonons .............. il 86

2.15.2 The Heat Capacity and Debye Temperature .......... 88

216 Summary ... 90
References ......... ... i 90
Introduction to Magnetism .......................... ... ........ 91
3.1 Magnetic MOment . ............uuiieiiiinneeiiiinneaan. 91
32 MagneticField ........ ... .. 94
32.1 Biot-SavartLaw ........ ... ... . ... 94

3.2.2  Shape Dependent Fields .......................... 96

33 Origin of Magnetism ...ttt 97
3.3.1  Orbital and Spin Magnetic Moment ................ 98

34 Hund’sRule ....... ... ... .. 100
35 Classical Theory of Paramagnetism ........................ 102
3.6 Quantum Theory of Paramagnetism ........................ 104
3.7 Ferromagnetism ...ttt 105
3.7.1  Law of Corresponding States ...................... 107

3.8 Direct Exchange Interaction .............................. 109
39 Superexchange Interaction ................. ... ... ... ..., 112
3.10  Antiferromagnetism .................... ... 113
3.10.1 Magnetization Above TN .....ovviiiiiii ... 115

3.10.2 Magnetization Below Ty .......... ... ... . .. 115

3.10.3 Influence of External Magnetic Field ............... 116

3.11  Ferrimagnetism ................ ... i i, 119



Contents ix
3.12  Magnetism of Metals and Alloys .................ccoo..... 122
3.13  Magnetic AniSOtropy ..........oiiiiiiiiiiiiii i 127

3.13.1 Magnetocrystalline Anisotropy .................... 127

3.13.2 Shape AniSOtropy ...........oouiiiiiiiiiaiiaaa... 131
3.14  Magnetic Domains ............ ... ... i il 132
3.15 Magnetic Frustration ............ ..., 135
3.16 MagnetostriCtion .................. i, 137
3.17  SuperparamagnetiSm ..................... ... 138
318 Summary ... 140
References ........ ... 140

4 The Mossbauer Effect ........ ... ... ... ... . ... ..., 143
4.1 The Phenomenon of Nuclear Recoil ..................... ... 143
4.2 Thermal Velocity Distribution ................. ... ... 147
4.3 Resonance Using Doppler Energy ......................... 149
4.4 Recoilless Emission and Resonant Absorption ............... 151
4.5 Lamb-Mossbauer Factor ................ ... ... ... .. ... 153
4.6 The Mossbauer Spectrum . ..., 156

4.6.1 Linewidth and Cross Section ...................... 156
4.7 Transmission Mossbauer Spectrometer Instrumentation . . ..... 159
4.7.1  Mossbauer Velocity Transducer .................... 159
472 37Co Radioactive SOUICE .. ...........ovuernein... 161
473 Detectors ..........eiiiiiiiiii i 162
4.77.4  Multichannel Analyzer ........................... 165
4.7.5 Experimental Features ............................ 165
4.7.6  Low Temperature Cryostat ................c.c.o.uuun. 167
4.7.77  High Temperature Furnace ........................ 168
477.8  Cryofurnace ...........c.ooviiiiiiiniiiiiiiaan 168
4.8 Other Modes of Mdssbauer Spectrometry ................... 169
4.8.1  Conversion Electron Mossbauer Spectrometry ....... 169
4.8.2  Synchrotron Mdossbauer Spectrometry .............. 172
4.8.3  Time Domain Nuclear Resonant Scattering .......... 174
4.9 Analysis of the Mossbauer Spectrum ....................... 177
410 SUMMATY oottt 179
References . .......ooouiii 179

5  The Mossbauer Hyperfine Parameters .......................... 181
5.1 Mossbauer Hyperfine Parameters .......................... 181
5.2 Isomer Shift (Electric Monopole Interaction) ................ 181

5.2.1  Relativistic Correction ................cccuuuunan.. 184
5.2.2  Isomer Shift Calibration Constant .................. 185
5.2.3  Factors Affecting Isomer Shift ..................... 186
5.24 Overlap Distortion ............cccoiiiiiinnnnn.. 186
5.2.5 Electronegativity ............c..iiiiiiiiiinaaain. 188
52,6 Oxidation State ................ccooiiiiiiiianan. 189

527 Atomic Volume ............ ... 191



Contents

5.2.8 Metalsand AIlIOyS ...t 192

5.2.9  Second Order Doppler Shift ....................... 194
5.3 Quadrupole Interaction .......... ... .. o i, 197

5.3.1  Valence Electron Contribution ..................... 202

5.3.2  Crystal Field Contribution ........................ 203
54 Nuclear Zeeman Interaction ............... ..., 206
55 Combined Hyperfine Parameters .......................... 209
5.6 Hyperfine Parameters in an External Magnetic Field .......... 212
5.7 SUMMATY oo e e 217
References ........ ... 217
Mossbauer Spectrometry of Fe and Its Alloys .................... 219
6.1 Metallic Body-Centered CubicFe ...................... ... 219
6.2 Hexagonal Fe ....... ... . . i 221
6.3 Face-Centered CubicFe ........ ... ... ... ... 222
6.4 Face-Centered Tetragonal Fe .............................. 223
6.5 Impurity Studies ...........c 224

6.5.1  Fe Impurity in Metal Hosts ........................ 224

6.5.2  Metal Impuritiesin Fe Host ....................... 226
6.6 FeCo ALIOYS ..o ooii i 227
6.7 FeNi Alloys ..ot 229
6.8 FeCu AlloyS . ...t 233
6.9 FeZn ALIOYS ..ottt 234
6.10 FeMn Alloys ........ ... ..o 235
6.11  FeCr AllOyS ...ttt 236
6.12  FeV AIOYS ... 237
6.13  FeSi AlloyS ... 238
6.14  FeGe AllOYS ..ot 240
6.15 FeSnAlloys ............ i i 243
6.16  FeAL ANlOYS ...t e 244
6.17  FeGa Alloys ......ooiiiii 245
6.18  FeAu Alloys ......ooii 245
6.19  FePt AlloyS ..ot 247
6.20  FePd ALIOYS ..ottt 250
6.21  FeRhAIOYS .. ..ottt e 251
6.22  Amorphous Alloys ............ ... 253
6.23  Rare-Earth Alloys .............. ... i i il 254

6.23.1 Rare-Earth Binary Alloys ......................... 254

6.23.2 NdyFesBAlloy ... 258
6.24  Summary ............. 260

References . .......oouii i 260



Contents xi

7

Mbossbauer Spectrometry of Spinel Ferrites ...................... 265
7.1 Spinel Ferrites ............... ... . . i il 265
7.2 Magnetite (FesOy4) ..o 267
7.2.1  High Pressure Studies ............. ... ... 271
7.3 Maghemite (y-FeyO3) ..o 274
7.4 Zn Substituted FesO4 .. ..o 277
7.5 Zinc Ferrite (ZnFe,Oy4) ovov oo 278
7.6 Cadmium Ferrite ........ ... ... .. .. . ... 280
7.7 Co and Ni Substituted FesOy4 . ... .o 281
7.8 Cobalt Ferrite (CoFeyO4) oo 283
7.9 Nickel Ferrite .. ... ..ot 284
7.10  Manganese Ferrite . ......... .. 286
7.11  Magnesium Ferrite ......... ... .. ... . i i il 287
7.12  Copper Ferrite ...........iiiiii i 289
7.13  Substituted Ferrites ...ttt 289
7.14  Hercynite (FeAlpOy4) oo 293
7.15 Coulsonite (FeV204) .o 294
7.16  Chromite (FeCryOy4) . .oovvi e 294
7.17  Ulvite (FeaTiOg) o ovviti i 295
7.18  Daubréelite (FeCraSys) ..o 296
T.19  SUMMATY .ottt 297
References . .......oouuiiiii 297
Mbossbauer Spectrometry of Garnets, Hexaferrites
and Orthoferrites ........... ... ... ... . ... . ... 301
8.1 Ferrimagnetic Garnets ...............c.ouuiiiiinnnnnnnnnn. 301
8.2 Yttrium Iron Garnet (Y3FesOyp) ..o 303
8.3 Samarium Iron Garnet (SmzFesO5) ...l 306
8.4 Gadolinium Iron Garnet (GdsFesOy) ..., 306
8.5 Hyperfine Parameters of RIG ............................. 307
8.6 TmIG o 307
8.7 Hexaferrites ....... ..ot 308
8.8 Orthoferrites . ...ttt i 313
8.8.1  Spin Reorientation Studies ........................ 316
8.9 Rare-Earth Free Pervoskites .............................. 321
8.9.1 StFeOs3 ... 321
8.9.2 BaFeO3 ... 322
893 BiFeO3 ......... 322
.10  Summary . ... 324
References .......... i 324
Maossbauer Spectrometry of Antiferromagnetic Materials ......... 327
9.1 Hematite (a-Fe,O3) ..o 327
9.1.1  High Pressure Studies ............................ 330
9.2 Fe-Oxy-Hydroxides ..............oiiiiiiiiiiiiiiinnean. 330

9.2.1  Goethite (a-FeOOH) ....... ... ... ... ........... 331



Xii

10

Contents
9.2.2  Lepidocrocite (y-FeEOOH) ........................ 338
9.2.3  Akaganeite (B-FeOOH) ............. .. ... .. .. 339
9.2.4  Ferrihydrite (FesHOg.4H,O) ...................... 339
9.2.5 Bernalite (Fe(OH)3) ... 340

9.2.6  Schwertmannite (FegOgOH)g_»,(SO4)x (1 <x <
175 341
9.2.77  Feroxyhyte (8-FEOOH) ........................... 341
928 GreenRust ........... i 343
9.2.9  Ferrous Hydroxide (Fe(OH);) ........... ..., 343
9.3 Cubic Perovskite Antiferromagnets ........................ 344
93.1 AFeF3(A=K,Rb) ... .. 344
9.4 Low Dimensional Antiferromagnetic Compounds ............ 346
9.5 2D Planar Antiferromagnets ............... .. ... i 346
951 AFeF4s (A=K,Rb,Cs) ... 346
952 AFeF, (A=K,Rb,Cs) ... 348
9.53  FePS3 ..o 350
9.6 1D Antiferromagnets . ..............oiiiiiiiiii 350
9.6.1 KoFeFs ... 350
9.6.2  Polymorphous Compounds ........................ 351
9.7 Triangular Lattice Antiferromagnets ....................... 352
9.71 AFeX5(A=Rb,Cs; X=Br,Cl) .................. 352
972  AFeOy ..o 353
9.8 SUMMATY oottt et e et 355
References . ...... ..o 355
Maossbauer Spectrometry in Earth Sciences ................... ... 359
10.1  Originof Earth ....... ... . . i 359
10.2  Geological Historyof Earth ............................... 360
10.3  Internal Structure of Earth ............. .. ... .. ... ...... 360
104 Mantle Minerals .............. ... .. .. i 362
10.5  Mossbauer Spectrometry of Mantle Minerals ................ 364
10.5.1 Wadsleyite ... 364
10.5.2 Bridgmanite ..............ccoi i 364
10.5.3 Silicate Phases ......... ... .. . it 365
10.5.4 Natural Mantle Minerals .......................... 367
10.5.5 Ferropericlase ............ ... i ... 367
10.6  Crustal Minerals ............ ... i i, 368
10.6.1 Geothermobarometer ............................. 369
10.6.2 Biotite .........oiiiiiiiiiii 369
10.6.3 Silicate Garnet .............cooiiiiiiiiiiiaaaan. 370
10.6.4 PYroXene ...............iiiiiiiiiiiiiiiiiiiia.. 371
10.7  Clay Minerals ........... . i i 372
10.7.1 Nontronite ............. i, 374
1072 THHEES o oooeee e e 374

10.7.3 Berthierine ............co i 375



Contents xiii

11

12

10.7.4 Chlorites ..., 375
10.8  Iron Ore Minerals ............ooiuuiiiiiiinneeennnnnn.. 377
10.8.1 Hematite ................ ..ottt 377
10.8.2 Goethite .......... i 379
10.9  Studies on Ancient Pottery .............. ... iiiiiin... 380
10.10 Ol EXploration . ..........uuuieeiiiiinneeeiineeeennnn. 382
10.11 Mossbauer Spectrometry in Pedology ...................... 382
10.12 Summary ......... 384
References ........ ... i 385
Extraterrestrial Mossbauer Spectrometry ....................... 389
I1.1  Solar System ...ttt 389
11.2  Chondrites .........coouuniiiii i 389
11.2.1 Stony Meteorites .............. ... ... ... ... .. 392
11.2.2 FeNi Phase in Iron Meteorites ..................... 392
11.2.3 Carbonaceous Chondrites ......................... 394
11.2.4 Enstatite Chondrites ................ ... ... ... .. 396
11.2.5 Ordinary Chondrites ..............oviiiininnean.. 397
11.2.6  Achondrites ......... ..., 399
11.2.7 Martian Achondrites ............................. 400
11.3  Lunar Mineralogy ............. ... 402
1.4 Mars EXploration . ..........uiiiiiiiiiinee i, 406
11.41 MarsOverview ..., 406
11.42 MIMOS ... .. 406
11.4.3 Mars Exploration Rover .......................... 407
11.4.4 Gusev Crater Mineralogy ......................... 407
11.4.5 Meridiani Planum Mineralogy ..................... 412
I1.5  Summary . ... 415
References . ...... .o 415
Mboéssbauer Spectrometry in Life Sciences ........................ 419
12.1  RoleofIronin HumanBody ............ ... ... ... ... ... 419
122 Heme GIoUP .. ovviie ettt 420
12.2.1 Hemoglobin Overview ........................... 420
12.2.2 Hemoglobin ......... ... ..., 421
12.2.3  Spin State of Hemoglobin Subunits ................. 423
12.2.4 Myoglobin ........ ... i 425
12.2.5 Ferric Myoglobin ........ ... ... ... . oiiiiL. 428
12.2.6 Protein Dynamics ...............cooiiiiiiiiin... 429
12.3  Ferritin/Hemosiderin ........... ... ... ... ... . .. ... 431
12.4  The Transporter ............. ... . .. 434
12.5  Cytochrome ..........c..uuiiiiiii i 434
12.6  Bacterial and Plant Proteins ............ ... ... ... .. L. 435
12.6.1 Tron-SulfurCluster ................ ... ... ... ... 435
12.6.2 PlantParts ........ ... ... i 440

12.7  Pharmaceutical Applications ............. ... ... ... ... .. 440



Xiv Contents
12.7.1 TIron Related Diseases/Disorder .................... 440

12.7.2 Tron Supplements .............. ... ... ... ... ..., 441

12.7.3 Thalassemia ............cooeeiiiiineeneunnnnnnnnn 444

12.7.4 Neurodegenerative Diseases ....................... 444

12.7.5 Deferoxamine ........... .. ... 445

12.7.6 Bleomycin ..........coiiiiniiiiiiiiiin... 445

12777 Malaria ...t e 446

128 Summary .......... 449
References . .......oouiiiii i 449

13 Mossbauer Spectrometry of Superconductors and Manganites .... 453
13.1  SuperconducCtors . ...........uovieeiiiiineeeiiiinneeeennn. 453

13.2  Conventional Superconductors .................. ... ... .... 453
1321 UgFe ... 453

1322 ThyFes ... 454

1323 RyFesSis ..o 454

13.3  High T¢ YBCO Superconductors ...............ooveevenn.. 455

13.4  Iron Based Superconductors ...................oeiiinnn... 457
13.4.1 RFeXO (1111) Superconductor .................... 459

1342 AFesAsy oo 461

13.4.3 FeSe (11) Superconductor ........................ 463

13.5  Manganites . ......uuueeit i 464

[3.6  Summary . .......uuiiit 466
References .........cooiiii i e 466
Index . .. ... 469



Chapter 1 ®)
The Nucleus greckie

1.1 Probing the Nucleus

Roentgen discovered X-rays in 1895, followed by the identification of other kinds of
nuclear radiation in 1899 by Ernest Rutherford, known as alpha and beta rays. Paul-
Villard, in 1900, found another form of radiation characterized by more penetration
depth than X-rays and unaffected by electric or magnetic fields, named later on by
Rutherford as y-rays. Scattering experiments are used to probe the size and shape of
the nucleus that requires energy sources over a few hundred MeV and wavelengths
of less than a fm. Rutherford’s analysis of the scattering of a-particles with a thin
gold foil established that the atom has a positively charged nucleus, overturning the
plum pudding model of J. J. Thomson. Rutherford scattering uses o particles that are
difficult to produce with high energy, and therefore, electrons are used in scattering
experiments to determine the nuclear size precisely. The electrons interact with the
nucleus through electromagnetic interaction subject to the diffraction limits, whereas
strong interaction is limited to the nucleons, and weak interaction is negligible.
The diffraction condition is satisfied if the de Broglie wavelength of the electron
is equal to the size of the nucleus. Diffraction can be of two forms; far-field, known
as Fraunhofer diffraction, and near-field, known as Fresnel diffraction. When the
electron’s kinetic energy is increased significantly and made to scatter on a nucleus,
it is called relativistic scattering. The scattering cross section is then given by the
Mott formula, which includes the effect of magnetic moment and recoil. The clas-
sical Rutherford scattering uses non-relativistic scattering considering only charge,
neglecting recoil and magnetic moment. At very low electron energies, when the
wavelength is larger than the size of the object, the interaction can be point-like,
neglecting the spin. These effects are used to establish the properties of the nucleus.
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2 1 The Nucleus

1.2 Constituents of the Nucleus

The nucleus has protons and neutrons known as nucleons, which are further made
of fundamental particles called quarks. The quark structure is responsible for the
positive and neutral charge of the protons and neutrons, respectively. The fundamental
particles under two major classifications, known as leptons and quarks, with their
charges, are shown in Table 1.1. The leptons have a charge of either —1 or 0, while
the charges of quarks are either +2/3 or —1/3, in multiples of elementary charge. All
ordinary matter is made up of particles comprising the leptons and quarks, whereas
antiparticles are known for their opposite charges to that of particles.

The proton comprises two up quarks and a down quark where each up quark has
an associated charge of + 2/3, and the down quark has a charge of — 1/3, making
a net charge of + 1. Neutron has two down quarks and one up quark, resulting in a
neutral charge. The quark constituents of the proton and neutron with their electric
charges and another quantum number (color charge) represented by red, blue and
green are shown in Fig. 1.1. The combination of the three color charges for a free
particle has to be zero. Despite the neutral electric charge of the neutron, the strong
nuclear force between the neutron and proton keeps them together, and the nuclear
charges are uniformly distributed.

An atomic nucleus with its constituent proton (Z) and neutron (N) numbers is
represented as éX, where A is the mass number that is the sum of Z and N. The
hydrogen nucleus has just one proton, while isotopes such as deuterium and tritium
have one and two neutrons, respectively.

1.2.1 Charge Distribution

The nuclear charge distribution from scattering experiments is given by

Py=—r 1.1
p(r) T oxp(=E) (1.1)
Table 1.1 The fundamental particles and their charges
Leptons Quarks
Particle Name Charge (e) Particle Name Charge (e)
e~ Electron —1 u up +2/3
wo Muon -1 d down —1/3
T Tau -1 c charm +2/3
Ve Electron neutrino 0 s strange —1/3
Vi Muon neutrino 0 t top +2/3
Vg Tau neutrino 0 b bottom —1/3
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Proton Neutron

Fig. 1.1 The up (u) and down (d) quark constituents of the proton and neutron

In (1.1), p, is the nuclear charge density near the nuclear core, R is the mean
radius where the density decreases by half, and ¢ is the skin thickness in which the
density falls from 90 to 10%, as represented in Fig. 1.2. The density at the center of
the nucleus is about p, = 0.16 x 10* nucleons/m?. The radius of the nucleus is given
by R = 1.2A"3 x 107! m from electron scattering experiments. The nucleus can be
approximated as a homogeneously charged sphere with a radius R. Another quantity
often used is the mean square radius <r>> to take care of the not-so-well-defined
radius and is related to R as

5
R =Z(r?) (1.2)
3
The root mean square (rms) radius of Fe isotope is around 3.7 fm.

Fig. 1.2 The nuclear charge
density variation with radial
distance

Po t

Nuclear charge density

Radial distance (fm)
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Fig. 1.3 Plot showing the
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As the number of protons in the nucleus increases, the number of neutrons must be
added to overcome the Coulomb repulsion. The strong force thus holds the nucleons
together, and as a result, most nuclei exhibit N > Z, as shown in Fig. 1.3. The stable
nuclei are found in the valley of stability, while isotopes with excess protons and
neutrons reach stability by moving towards the bottom of the valley. Those nuclei
with excess protons beyond the stability line decay through B* or electron capture,
whereas those with excess neutrons decay through p~. The estimate of Coulomb
energy for *°Fe is

Ze? Ze?
EC = =
4megR  4AmegR, A3
26 x (1602 x 1071)?
T 4megR, x 561/3

=1.307 x 107'2] = 8.2 MeV. (1.3)

However, this estimate of the Coulomb energy term is modified inside a nucleus
due to the contribution of more proton pairs. The e and ¢, represent the elementary
charge and vacuum permittivity, respectively.

As more neutrons are added up, the mass number increases and the nucleus
becomes unstable. Nevertheless, a stable nucleus in most cases is due to another
important factor, the binding energy.

1.3 Binding Energy

The sum of the individual nucleon’s masses does not match the actual total mass of
the nucleus, and this difference is known as the mass defect. The energy is being
spent for binding nucleons together to achieve stability and hence known as binding
energy given as
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Table 1.2 Few of the isotopes of Fe and their relative abundance

Isotope Z N Stability Relative abundance (%)
32Fe 26 26 Unstable—B* decay -
S4Fe 26 28 Stable 5.8
>Fe 26 29 Unstable—electron capture -
3Fe 26 30 Stable 91.8
5TFe 26 31 Stable 2.1
B Fe 26 32 Stable 0.3
MFe 26 33 Unstable—p~ decay -
B = ({Zmy + Nm,} — myX)c? (1.4)

where my, m;, and m are the masses of the hydrogen, neutron and atom, respec-
tively, while electrons are also part of (1.4). The binding energy could be understood
easily from the case of a deuteron. The deuteron is made up of a proton and a neutron.
When a deuteron is formed, it releases a gamma ray of energy 2.2246 MeV equal to
the binding energy. Similarly, the energy required to break the deuteron into proton
and neutron is 2.2246 MeV.

1.4 Isotopes and Their Abundance

Nuclei with the same number of protons but with different neutron numbers are
known as isotopes. Table 1.2 shows a few iron isotopes, their nucleon numbers and
their stability. Stable isotopes such as *Fe and 3’Fe are relatively abundant, where
the relative fractions are 91.8 and 2.1%, respectively (Meija et al. 2016). Here, the
Fe isotopes can have either even or odd neutrons, one factor affecting their stability.
The °Fe, "Fe and *®Fe with N = 30, 31 and 32, respectively, lie at the bottom of
the valley of stability. The Fe isotope with N = 29 decays through electron capture
while N <28 is by f* and N > 33 by means of §~ decay.

1.5 Binding Energy Per Nucleon

The stability of the isotopes is determined by the binding energy per nucleon, which
is influenced by various contributions given in the semi-empirical mass formula.
Derived by von Weizsécker, on the analogy of liquid-drop, it assumes the nucleus is
made of incompressible nuclear matter. The nuclear force is identical to each nucleon
and saturates, implying that nearby nucleons only interact with each other. The total
binding energy of the nucleus is a sum of various positive and negative contributions
that are given by,
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B = volume term — surface term — Coulomb term — asymmetry term -+ pairing term

The total binding energy is given by

Z(Z—-1) (A =22)?
—a,
Al/3 A

B = a,A —a,A*? —a, +34 (1.5)

where a,, a, a. and a, are constants.

The first term in (1.5), the volume term, is positive due to the attractive nuclear
force, which is charge-independent. Since more nucleons imply a larger volume, the
binding energy contributed by the volume term is,

4 o3
BVO(§JTR o A (1.6)

The surface term contributes to a decrease in binding energy since
Bs o« 47 R* ¢ A3 (1.7)

The proton repulsion occurs in pairs which contribute to a term Z(Z — 1) and
are included in the Coulomb energy contribution to the binding energy, assuming a
uniformly charged sphere as

2

4egR,AL/3

_3 e?
€= 54megR

Z(Z—l):% Z(Z —1) (1.8)

A symmetrical number of protons and neutrons makes the nucleus more stable.
To account for the binding energy contribution, the asymmetry term

(A —22)?

2 (1.9)

has been introduced. An equal number of protons and neutrons eliminates the
asymmetry term.

The pairing term was introduced to account for the binding energy contribution
according to the odd or even nucleon contribution. If Z and N are even, then § is
positive, resulting in better stability of the nucleus. If Z and N are odd, the § has
a negative magnitude, and the term vanishes when (N + Z) is odd. The various
contributors to the binding energy with the mass number are shown in Fig. 1.4. The
increase in the net B/A followed by the decrease at higher A is evident from the
cumulative contributions.

The experimental binding energy per nucleon data for the nuclei, as shown in
Fig. 1.5, could be fairly explained using the semi-empirical mass formula, although
there are a few exceptions. The B/A curve results in better stability for 3He nucleus,
which has even protons and even neutrons and also peaks around A =~ 60 that happens
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Fig. 1.4 Various cumulative
contributions to the binding 16 Volume term

energy per nucleon (B/A)

with mass number Surface term
S
% Coulomb term
< / Net B/A including
Q asymmetry term
D

50 A 200

to be the Fe and Ni nuclei. Thus, nuclei below A =~ 60 tend to fuse together and
increase their B/A, whereas heavier nuclei try to shed their nucleons through the
fission process.

The inset of Fig. 1.5 also shows the B/A values of a few isotopes that peak in
the binding energy per nucleon curve (Fewell 1995). The largest B/A is for the °Ni
isotope, while ®Fe is the abundant isotope due to stellar nucleosynthesis.

Fig. 1.5 The binding energy I 1 " v ) LI v
per nucleon (B/A) for a few "" -0—gp.
isotopes with mass number. 8 '4H ..""--.o-.. o-.._..
The B/A reaches a maximum { o “Ni
at A &~ 60 and decreases for < 6 %Fe
heavier isotopes such as 233U = ] 238 1]
g Isotope B/A (keV) U
I 4 2N 8794.6 i
Fe 8792.3
2 %Fe 8790.4 .
@ EONj 8780.8
0 T T
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A

(=B
w
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I=0 /:j
YY)
7 N A=Z+N
I=jp*in
Odd Odd

-

Fig. 1.6 The spin value of nuclei with even protons and neutrons is zero. The spin of the odd
nucleon determines / for odd A and for nuclei with odd protons and odd neutrons

1.6 Nuclear Spin

The nuclear spin, /, is determined by the intrinsic orbital (/) and spin (s) angular
momentum contribution of the nucleons ( jj coupling) given as

A A
I=) Ui+s)=) (1.10)

i=1 i=1

The nuclear spin has a magnitude given by /I (I + 1)/ and its z component is
mh where m; =+ 1,...0,... —I. The value of I could be obtained theoretically from
nuclear models and in general, determined by the spin value of the odd nucleon as
illustrated in Fig. 1.6. If: (i) Z and N are even, then I = 0; (ii) A is odd, I is determined
by the j of the odd nucleon and; (iii) Z and N are odd, [ is the sum of the spin values
of the odd proton and neutron.

1.7 Nuclear Magnetic Moment

The magnetic moment of a nucleus is given by u = glun, where g is
the nuclear g-factor, I is the nuclear spin, and uy is the nuclear magneton.
For the proton, the experimental spin g-factor is given by g, = 5.585609,
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whereas for the neutron, it is —3.82608. The experimental magnetic moment
of a proton is +2.793 un, while that of a neutron is —1.913 un. These
values are due to the quark-gluon constituents of the nucleons requiring rela-
tivistic treatment, or else the non-zero negative magnetic moment for the
neutron would not be possible. For the °’Fe isotope, the experimentally
measured magnetic moment is + 0.0906 py corresponding to I = 1/2 (Fuller
1976).

1.8 The Shell Model Nucleus

Certain nuclei with Z or N values 2, 8, 20, 28, 50, 82 and 126 are exceptionally stable,
and these nucleon numbers are magic numbers. In the atomic case, the stability
of atoms and the ionization energy can be explained by electrons in shells with
definite energy levels. The energies of shells and subshells can be calculated using
the Schrodinger equation and the Coulomb potential. However, for the nuclear case,
a suitable potential has to be identified since the strong nuclear force influences the
nucleons, and they move in a potential of other nucleons. A realistic model, which
satisfies all the magic numbers given by Woods-Saxon mean field potential, is shown
in Fig. 1.7.

Since the nuclear charge distribution varies at the boundaries of the nucleus, a
gradually varying nuclear potential is a good approximation. The mean radius R,
skin thickness, ¢ are incorporated in the intermediate potential of the form known as
Woods-Saxon potential given by

\%
Vi) =-——">"—+ (1.11)
1+ exp( - )
Fig. 1.7 The shell model r
Woods-Saxon mean field
potential
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where V,, is the depth of the potential well and 7 is the distance from the center of
the nucleus. Solving the Schrédinger equation using (1.11) results in energy levels,
as shown in Fig. 1.8.

The intermediate potential shown by the energy levels on the left side of Fig. 1.8
suggests magic numbers as 2, 8, 20, 40, 58 and 70, which does not satisfy the
experimentally observed magic numbers. With the spin—orbit interaction term, fine

Intermediate potential

1i Spin-orbit included
M tira2

112 — 3412
3p 2052
2o 3p32
1hgy
90009088 5, .
1h
ih
70 seee Zd";f
3s 28 35y
20 S9000888 1.
sessee .
5 512
e - 12
2p1i2 6
152
2p32
sessssee = - 82
20 f28e . 103 ]
2 .
- - 50
sessss .,
- 28
8 A - 20
o
19412
1p
o000 1032
- 8
2
15 20 152 2 _
nl (2j+1) nl;

Magic numbers
nucleon occupancy

Fig. 1.8 The energy levels obtained using the intermediate potential (left) and the potential,
including the spin—orbit term that satisfies all the magic numbers. The total nucleon occupancy
in each level is given by 2j + 1. Perturbations shift the energy levels. Simulated in Mathematica
(Blinder 2009)
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spectra were explained in atomic physics. A similar spin—orbit interaction term modi-
fies (1.11) as V,(r) = V(r) 4+ V(r). Here, V(r) is the Woods-Saxon and V(r) is
the spin—orbit potential. The potential with spin—orbit term satisfies all the magic
numbers and the energy levels as shown in Fig. 1.8. For example, the filling of
energy levels corresponding to 1s1/, 1p3s2, 1p1/2, 1dsp, 2812, 1d3p2, 1772, 2p3p, 1512,
2p12 and 1gg, would satisfy the magic number 50. The occupancy of nucleons in
each level is determined by the total angular momentum j = [ & s. Thus, the [ = 0
has only one s/, level with an occupancy 2j + 1 =2 x 1/2+ 1 =2; 1 =1 has levels
j=1+4+1/2andj =1 — 1/2 given as p3; and py»; / = 2 has levels ds;, and d3, and
SO on.

Figure 1.9 shows the approximate proton and neutron potential where the nucleons
are held together by the attractive strong force when r < R. For the proton, the
Coulomb repulsion is included, which requires additional energy to overcome the
barrier and get trapped in the potential well. The shell model also satisfactorily
explains the spin and nuclear parity (7). All even-even nuclei have j* = 0* ground
states. For odd (A) nuclei, the unpaired nucleon determines the spin and parity given
by j*. Parity is given as = = (—1)". The spin and parity values for a few isotopes are
shown in Table 1.3. The nuclei with even-even proton-neutron have zero spin, and
the parity rule then gives a spin value of 0.

Fig. 1.9 The neutron

; . np p
potential well is only @ ® @
influenced by the strong — —_—
force, whereas the strong Attractive Repulsive

force and Coulomb force
determine the proton
potential well

Coulomb barrier

_» Proton potential well

-~
#

Neutron potential well
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Table 1.3 The spin and parity values for a few Fe and Co isotopes

Isotope N j Nucleons Parity SpinPaity
SFe 29 312 Even—odd - 312~
S6Fe 30 0 Even-even + 0t

STFe 31 12 Even—odd - 1/2-
S8Fe 32 0 Even-even + ot

3Co 27 0 0dd-odd + ot

3Co 28 712 Odd—even — 712~

1.9 Radioactive Decay

The number of nuclei N(f) present at a given time () compared to the initial nuclei
N, (t = 0) is given by the radioactive decay law,

N(t) = Nye™ (1.12)

where A is the disintegration constant. As illustrated in Fig. 1.10, the initial nuclei
N, transform by radioactivity, and their number decreases exponentially with time
as a function of A, converting to another type of nuclei.

Half-life is the time required to reduce the number of nuclei to half its original
value. Considering N(#12) = No/2 and t = ¢y in (1.12) gives

Radioactive Nuclei, N

Time, t

Fig. 1.10 The radioactive decay law is governed by the exponential decrease in nuclei from its
initial number N, over time, converting to another nuclei
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0.693
= — (1.13)
The mean-life is the average lifetime of nuclei given by
! (1.14)
T=— .
A

The rate of radioactive decay is measured in terms of activity, which is the number
of decays per unit time,

A=Ay e (1.15)

where A, = AN, isthe activity attime f = 0. Activity is a measurable quantity in terms
of cgs (centimetre—gram—second) unit curie (Ci) or in SI (Systeme International) unit
as becquerel (Bq).

1Ci =3.7 x 10"%decays/s = 3.7 x 101°Bq = 37 GBq.

Radioactive nuclei can decay using various routes giving different disintegration
constants Aq, Ay, A3,... given as

NGQi4ra4+r34--) = N (1.16)

The probability of various decay processes, when there is more than one, can
be represented by branching ratios. >’Co isotope is a category 5, low-risk source
emitting gamma ray, used with a typical activity of 50 mCi.

Radioactive decay can be of three types (i) alpha (o) decay, (ii) beta (B) decay
and (iii) gamma (y) decay. The knocking out of a neutron or proton from the nucleus
would also result in the transformation of the parent nucleus, accompanied by the
emission of the above decay products. The a, B, and y decays, as illustrated in
Fig. 1.11, are due to quantum tunneling, weak interaction and deexcitation from
higher to lower energies, respectively.

1.9.1 Alpha Decay

Alpha decay is the disintegration of the nucleus through the emission of ‘Z‘He nucleus,
known as a-particle. The disintegrating nucleus undergoes the following changes,

2Xn — 573X n_2 +3He (1.17)

For the decay process (1.17), the conservation of energy implies the mass-energy
and kinetic energy before disintegration should be equal to that after disintegration.
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o decay

v decay

Fig. 1.11 The a-decay is due to quantum tunneling emitting positive charged gHe, B~ decay is a
result of weak interaction, and y-decay is caused by the transition in nuclear energy levels

The energy equation is written as
mX02 + Tx = mxrc2 + Tx + muc2 + Ty (1.18)

where ¢, mx, Tx, mx, Tx', my, T are the speed of light, mass of the initial nucleus,
the kinetic energy of the initial nucleus, the mass of the final nucleus, the kinetic
energy of the final nucleus, the mass of the alpha particle and the kinetic energy
of the alpha particle, respectively. Assuming the initial nucleus is at rest, Tx = 0.
Rearranging (1.18),

(mx —mx —mg)e> =Ty +Tx = Q (1.19)

The Q represented here is known as the Q-value, which is a measure of the energy
released (Q > 0) or absorbed (Q < 0). A decay process will be spontaneous, provided
QO > 0. From the conservation law, Ty, 4+ Tx = Q. Since the linear momentum of the
initial nucleus is zero, the conservation of momentum gives

Patpx =0 (1.20)
Therefore, the momenta of the a-particle and the final nucleus are equal and

opposite. Note the recoil of the nucleus X' coming into the picture here. We now
obtain from (1.19),

1+ ) = 2=
a\ 1+ 7~ | = (mx —mx —ma)c” = Q (1.21)

o
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Using the T = p?/2m relation, the kinetic energy of the alpha particle can be
obtained as,

T, = e __ ¢ (1.22)

(4 ()

Since my > mqy, T, =~ Q, implying that most of the Q value is contributed by the
kinetic energy of the alpha particle. The Geiger-Nuttall law gives a typical Q value
for a-particles in the range 4—10 MeV for half-life ranging from 10'° years to 1077 s,
respectively (Krane 1988). The Geiger-Nuttall law relates Q and half-life given as

logt —a(Z)+@ (1.23)
gl = @ .

where a and b are functions of Z. This poses an important question. How could
an alpha particle with energy as low as 4 MeV cross the nuclear potential barrier
exceeding 8 MeV? This could be explained by quantum mechanics using the
phenomena of barrier penetration or tunneling effect.

1.9.2 Beta Decay

The B-decay can take place through any of the following processes.

n—>p+e +V. P decay
p—>n+e"+v, BT decay

p+e — n+v. eelectroncapture (1.24)

In the case of a-decay, the mass-energy of a-particle is 3.7 GeV, which is very large
compared to the kinetic energy of 4 MeV and therefore, non-relativistic approach can
be used there. Unlike a-particle, which has definite energy, experiments have shown
that p-particle has continuous energy ranging up to a few MeV. It can be shown that
the continuous distribution of kinetic energy is shared by the electron and neutrino
in the B-decay process. The ?*Na isotope that decays to *’Ne emitting e*, with a
half-life of 2.6 years, is widely used in positron annihilation spectroscopy.

The B~ decay transforms the nucleus as,

OXn = X N1 e+, (1.25)

In terms of neutral atomic mass (M), nuclear mass (m) and electron mass (),
the mass-energy considering binding energy, is written as
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Mxc® = mxc® + Zmec* — ) " B (1.26)

The antineutrino mass is negligible, electron masses and binding energies are
eliminated here, and the Q value from (1.25) is

(Mx — Mx)* =Te- + Ty, = Q (1.27)

The B~ decay involves transforming higher to lower mass-energy due to the
conversion of n — p that results in Q > 0. The electron and antineutrino share
the kinetic energies. Let us not take this Q forward as we also define Q for nuclear
quadrupole moment.

1.9.3 Gamma Decay

Any nuclear transition from a higher energy to a lower energy state involves the
emission of high energy y-ray photon. Unlike o and f decays, y-decay does not
involve any change in the nucleon number. The energies of y-ray may overlap with
the X-ray energy and the former is identified from its nuclear origin while the latter
is related to the electron. Usually o and § decays produce isotopes in a higher energy
state that reaches the ground state through the emission of y-rays.

Consider a nucleus at rest emitting a y-ray of energy E, after making a transition
from excited state energy level, E, to a lower level, E,. Since the initial momentum
is zero, the conservation of linear momentum should satisfy that the emitted gamma
ray momentum is compensated with the recoil momentum giving

0= pr+py (1.28)
Using energy conservation,
E.,=E,+E,+1Tx (1.29)

where T is the recoil energy.

Mossbauer spectroscopy deals with y-rays, and therefore, it is important to know
few of its characteristics. Unlike the o and p -rays, y-ray has no definite absorption or
penetration range because it is an electromagnetic radiation. The absorption of y-rays
of intensity /, in a slab of thickness x can be given by the expression I = I ,exp(—/ux)
where  is the absorption coefficient and [ is the intensity after penetrating the slab.
The thickness of the slab required to reduce the y-ray intensity by half (I/I, = 1/2)
is known as half-value thickness or half-value layer. The absorption coefficient is
proportional to the density of the material and microscopic cross section for reaction



