Contents

PN AL

P I R e el e e el
DHEON0WX WA WD - O

—

The Development of Heavy-Ion Nuclear Physics

D. Allan Bromley

Introduction . . .. . oo 3
Early Work at Berkeley . ... ... .. . . 4
Developments at Los Alamosand Yale . .. ............. .. ... ... .. .... 7
Nuclear Chemistry at Berkeley . . . ............ ... ... ... ... ... ... ... 15
European Heavy-Ion Studies . .. ........ .. ... ... . ... i 16
4N+ 14N Studies at Oak Ridge . . . . ..o v et 18
Heavy-Ton Studiesinthe USSR . ... ... .. ... ... . . i 20
Heavy-Ion Linear Accelerator Projects at Yale and Berkeley . . ................ 24
Research at the HILACand HIA . .. ... ... ... . . 27
The First Tandem Accelerator . . . . ........... .. 33
Heavy-ITon ResearchatDubna . . ........ .. ... ... .. ... ... ... ..... 40
Large Electrostatic Accelerators . . . ............. it 51
The Brookhaven Double MP Accelerator .. ........... .. ... ... ...... ... 53
The SUPERHILAC atBerkeley . . .. ... .. i 63
The UNILAC Complex at GSI, Darmstadt . . ............... .. ... ....... 70
The 1975 Renaissance in Precision Heavy-Ion Nuclear Physics .. .............. 76
Postaccelerator Systems for HeavyIons . ........... ... ... ... ... .. ..., 84
The Berkeley Bevalac .. ......... i 92
Ultrarelativistic Interactions . ........... ... . i 104
Heavy-Ion Nuclear Theory .. ......... ... .. . 112
Applications of Heavy-Ion Nuclear Physics . . . ........ ... ... ... ... ... 114
Overview and Conclusions . ... ........ ...ttt 115
Acknowledgments . ... ... ... 122
References . .. ... 122

Elastic Scattering

Wilhelm E. Frahn

Introduction . . ... ... . .. 135

Characteristics and Systematics of Heavy-Ion Scattering . . ... ................ 139
2.1. Coulomb Interaction; Rutherford Scattering . .. ..................... 139

xiii



Xiv

10.

11.

12.

Contents

2.2. Elastic S-Matrix; Absorption of Partial Waves . ..................... 141
2.3. Diffraction Systematics of Heavy-Ion Scattering .. ................... 143
2.4. Identical and Nearly Identical Nuclei . .. .......................... 146
2.5. Strong Coupling Effects .. ....... .. ... ... ... ... .. . . . . 148
Early Developments . . ........ ... ... . 149
3.1. Earliest Experiments and the BlairModel ... ....................... 149
3.2. Parametrized S-MatrixModel .. ...... ... ... ... ... ... ... 150
3.3. The Frahn-Venter Strong-Absorption Model (SAM) .................. 151
34. Simple FresnelModel ... ....... ... ... .. . .. .. 158
3.5. Other Early Descriptions. . . . ......... ... 160
Semiclassical Approaches .. .......... ... .. 162
4.1. Refractive Phenomena in Classical Scattering ... .................... 163
4.2. Semiclassical Description . .. .......... ... 165
4.3. Complex Potentials, Turning Points, and Trajectories . . ... ............. 169
4.4. Assessment of Semiclassical Methods . .......... ... .. ... . ... .. .... 170
TheOptical Model . . ... ... ... . . . 170
5.1. Phenomenological Potentials . ......................... ... ... ... 171
5.2. Modifications and Extensions ... ........ ... ... ... . . ... 174
5.3. Theoretically Motivated Potentials . . . ............................ 175
Closed-Form Description of Heavy-Ion Scattering . . . ...................... 176
6.1. The Scattering Function . ......... ... ... ... .. . ... .. ... ... . ... 176
6.2. Closed Expressions for the Scattering Amplitude . ... ................. 178
6.3. Implications and Physical Interpretation . . .. ....................... 182
6.4. Related Formulations . .. ......... . . ..., 204
6.5. Examplesof Data Analysis .. .......... ... .. ..., 207
Relations Between S-Matrix and Optical Model Descriptions . . ............... 210
7.1. Surface Reflection and Barrier Penetration .. ....................... 213
7.2. High-Energy (Eikonal) Approximation . . .......................... 215
7.3. Kauffmann’s Results and Parametric Formof Sy(A) . ................. 216
7.4. Continuous Ambiguities and Invariants . .......................... 221
7.5. Regge poles and /-Dependent Absorption . ... ...................... 223
Spin Polarization .. ...... ... .. . .. ... e 224
8.1. EarlyPredictions ........... ... ... . .. . 224
8.2. Generalized Closed-Form Description .. .......................... 226
8.3. Data Analysis and Interpretation . .. ............................. 229
8.4. Further EXperiments . ............. ...ttt . 233
Very Heavy Ion Scattering . ........... ... ... ... . 234
9.1. Experimental Situation ... ........ ... ... . ... . ... .. 234
9.2. Generalized Fresnel Model .. ...... ... ... ... ... ... ... .. ...... 235
9.3, DataAnalyses . .. ... 237
Channel Coupling and Elastic Transfer . . . ................. ... ... ...... 238
10.1. Effective Potentials . . . .. ... .. .. . .. 239
10.2. S-Matrix Formulation ......... ... ... .. ... ... . . ... ... ... 244
10.3. Data and Interpretation . ......... ... . ... ... 247
Anomalous Large-Angle Scattering . .................. . .. .. 254
11.1. Observations and Interpretations . . .. ...t .. 256
11.2.  Analytic Structure of Large-Angle Scattering Amplitudes . . ............. 257
11.3. Low-/ Transparency and Glory Scattering ... . . ...................... 261
11.4. Backward-Angle Excitation Function and Parity Dependence . . .......... 264
11.5. Explicit Examples ... ........ ... . ... .. . 268
Total Reaction Cross Section . . . .. ... e 274
12.1. Calculation from Reflection Function . .. .......................... 274

Contents XV
12.2. Determination from Angular Distribution; Sum-of-Differences Method . . . . . 276
12.3. Gross Anatomy of Total Reaction Cross Sections . ................... 279
Acknowledgments . ... ... ... 280
References .. ... 280

3. Inelastic Scattering— Coulomb Excitation

—

Jorrit de Boer

Introduction . . . . ... 293
Illustration of the Excitation Process . ............ ... ... . ... . ... ...... 293
21. Classical Rotor . ... .. ... 294
2.2. One-Dimensional Quantum-Mechanical Harmonic Oscillator .. .......... 304
Semiclassical Treatment ... ........... .. 308
3.1. Coulomb Excitation Parameters. . ... ....................uu. .. 308
3.2. Schrodinger Equation . . .. ... . 311
3.3, Symmetrization . .. ... 319
3.4, Cross SECHiONS . . ...ttt e 319
3.5. Projectile Excitation . . ........ . ... .. . 320
3.6. Perturbation Approximation . ................ .. 320
3.7 Computer Code . . ...t 326
Gamma-Ray Angular Distributions .. ........ ... ... ... . ... ... ... .. 328
41, Introduction . ......... .. ... 328
4.2. Decay of Excited States .. .......... ...ttt 328
43. General Formulas .......... ... ... 330
4.4, Simplifying ASSUMPLONS . . . ..ottt 331
4.5, Computed TENSOIS . . . . . .ottt e 333
4.6. AberrationEffects .. ...... ... ... . 335
47. DopplerEffect .. ... .. . 337
Small Corrections . . . .. . vttt 337
5.1, Computational ACCUIACY . . . o .o oottt 337
5.2, Relativisio Mass . .. ... v i 338
5.3. Nuclear Dipole Polarization . .......... ... ... ... ... .. . ... .. 338
5.4. Vacuum Polarization ........... ... ... .. i 339
5.5, AtOMIC SCIEENING . . . .« o ittt i e 339
Quantum Mechanical Treatment ... ............ ... .t .. 339
6.1. Schrodinger Equation and Hamiltonian .. ......................... 340
6.2. Asymptotic Behaviour and Cross Section .. ........................ 340
6.3. Expansionof Wave Functions .. ........ ... ... ... . ... ... ...... 341
6.4. Scattering Amplitudes. ... ....... ... 342
Experiments Using Very Heavylons .......... ... ... . ... ... ... ... ... 343
7.1, Aimof Experiments . . ... ... ... 343
7.2. Thin-Target Experiment . ... ........ ...t 345
7.3. Thick-Target Experiment .. .............. .. ... .. i, 347
OUtlOOK . . oo 350
Acknowledgments . ... ... ... 350

References . . ... ... . . . 351



xvi

—

Contents

Inelastic Scattering— Nuclear

Stephen Landowne and Andrea Vitturi

Introduction . . . ...t 355
Sub-Coulomb Inelastic Scattering . ... ........ ... ... ..., 356
2.1. First-Order Perturbation Theory . ............ ... ... ... .......... 357
2.2. Backward Angle Excitation Functions ... ........ ... ... ... ... .. 358
2.3. Single-Particle Excitation and Two-Step Transfer Reactions .. ........... 364
Grazing ColliSIONS . . .. ...t 365
3.1. Collective Model .. ........ ... 366
3.2. Dependence on Multipolarity ............. ... ... ... ... ... ... 367
33. Thel80°PhaseRule ........ ... ... .. . . ... .. . . 370
3.4. The Short-Wavelength Limit . .................................. 372
3.5. Folding with Macroscopic Transition Densities . . ... ................. 376
3.6. GiantResonances . .................. it 380
3.7. Relativistic Energies . . .. ... ..ottt 386
3.8. Extensions away from the Collective Model ........................ 390
3.9. SpinDependence . ....... ... 400
3.10. Inelastic Scattering of Loosely Bound Nuelei . . ................... ... 401
Higher-Order Inelastic Processes .. .......... ... ... ... ... ... ... ... 401
4.1. Nuclear Reorientation and Shape Parameters . ...................... 402
4.2. Generalized DWBA Calculations . . .. .......... .. 410
4.3. Higher-Order Nuclear Excitation in Heavier Systems . . . ............... 413
44, ExcitationofaRotor ........... ... ... ... . i 423
4.5. Polarization Potentials . ........... ... .. . ... ... . . .. ... 437
4.6. Higher-Order Transfer Processes . ................... ... .. ....... 439
Conclusion . . ...t 440
Acknowledgments .. .......... .. 442
Appendix A: Coupled-Channel Formalism . ........... ... ... ... ... ..... 442
Appendix B: Form Factors .. ......... ... .. .. . . . . 447
References . ... ... .. . e 454

One- and Two-Nucleon Transfer Reactions Induced
by Heavy Ions—Interplay of Nuclear Structure and
Reaction Mechanisms

Robert J. Ascuitto and Ernest A. Seglie

General Introduction .. ........ . .. . . 463
Simple Models and Transfers (Overview) . ............ ... ... . ... ..... 465
2.1, Introduction . .. ... ... 465
2.2. Semiclassical Nature of the Relative Motion . ....................... 465
2.3. Single-Particle States and Optimum Conditions for Transfer . . ... ........ 473
2.4. Transition Amplitudes . .......... . . ... 474
2.5.  Angular Distributions (Insensitivity When There Is Q-Matching). . ........ 480
Review of the Formalism for the Coupled-Channel Born Approximation (CCBA) . . .482
3.1, Introduction .. .......... ... 482
3.2. Generalized Distorted-Wave Method .. .......... ... ... ... .... ... 484
3.3. Source Term Method (Channel Representations) . .. .................. 484
34, DWBAasaLimitof CCBA ......... ... ... ... ... 486

Contents xvii
4. Multistep Inelastic Transfer Processes (Brief Introduction and Review) .......... 490
4.1. How Such Processes Appeared in Light-Ion Reactions
(Spherical vs Deformed Nuclei) . . ............. ... ... .. ... ... 490
4.2. When Do Such Processes Appear in Heavy-Ion Reactions? . . .. .......... 497
4.3. Coupling of the Transferred Nucleon to Collective Excitations
with Heavy-ITonReactions . . . ....... ... ... ... . ... ... ... ..... 498
5. Two-Nucleon Transfer Reactions . . . ......... ... .. ... .. o i, 505
5.1. Introduction (What Is Probed; Advantages of Heavy Ions) . ............. 505
5.2. DWBA in Two-Nucleon Transfer (Overview) . ...................... 506
5.3. Multistep Inelastic Transfer Processes . ................. ... ....... 525
5.4. Multistep Sequential Transfer Processes .. ................... ... ... 563
6. Anomalous Angular Distributions .. .......... . .. ... . L il 576
6.1. Failure of the DWBA /CCBA to Predict the Position of the Grazing Peak . . .576
6.2. AJ=1h Transitions (Out-of-Phase Angular Distributions) .............. 601
6.3. Molecular Model for Transfer (Dynamical Couplings, Radial and
Angular Components) . . . ......... ... 606
References . ... ... 610
6. Cluster Transfer Reactions Induced by Heavy Ions
Akito Arima and Shigeru Kubono
1. IntroduCtion . . ..o\ttt 617
2. Inelastic Scattering and One-Nucleon Transfer Reactions . .. ................. 618
2.1. General Features of Heavy-Ion Scattering . . . ....................... 618
2.2. Elastic Scattering and Optical Potential .. ......................... 626
2.3. Inelastic Scattering and One-Nucleon Transfer Reactions . . . ............ 635
3. Direct Reaction Theories . . ... ... ..ttt 644
3.1. Direct Reaction Mechanisms of Multinucleon Transfer Reactions . . ... .. .. 644
3.2. Kinematicsof DWBA . .. ... . . 646
3.3. Formulation of the Direct Reaction Theories. . . ..................... 652
3.4. Several Approximationsin DWBA . ......... ... ... . 657
3.5. Precise Formula for the DWBA Amplitude . . . ...................... 659
4. Reduced Width Amplitudes in Form Factors .. .......................... 662
4.1. Sum of the Interaction Method and the Separation Energy Method . .. ... .. 662
4.2, Cluster ApproXimation . . . .. ... ..t ittt 664
43. Reduced Width Amplitudes and Center-of-Mass Motion .. ............. 665
4.4. Shell Model, Configuration Mixing, and Reduced Width Amplitudes . . ... .. 668
4.5. Y, Function for the Alpha-Cluster Transfer Reaction ............... .. 669
4.6. a-Decay of 2'*Po and a-Transfer Reactionon?®Pb . ................. 674
4.7. Cluster Correlationin Light Nuclei . ............ ... ... ... ... ... 677
4.8. Numerical Values of Spectroscopic Factors . .. ...................... 685
5. Examples of Cluster Transfer Reactions . ........ ... ... .. ... ... ... ... 693
5.1. General Features of Cluster Transfer Reactions . .. ................... 693
5.2. Two-Nucleon Transfer Reactions . . .. ............... .. ........... 694
5.3. Three-Nucleon Transfer Reactions . . .. .......... ... ... ... ....... 702
5.4. Four-Nucleon Transfer Reactions . ............ ... .. .. ... ....... 712
5.5. Massive Transfer Reactions and Molecular State Excitation . ............ 729
6. CONCIUSIONS . . o oottt e e et e e 741
Acknowledgments ... ... ... 742
References . . . ... oo 742
Index . ... ... 751



