
Contents 

I. INTRODUCTION AND CONCLUSIONS 1 

1. Time Phases of the Energy Problem 1 
2. IIASA and the Fission-Fusion Comparison 2 
3. Summary of the Main Conclusions 4 

3.1 The Problem of Fuel Resources 4 
3.2 Present Status of Fission and Fusion Reactors 6 
3.3 Reference Reactor Systems 7 
3.4 Radioactive Inventories of Reactor Economies 8 
3.5 Normal Operating Losses and Exposures 9 
3.6 Non-routine Releases 10 
3.7 Safeguards 12 
3.8 Materials and Impact of Radiation Damage 14 
3.9 What Would Be Required for Commercialization? 

Programs, Timing, and Funding 15 

4. Overview 17 
5. Ackowledgments and a Note on Authorship 19 

References 20 

II. THE PROBLEM OF FUEL RESOURCES 23 
(W.Hafele, J.P.Holdren, G.L.Kulcinski) 

1. Breeding Reactions 23 

1.1 Fission Breeder Reactions 23 
1.2 Fusion Reactions 24 

2. A Review of Resources 25 

2.1 Uranium and Thorium Resources 25 
2.2 Resources of Deuterium and Lithium 29 

3. Bus Bar Sensitivity to Fuel Costs 33 

3.1 Fission Breeder Reactors 33 
3.2 Fusion Reactors 37



4. Total Nuclear Fuel Resources and Ore Requirements 44 
5. Another Approach to the Assessment of Uranium 

Resources and Future Uranium-Ore Requirements 46 
(A.M.Belostotsky) 

6. Conclusions 48 

References 49 

Appendix II-A Factors Effecting the Energy Content of 
Natural Lithium in D-T Fusion Reactors 52 
(G.L.Kulcinski) 

III. PRESENT STATUS OF FISSION AND FUSION REACTORS 61 
 (G.Kessler, G.L.Kulcinski) 

1. Fission Reactors 61 

1.1 Introduction 61 
1.2 Fast Reactor Physics--Scientific Feasibility 68 
1.3 State of Development of Fast Reactors--Engineering 

Feasibility 75 

1.3.1 Technical Aspects of Sodium-Cooled 
Fast Breeder Reactors 75 

1.3.2 State of Development of Sodium-Cooled 
Fast Breeder Reactors 82 

1.4 Commerical Feasibility 84 

2. Fusion Reactors 85 

2.1 Scientific Feasibility 85 
2.2 Engineering Feasibility 90 
2.3 Commercial Feasibility 96 
2 4 Scientific Feasibility of Laser Fusion 99 

(R.R.Grigoriants) 

3. Conclusions 104 

References 106

IV. REFERENCE REACTOR SYSTEMS 121 
(G.Kessler, G.L.Kulcinski) 

1. Fission Reactors 121 

1.1 The Fast Breeder Prototype Reactor SNR 300 121 

1.1.1 General Characteristics of the Plant 121 
1.1.2 The Reactor Core 121 
1.1.3 The Primary Heat Transfer System 124 
1.1.4 Steam Generation 125 
1.1.5 Materials Selection 127 
1.1.6 Engineered Safety Features 128 

1.2 Fast Breeder Prototype Reactors BN 350 
and BN 600 131 
(A.M.Belostotsky) 

1.2.1 General Characteristics of the Plants 131 
1.2.2 Basic Technical Considerations for 

BN 350 and BN 600 132 

1.3 Other Fission Breeder Reactor Systems 140 

1.3.1 The Gas-Cooled Fast Breeder Reactor (GCFR) 140 
1.3.2 Thermal Breeder Reactors 141 

2. Fusion Reactors 146 

2.1 Fusion Reactor Designs 146 

3. Conclusions 159 

References 159 

Appendix IV A More Detailed Analysis for Futuristic Fusion 
Reactor Concepts 163 

Appendix IV-A A TOKAMAK Reactor and an MHD Energy 
Conversion System (The TVE-2500 Project) 163 
(D.K.Kurbatov, G.E.Shatalov, N.N.Vasiliev) 

Appendix IV-B The Laser Fusion Reactor Design LTB-500 172 
(R.R.Grigoriants)



1. Heating Scheme 173 
2. Fusion Reactor 174 
3. Arrangement of a Power Plant with a Fusion Laser 

Reactor 176 
4. Some Indices of the Laser Energy Block LTB-500 177 

References 179 

V. RADIOACTIVE INVENTORIES OF REACTOR ECONOMIES 181 
(G.Kessler, G.L.Kulcinski) 

1. Introduction 181 
2. Radioactive Inventories of Sodium-Cooled Fast Breeders 183 

2.1 Radioactive Inventories of the Reference Breeder 
Reactor Plant 184 

2.1.1 Radioactivity Associated With the 
Steel Structure 185 

2.1.2 Radioactivity Associated With the Fuel 188 
2.1.3 Radioactivity Associated With the Coolant 190 
2.1.4 Radioactivity Associated With Fission 

Products 191 
2.1.5 Radioactivity Associated With the 

Covergas (Argon) 191 
2.1.6 Decay of Radioactivity of Activated 

Reactor Components 191 

2.2 Mass Flow and Radioactive Inventories in the 
Reference Breeder Reactor Fuel Cycle 191 

2.3 Biological Hazard Potential Values for Fission 
Reactors 205 

2.4 Radioactive Waste Management 210 
2.5 Radioactive Waste Disposal 212 
2.6 Integrated Biological Hazard Potentials of 

the LMFBR 217 

3. Radioactive Inventories of Fusion Reactors 219 

3.1 Tritium Inventory 220 
3.2 Radioactivity in Metallic Structural Components 223 
3.3 Radioactivity in Fusion Reactor Coolants 245 
3.4 Radiation Levels Associated With Shield and 

Magnet Activation 247

4. Compilation of Radioactivity and Associated 
Indices for Fission and Fusion Systems 248 

5. Conclusions 256 

References 258 

VI. NORMAL OPERATING LOSSES AND EXPOSURES 261 
(W.Hafele, J.P.Holdren, G.Kessler) 

1. Normal Operating Losses for the LMFBR 
and Its Fuel Cycle 261 

1.1 Origin of Activities and Production Rates 261 
1.2 Release from the Reactor Plant 261 
1.3 Normal Operating Losses from the Reprocessing 

Plant 263 
1.4 Normal Operating Losses from the Fabrication 

Plant 264 
1.5 Releases in the Fuel Cycle as a Whole 266 

2. Routine Releases of Radioactivity from Fusion 
Reactors 268 

2.1 Tritium 268 
2.2 Routine Radiation Hazards Other Than Tritium 272 

3. Conclusions 273 

References 273 

VII. NON-ROUTINE RELEASES 277 
(W.Hafele, J.P.Holdren, G.Kessler) 

1. Safety of Fast Breeders 277 

1.1 Introduction 277 
1.2 Dynamic Characteristics of Fast Breeders 279 
1.3 Accident Chains 282 
1.4 Coolant Blockages and Subsequent and Core 

Compaction 282 
1.5 The Design Basis Criteria of the SNR 300 289 
1.6 Sodium Fires 295 
1.7 The Function of the Licensing Process 296



1.8 Safety Considerations for the Fuel Cycle of 
Fast Breeder Reactors and the Problem of Its 
Spatial Deployment 297 

2. Non-routine Releases--Fusion 304 

2.1 Accident Chains for Fusion Reactors 305 
2.2 Release of Non-radioactive but Toxic Substances 308 

3. Warfare and Other Hypothetical Events 309 

3.1 Thinking About the Unthinkable 309 
3.2 Large Releases in Fission and Fusion Systems 310 

4. Conclusions 323 

References 326 

VIII. SAFEGUARDS 337 
(W.Hafele, J.P.Holdren) 

1. Introduction 337 
2. Nuclear Explosives 337 
3. Radiological Weapons 340 
4. History and Prospects of Fission Power Safeguards 342 
5. Conclusions 347 

References 348 

IX. MATERIALS AND IMPACT OF RADIATION DAMAGE 351 
(G.Kessler, G.L.Kulcinski) 

1. Fission Reactors 351 

1.1 Introduction 351 
1.2 Status of Fuel Development 353 
1.3 Behavior of Mixed Oxide Fuel Under Irradiation 358 
1.4 Behavior of Mixed Oxide Fuel Under Off-normal 

Operating Conditions 360 
1.5 Development of Mixed Carbide PuC-UC Fuel 361 
1.6 Status of Cladding Development 361 
1.7 Materials for LMFBR Heat Transfer Systems 370 

2. Fusion Reactors 370

2.1 General Requirements 370 
2.2 Operating Environment for Fusion Reactor 

Materials 374 

2.2.1 Spectrum Effects 374 
2.2.2 Charged Particles 375 
2.2.3 Burn Cycle and Neutron Flux Effects 377 

2.3 Effects of Fusion Reactor Environment on 
the Properties of Materials 381 

2.3.1 Dimensional Stability 381 
2.3.2 Mechanical Property Changes That Could 

Be Important in CTR Materials 387 
2.3.3 Some Physical Properties of CTR Materials 

That Depend on Radiation Damage 392 

2.4 Discussion of the Importance of Neutron Radiation 
Damage on Commercial CTR Power Plants 398 

2.5 Summary 402 

3. Normalized Materials Consumption 402 

3.1 Introduction 402 
3.2 Fast Breeder Reactors 403 
3.3 Fusion Reactors 410 

3.3d Methodology 410 
3.3.2 Materials Inventory Per Reactor 412 
3.3.3 Replacement, Enrichment and Burn-up 

Requirements 416 
3.3.4 Projected Materials Needs 418 

3.4 Comparison Between Fission and Fusion Reactors 420 

4. Conclusions 423 

References 425 

X. WHAT WOULD BE REQUIRED FOR COMMERCIALIZATION? 
PROGRAMS, TIMING, AND FUNDING 437 
(W.Hafele, G.Kessler, G.L.Kulcinski) 

1. Fast Breeders--The Development of the Entire 
Fast Breeder System 437



2. Some Problems of Nuclear Energy Penetration 443 
(A.M.Belostotsky) 

3. Fusion Reactors--The Formulation of a Massive 
Program Before the Exact Confinement Configuration 
Has Been Determined 448 

4. Conclusions 453 

References 456 

Appendix A The Potential Role of D-D Reactions 
in Future Fusion Devices 459 
(G.L.Kulcinski) 

References 463 

Appendix B Fusion-Fission Hybrid Reactors 465 
(J.P.Holdren) 

1. Base-Load Electricity Generation 465 
2. Hybrids as Fuel Producers 466 
3. Hybrids for Transmutation of Radioactive Wastes 467 
4. Concluding Observations 468 

References 469 

Appendix C Methods of Cost Evaluation in the USSR 471 

Appendix C-I Determination of Economic Efficiency of 
Capital Investments in Power Projects of 
the USSR 471 
(M.A.Styrikovich, A.M.Belostotsky) 

1. Comparative Economic Efficiency of Capital 
Investments 472 

2. Determining Calculated Costs 473 
3. Comparison of Variants 476 
4. Composition and Structure of Capital Investments 476 
5. Operation and Maintenance of Power Projects 478 
6. Summary 480 

Appendix C-II Evaluation of the Maximum Permissible Cost 
Indices of Fusion Power Plants in the USSR 481 
(N.N.Vasiliev)

Appendix C-III Calculations of Technical and Economic 
Factors in Fusion Power Stations (Projects 
TVE-2500 and LTB-500) 484 
(N.N.Vasiliev, R.R.Grigoriants) 

1. Calculation of Capital Investments K 485 
2. Annual Operating and Maintenance Expenses 487 

References 491 

Appendix D List of Abbreviations 493


