Contents

Introduction
1.1
1.2

1.2.1
1.3
1.4

1.4.1
References

Fusion Neutrons . . . ... ..
Fusion Facilities . . . ... ..

1.2.3  Other Fusion Facilities

Magnetic Confinement Fusion Facilities . ... .........
1.2.2 Inertial Confined Fusion Facilities. . . ...............

Fusion Energy Development Programs. .. .................
Fusion Neutronics. . ... ..
Neutronics Characteristics of Fusion Systems.........
1.4.2 Introduction to Fusion Neutronics. .................

Part I Neutronics Theories and Methodologies for Fusion

2

Neutron Transport Theory and Simulation. . .. .............. ..
Interaction of Neutrons with Matter . ... ..................

Foundation of Neutron Transport Theory
Neutron Transport Equation

2.2.2 Fixed Source and Eigenvalue Problems. . ............
Neutron Transport Computational Methods ... .............
Monte Carlo Methods . . .......... ... .. ... ... ...

2.3.2 Deterministic Methods

Transport Simulation Codes . . ............. ... ... .......

Monte Carlo Codes

2.4.2 Deterministic Codes . ............ ... . ... . . ... ...

2.1
2.2

2.2.1
2.3

2.3.1
2.4

2.4.1
References

Neutron-Induced Transmutation and Activation
Principles of Transmutation and Activation

3.1

3.1.1

Material Activation

B L

11
13
13
14
17

XV



XVi

Contents
3.1.2 Tritium Breeding. . .......... .. ... .. ... ... ... ... 67
3.1.3 Fission Fuel Breeding and Depletion ............... 68
3.1.4 Nuclear Waste Transmutation . . ... ................ 68
3.2  Typical Parameters of Transmutation and Activation . .. ... ... 71
3.2.1 Material Activation . ... .......... ... ... ... ... ... 71
3.2.2 Tritium Breeding. . .......... .. ... .. ... .. ... ... 73
3.2.3 Fission Fuel Breeding and Depletion ............... 73
3.2.4 Nuclear Waste Transmutation . . . .................. 74
3.3  Calculation Methods of Transmutation and Activation. . .. . ... 75
3.3.1 Bateman Equation.............................. 76
3.3.2 Analytic Methods . ............ ... .. ... .. ...... 77
3.3.3 Numerical Methods. ............. .. .. .. ... ... 80
3.4  Transmutation and Activation Simulation Codes ............ 86
References. ... ... ... 89
Neutron Irradiation and Material Damage . . .. ... ........... .. 91
4.1  Mechanisms of Neutron Irradiation Damage. .. ............. 91
4.2  Displacement Damage . .......... ... ... ... .. .. . ... 93
4.2.1 Primary Collisions. . .. .......... ... .. ... 93
422 Cascade Collisions . ..................... oo . 94
4.2.3 Displacement Damage Calculations. . ............... 95
4.3  Neutron Irradiation Effects on the Microstructure and
Properties of Materials . . ....... ... ... ... .. .. . . ... 98
4.3.1 Trradiation Effects on Material Microstructure . . . ... ... 98
4.3.2 TIrradiation Effects on Material Properties ............ 101
4.4  Research Methods of Fusion Neutron Irradiation Damage
to Materials. . ... ... .. 107
4.4.1 Experimental Studies on Neutron Irradiation
Damage. ... ... ... .. . 107
4.42 Numerical Simulations of Neutron Irradiation
Damage. ... ... .. .. 109
References. .. ... ... 112
Radiation Dosimetry and Biological Safety . . . ................. 115
5.1  Principles and Requirements of Radiological Protection. . .. ... 115
5.2 Radioactive Sources and Nuclide Migration. . .............. 118
5.2.1 Radioactive Source Terms. . ...................... 118
5.2.2 Radionuclide Migration in Fusion Systems........... 119
5.2.3 Radionuclide Migration in the Environment . . ... .. ... 120
5.3  Radiation Dosimetry Calculations. . ...................... 125
5.3.1 Dosimetric Quantities in Radiological Protection . . . . .. 125
5.3.2 External Exposure Calculations. . .................. 129

5.3.3 Internal Exposure Calculations . ................... 133



Contents xvii

5.4  Biological Effects of Radiation.......................... 137
5.4.1 Principles of the Biological Effects of Radiation. . ... .. 137
5.4.2 Biological Effects of Tritium. ..................... 138
5.4.3 Biological Effects of Neutrons. . . .................. 140
References. ... ... .. 143
6  Fusion Nuclear Data Libraries. . .. .......................... 145
6.1  Introduction to Nuclear Data Libraries . . ... ............... 145
6.1.1 Experimental Nuclear Data Libraries. . .............. 146
6.1.2 Evaluated Nuclear Data Libraries . ................. 146
6.1.3 Application Nuclear Data Libraries. . ............... 147
6.2  Transport Nuclear Data Libraries .. ...................... 148
6.2.1 Processing Methods for Transport Nuclear Data
Libraries . .. ... 148
6.2.2 Typical Transport Nuclear Data Libraries . ... ........ 159
6.3  Transmutation and Activation Nuclear Data Libraries. . . ... ... 160
6.3.1 Activation Cross-section Libraries. ... .............. 161
6.3.2 Decay Data Libraries. . .......................... 163
6.3.3 Fission Yields Data Libraries .. ................... 163
6.4  Radiation Damage Nuclear Data Libraries . ................ 164
6.4.1 Processing Methods of Radiation Damage Nuclear
Data Libraries . . .. ....... ... .. .. .. .. 165
6.4.2 Typical Radiation Damage Nuclear Data Libraries . . . . . 168
References. . .. ... ... 169
7  Comprehensive Neutronics Simulations. . ... .................. 171
7.1  Framework of Comprehensive Simulation Systems .......... 171
7.1.1 Main Simulation Objects. ... ..................... 172
712 KeylIssues..........oii 173
7.1.3 Typical System Architectures . .................... 174
7.2  Accurate Modeling . ......... ... ... 175
7.2.1 CSGModeling ............... .. i, 176
7.2.2 FacetModeling................ ... .. .......... 182
7.23 Mesh Modeling. . ........ ... .. .. .. .. ... .. 183
7.2.4 Voxel-Based Modeling . . ........................ 184
7.3 Whole-Process and Multiphysics Coupling Neutronics
Calculations . ........ ...t 186
7.3.1 MC and Deterministic Coupling Calculations . .. ...... 187
7.3.2 Whole-Process Neutronics Calculations. . ............ 191
7.3.3 Multiphysics Coupling Neutronics Calculations . . ... .. 192
7.4  Multidimensional Visualized Analyses and Virtual
Simulations. ... ... ... 194
7.4.1 Multidimensional Visualized Analyses . ............. 194

7.4.2 Virtual Simulations . . . ....... ... ... . ... 197



XViii Contents

7.5  Typical Simulation Systems . ... ........................
7.5.1 SuperMC. ... ... .
7.5.2 ISPC .. o

References. . ...

Part I Fusion Neutronics Design Principles

8 Neutronics Design of Fusion Experimental Reactors ... ... ... ...
8.1  Introduction to Fusion Experimental Reactors ..............
8.2  Objectives of ITER Neutronics Design. . ..................
8.3  Methods of ITER Neutronics Design ... ..................
8.4  Neutronics Design of the ITER Tokamak. .................

8.4.1 Test Blanket Modules . . .........................
8.4.2 Shielding Blankets . ............. ... ... ... ... ...
843 DIVeItOrs . . . .o vt
84.4 Portsand Port Plugs .. .............. ... ... ... ...
8.4.5 Cooling Water Systems. ... .......... ... ... ......
84.6 Vacuum Vessel............. .. ... .. ... . ... ...
8.4.7 Superconducting Magnets . . ......................
8.4.8 Thermal Shield . ......... ... ... ... ... .. ... ...
8.5  Neutronics Design of ITER Buildings ....................
8.5.1 Radiological Zoning ... .......... ... ... ... ......
8.5.2 Shielding Design of the Buildings. .................
8.6  Safety Analysis and Environment Impact Assessment
of ITER ... ..
References. .. ... .

9 Neutronics Design Principles of DEMO Reactors and Fusion

Power Reactors . .. ... ... ... ... ... . .. ... .. ..
9.1 Introduction to DEMO Reactors and FPRs. . ...............
9.1.1 Principles of DEMO and FPRs. .. ...... ... ... .. ..
9.12 Featuresof FPRs. . ..... .. ... ... ... ... ..... ...
9.1.3 Conceptual Design of Typical FPRs . ...............
9.2  Neutronics Design of FPRs . ........ ... ... ... .. ... ...
9.2.1 Design Objectives . . . ........unuiii..
9.2.2 Design Methods . ......... .. ... ... . ... ... ....
9.2.3 Examples of FPR Neutronics Design ...............
References. . .. ... ...

10 Neutronics Design Principles of Fusion-Fission Hybrid

Reactors. . .. ... .. .. .
10.1 Introduction to Hybrid Reactors . . .......................
10.1.1 Principles of Hybrid Reactors . .. ..................
10.1.2 Features of Hybrid Reactors . .......... ... ... .. ...

10.1.3 Typical Design Concepts. . . .......... ...



Contents

10.2 Neutronics Design of Hybrid Reactors . . ..................

10.2.1 Neutronics Design Objectives . .. ..................
10.2.2 Neutronics Design Methods ... ...................
10.2.3 Examples of Hybrid Reactor Neutronics Design. . ... ..

References. . ... ... ..

Part III Fusion Neutronics Experiment Technologies

11 Experimental Methods of Fusion Neutronics. . . ................

12

13

11.1
11.2

11.3

11.4

Characteristics of Fusion Neutronics Experiments ...........
Fusion Neutron Detection Techniques ....................
11.2.1 Principles of Neutron Detection . ..................
11.2.2 Measurements of Neutron Flux. . ..................
11.2.3 Measurements of Neutron Energy Spectrum..........
Methods of Neutron Cross-section Measurements . ..........
11.3.1 Measurements of Total Cross-sections. .. ............
11.3.2 Measurements of Differential Cross-sections. .........
Methods of Various Macroscopic Integral Measurements. . . . . .
11.4.1 Measurements of Neutron Multiplication Factors . ... ..
11.4.2 Measurements of Tritium Production Rates. . .........
11.4.3 Measurements of Nuclear Heat Deposition .. .........
11.4.4 Measurements of Transmission Probability Spectrum . . . .
11.4.5 Measurements of Neutron Activation Rates. . . ........
11.4.6 Measurements of Radiation Dose .. ................
11.4.7 Measurements of Other Macroscopic Integrals ........

References. . ... ... .. .

Experimental Facilities of Fusion Neutronics ..................

12.1
12.2
12.3
12.4

Introduction to Neutron Sources. ... .....................
Accelerator-Based Fusion Neutron Sources ................
Fusion Reactor-Based Neutron Sources ...................
Other Neutron SOUIces . . ... ... ..

References. . .. ...

Fusion Neutronics Experiments . . ...........................

13.1

13.2

Measurement and Validation Experiments for Nuclear Data. . . .
13.1.1 Experiments for Neutron Transport Cross-sections . . . . .
13.1.2 Experiments for Neutron-Induced Transmutation

and Activation Cross-sections . ... .................
13.1.3 Experiments for Nuclear Decay and Dose. .. .........
Validation Experiments for Neutronics Methods and Codes. . . .
13.2.1 Neutron Transport Code Validation. . ...............
13.2.2 Neutron Transmutation and Activation Code

Validation . .. ... ... .. .
13.2.3 Dose Calculation Method Validation. . . .............

Xix

292
292
293
297
308

311
311
313
313
316
323
332
332
333
335
335
336
338
339
339
340
340
343

345
345
347
353
357
363

365
365
366



Contents

13.3 Validation Experiments for Fusion Nuclear Designs. ... ... ... 378
13.3.1 Tritium Breeding Experiments. . . ... ............... 378
13.3.2 Shielding Experiments. . . ........... ... .. ........ 379
13.3.3 Radiation Dose Experiments . ... .................. 383
13.3.4 Material Activation Experiments................... 384
13.3.5 Material Irradiation Experiments................... 386

13.3.6 Blanket Experiments for Fusion-Fission Hybrid
Reactors . ..... ... .. . . . .. 390
13.4  Prospects of Fusion Neutronics Experiments ............... 390

References. . . ... ... . 392



2 Springer
http://www.springer.com/978-981-10-5468-6

Fusion Neutronics

Wu, Y.

2017, X 393 p, 192 llus,, 110 illus, in color.,
Hardcover

ISBM: 978-981-10-5468-6



	Contents



