
Contents

Part I Phenomenological Description of Emission Processes

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.1 Binding Energy and Q-Value . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 Strong Emission Processes . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3 Electro-Weak Emission Processes . . . . . . . . . . . . . . . . . . . . . . 7
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2 Binary Emission Processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.1 General Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2 Angular Momentum Representation . . . . . . . . . . . . . . . . . . . . . 13

2.2.1 Spherical Boson Emitters . . . . . . . . . . . . . . . . . . . . . . . 13
2.2.2 Spherical Fermion Emitters . . . . . . . . . . . . . . . . . . . . . 16

2.3 S-Matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.3.1 Scattering States . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.3.2 Resonances . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.3.3 Poles of the S-Matrix . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.4 Gamow States . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.5 Decay Width and Half Life . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.6 Decay Rules for the Half Life . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.7 Decay Rule for the Reduced Width . . . . . . . . . . . . . . . . . . . . . 33
2.8 Inter-Fragment Potential . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
2.9 Double Folding Potential . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

2.9.1 Boson Emission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
2.9.2 Fermion Emission . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
2.9.3 Vibrational Nuclei. . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
2.9.4 Triaxial Nuclei . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

2.10 Spectroscopic Factor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
2.10.1 Particle Emission . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

xi



2.10.2 Cluster Emission. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3 Core-Angular Harmonics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.1 Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.2 Boson Emission. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
3.3 Fermion Emission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.4 Angular Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.4.1 Fermion Emission . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.4.2 Boson Emission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4 Coupled Channels Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
4.1 Numerical Integration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
4.2 Integration Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.3 Diagonalization Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.4 Analytical Continuation Method . . . . . . . . . . . . . . . . . . . . . . . 68
4.5 Distorted Wave Approach (DWA) . . . . . . . . . . . . . . . . . . . . . . 68
4.6 Two Potential Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.7 Intrinsic System of Coordinates. . . . . . . . . . . . . . . . . . . . . . . . 73
4.8 Adiabatic Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.9 Coupled Channels Calculations for Proton Emitters . . . . . . . . . . 79
4.10 Proton Emission from Rotational Odd–Odd Nuclei and from

Rotational–Vibrational Odd–Even Nuclei . . . . . . . . . . . . . . . . . 84
4.11 Emission from Rotational Triaxial Nuclei. . . . . . . . . . . . . . . . . 87
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

5 Semiclassical Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.1 Penetration Formula. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.1.1 Spherical Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.1.2 Deformed Approach . . . . . . . . . . . . . . . . . . . . . . . . . . 94

5.2 Cluster Model (CM) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
5.3 Super Asymmetric Fission Model (SAFM) . . . . . . . . . . . . . . . . 99
5.4 Effective Liquid Drop Model (ELDM). . . . . . . . . . . . . . . . . . . 102
5.5 Fragmentation Theory (FT). . . . . . . . . . . . . . . . . . . . . . . . . . . 103
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

6 Fine Structure of Emission Processes . . . . . . . . . . . . . . . . . . . . . . 107
6.1 a-Decay Fine Structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
6.2 Coupled Channels Description of the a-Decay Fine Structure . . . 111
6.3 a-Decay Fine Structure in Rotational Nuclei . . . . . . . . . . . . . . . 112
6.4 a-Decay Fine Structure in Vibrational Nuclei . . . . . . . . . . . . . . 122
6.5 Proton Emission in Vibrational Nuclei . . . . . . . . . . . . . . . . . . . 130
6.6 Double Fine Structure in Cold Fission . . . . . . . . . . . . . . . . . . . 132
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

xii Contents



7 Ternary Emission Processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
7.1 Coupled Channels Equations for Two Proton Emission . . . . . . . 143
7.2 Coupled Channels Equations for Ternary Fission . . . . . . . . . . . 146
7.3 Ternary Potential . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
7.4 Angular Distribution of the Light Particle. . . . . . . . . . . . . . . . . 150
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

Part II Microscopic Description of Emission Processes

8 Microscopic Emission Theories. . . . . . . . . . . . . . . . . . . . . . . . . . . 163
8.1 Time Dependent Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

8.1.1 Integral Formula. Fermi ‘‘Golden Rule’’ . . . . . . . . . . . . 163
8.1.2 Surface Formula. Preformation Amplitude . . . . . . . . . . . 166
8.1.3 Time-Dependent Approach for Proton Emitters . . . . . . . 167

8.2 Resonating Group Method (RGM). . . . . . . . . . . . . . . . . . . . . . 170
8.3 Feshbach Reaction Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
8.4 R-Matrix Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

8.4.1 Spherical Emitters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
8.4.2 Deformed Emitters . . . . . . . . . . . . . . . . . . . . . . . . . . . 176
8.4.3 R-Matrix Approach for Two Proton Emission . . . . . . . . 180

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

9 Preformation Amplitude. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
9.1 Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
9.2 a-Particle Wave Function . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
9.3 Multi-step Shell Model (MSM) . . . . . . . . . . . . . . . . . . . . . . . . 184

9.3.1 Two-Body Correlations . . . . . . . . . . . . . . . . . . . . . . . . 187
9.3.2 Four-Body Correlations . . . . . . . . . . . . . . . . . . . . . . . . 189

9.4 a-Decay from 212Po . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190
9.4.1 Single-Particle Basis . . . . . . . . . . . . . . . . . . . . . . . . . . 190
9.4.2 Two-Particle States . . . . . . . . . . . . . . . . . . . . . . . . . . . 191
9.4.3 a-Like States . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

9.5 a-Like Resonances in 40Ca . . . . . . . . . . . . . . . . . . . . . . . . . . . 198
9.6 Superfluid a-Emitters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203

9.6.1 Deformed Nuclei . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203
9.6.2 Superdeformed Nuclei . . . . . . . . . . . . . . . . . . . . . . . . . 206
9.6.3 Spherical Nuclei . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208

9.7 a-Decay in Superheavy Nuclei . . . . . . . . . . . . . . . . . . . . . . . . 209
9.8 Two Proton Superfluid Emitters . . . . . . . . . . . . . . . . . . . . . . . 217
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219

10 Selfconsistent Emission Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . 223
10.1 General Framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223
10.2 A Simple Cluster Model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225

Contents xiii



10.3 Two Harmonic Oscillator Model . . . . . . . . . . . . . . . . . . . . . . 228
10.4 Selfconsistent Description of the a-Decay . . . . . . . . . . . . . . . . 231
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239

11 QRPA Description of the a-Decay to Excited States . . . . . . . . . . . 241
11.1 Description of the Excited States . . . . . . . . . . . . . . . . . . . . . . 241
11.2 a-Particle Preformation Amplitude . . . . . . . . . . . . . . . . . . . . . 243
11.3 Analysis of the Experimental Data. . . . . . . . . . . . . . . . . . . . . 247
11.4 Analysis of the QRPA Features . . . . . . . . . . . . . . . . . . . . . . . 250
11.5 Systematic Predictions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 256

12 Heavy Cluster Decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 259
12.1 Preformation Amplitude of Heavy Clusters . . . . . . . . . . . . . . . 259

12.1.1 a-Particle Emission . . . . . . . . . . . . . . . . . . . . . . . . . . 259
12.1.2 8Be Emission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260
12.1.3 12C Emission. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261
12.1.4 14C Emission. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 262

12.2 Two Center Shell Model (TCSM) . . . . . . . . . . . . . . . . . . . . . 264
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 267

13 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269

14 Appendices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 271
14.1 Single Particle Mean Field . . . . . . . . . . . . . . . . . . . . . . . . . . 273

14.1.1 Nuclear Potential. . . . . . . . . . . . . . . . . . . . . . . . . . . . 274
14.1.2 Coulomb Potential. . . . . . . . . . . . . . . . . . . . . . . . . . . 275
14.1.3 Spin-Orbit Potential . . . . . . . . . . . . . . . . . . . . . . . . . . 276

14.2 WKB for Coulomb Functions . . . . . . . . . . . . . . . . . . . . . . . . 278
14.3 Rotations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 280
14.4 Reduced Matrix Elements . . . . . . . . . . . . . . . . . . . . . . . . . . . 282
14.5 Numerov Integration Method . . . . . . . . . . . . . . . . . . . . . . . . 284
14.6 Runge–Kutta Integration Method . . . . . . . . . . . . . . . . . . . . . . 285
14.7 Spheroidal System of Coordinates . . . . . . . . . . . . . . . . . . . . . 286
14.8 Spherical Harmonic Oscillator . . . . . . . . . . . . . . . . . . . . . . . . 288

14.8.1 Spherical Shifted Harmonic Oscillator . . . . . . . . . . . . . 289
14.9 Diagonalisation Procedure in a Non-Orthogonal Basis . . . . . . . 290
14.10 Four-Particle Metric Matrix. . . . . . . . . . . . . . . . . . . . . . . . . . 292
14.11 Two Quasiparticle Preformation Amplitude. . . . . . . . . . . . . . . 292
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 293

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 295

xiv Contents


	Contents


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200039002000280039002e0033002e00310029002e000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




