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PREFACE

P.1 Overview of This Book

Nuclear engineering is in the midst of a long overdue renaissance, but few reactor physics books have been written to support this
renaissance on a worldwide scale. Instructors are often asked to choose between books that are either too advanced or too elementary
to meet the needs of a specific curriculum. Thus, many instructors have chosen to develop their own course notes or to ask students to
buy several reactor physics books in order to cover the material that is required to fulfill the needs of a specific curriculum. In addi-
tion, many reactor physics books intended for undergraduates do not discuss the multigroup neutron diffusion equation or multigroup
neutron diffusion theory and its applications. Instead, simple analytical solutions are presented to the diffusion equation for idealized
reactor geometries with a single energy group. These solutions do not account for the presence of the reflector, and at an undergraduate
level, they do not discuss the neutron transport equation or the Monte Carlo method. In addition, their computational underpinnings
are almost never discussed.

To provide the attention these important areas deserve, this book endeavors to cover many subjects of interest to the reactor physi-
cist as well as anyone interested in pursuing a career in nuclear science and engineering. The subject matter is inclusive enough to meet
the needs of junior and senior undergraduates, but it is also broad enough and advanced enough to meet the needs of first-year graduate
students. Thus this book is intended to be a comprehensive, accessible, and easy-to-use reference that will be an excellent addition to
any nuclear engineering curriculum. It may also be used as an introductory or intermediate level textbook that the student can read
prior to taking more advanced courses in the field. To achieve these goals, this book makes extensive use of color images, links to the
Internet, computer graphics, and other innovative techniques to illustrate the concepts that are important to a modern nuclear engineer.
The subject matter is broad enough and deep enough to support a nuclear engineering degree program at the B.S. or M.S. level.

P.2  Topics Covered: Reactor Physics, Reactor Dynamics, and Nuclear Particle Transport
P.2.1 Basic Reactor Physics

Holistically speaking, this book is designed to be used for a one-semester or two-semester course in the physics of nuclear power. To
achieve this objective, considerable attention is paid to the behavior of the neutron and its interaction with matter. The nature of elastic,
inelastic, head-on, and glancing collisions is explored. X-rays, gamma rays, and other nuclear particles of interest to the field of reactor
physics are also discussed. Various reactor types, reactor fuel cycles, radioisotopes, radioactive materials, and various aspects of reactor
design and operation are explored. Chapter 7 is devoted to the nuclear chain reaction as well as other important concepts required to
understand how fission reactors work. In addition to these topics, other important topics such as neutron diffusion theory, the neutron
diffusion equation, Fick’s Law of Diffusion, and both steady state and time-dependent reactor behavior are explored. Both steady state
and time-dependent solutions to the neutron diffusion equation are presented. The Inhour equation, the Point Kinetics Approximation,
and Xenon transients are explored. These subjects are enhanced by a discussion of reactor accidents, the INES Scale of accident sever-
ity, the neutron transport equation, and the Monte Carlo method. Single-group, two-group, and multigroup neutron diffusion theories
are also discussed.

In addition to these important topics, neutron slowing down theory is discussed. This theory includes how fission neutrons are
converted into thermal and epithermal neutrons and how neutron moderators are used to perform this function. Slowing down theory
is applied to many different moderators and reactor coolants. The average energy loss per collision is determined for elastic scattering
events. The dependence of neutron energy loss on the scattering angle is also discussed. Useful parameters such as the lethargy and
moderating ratio are defined and applied to practical problems. The “energy staircase™ that illustrates how neutrons lose energy as
they move through a reactor lattice is illustrated pictorially in Chapter 8. Next, this book describes the differences between neutron
transport theory and neutron diffusion theory. The neutron transport equation and the neutron diffusion equation are derived from first
principles. The angular neutron flux is compared to the isotropic neutron flux, and for isotropic particle flows, the current is expressed
as the gradient of the particle flux. This discussion is preceded by a derivation of the Four-Factor formula, the Six-Factor formula, and
Fick’s Law of Diffusion. Each factor in the four- and six-factor formulas is derived and discussed. Representative values are provided
for these factors. Control rods, burnable poisons, chemical shim, burnup and depletion, and long-term changes to the isotopic composi-
tion of the core are discussed.

P.2.2 Reactor Dynamics and Nuclear Particle Transport

Next, the text attempts to provide a broad and relatively practical overview of reactor dynamics and nuclear particle transport. Time-
dependent reactor behavior is initially discussed at an elementary level, which includes a presentation of the Prompt Jump and the
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Prompt Drop approximations. Then it is extended to more advanced topics including the Point Kinetics approximation, the two-root
Inhour equation, and the seven-root Inhour equation. (Other introductory textbooks only discuss the two-root Inhour equation.)
The origins of the Inhour, the Infinite multiplication factor, and the Effective multiplication factor are discussed. The fast and thermal
nonleakage probabilities are derived from first principles. The reactivity is defined using both absolute and relative units. Several
equations are presented for the control rod worth, and its value is expressed as a function of the delayed neutron fraction. The rela-
tionship between the reactivity and the reactor period is explored. Temperature feedback and other forms of thermal feedback such
as the nuclear Doppler effect, the fuel temperature coefficient, the moderator temperature coefficient, and the void coefficient of the
reactivity are examined for different reactor types. The time frames associated with these feedback mechanisms are discussed as well.
Regulatory issues are explored, and important reactor design parameters, such as the Moderator Fuel Ratio (or MFR), are added to
the discussion. The coverage of reactor physics is extensive, and in many cases it exceeds the level of coverage presented in far more
expensive reactor physics books.

P.3 Sources of Nuclear Data

This text also provides an extensive discussion of nuclear cross-section libraries and valuable sources of nuclear data. The cross
sections used are based on the ENDF and JENDL databases, although other sources of nuclear data are referenced as well. The text
then attempts to create an operational multigroup cross-section library from raw experimental nuclear data. It discusses ultrafine librar-
ies, course libraries, and how the process of cross-section collapsing is implemented. It illustrates how cross-section data can be plotted
using ENDFPLOT and other online plotting tools. As a bonus, it describes the process of fuel assembly and fuel rod homogenization.
It starts with a discussion of bare reactors and then extends this discussion to include reactors with both radial and axial reflectors. The
concept of the reflector savings is discussed. Particular attention is paid to the temperature dependence of nuclear cross sections, dif-
fusion coefficients, and leakage rates. Once the neutrons become thermal neutrons, the Maxwell-Boltzmann probability distribution is
discussed. (Here it is also derived, while in most other textbooks, it is simply discussed.)

P.4  Other Important Topics

On a nuts-and-bolts level, real nuclear engineering is discussed. Many topics are presented that build on the foundation created in our
companion book (see Section P.7). These topics include a discussion of reactor core design, fuel rod design, and fuel assembly design.
Containment buildings, power plant thermal cycles, and nuclear steam supply systems are discussed at both an operational level and
at a design level. The containment buildings that failed at Fukushima and Chernobyl are discussed as well. The role of suppression
pools and passive heat removal systems are explored. Modern reactor designs, such as the Westinghouse AP-1000, the AREVA EPR,
and the GE Advanced Boiling Water Reactor (ABWR) and Simplified Boiling Water Reactor (SBWR), are also discussed. In our com-
panion book, the Zirconium—-water reaction and the buildup of hydrogen gas during a severe reactor accident or LOCA is explored.
The energetics of the Zirconium—water reaction is discussed. Other topics of interest include radioactivity, radioactive decay, decay
heat generation, and the Wigner—Way equation. The decay heat generated by both the fission products and the Actinides is explored.
Radioactive decay chains, the Bateman equations, and secular equilibrium are discussed. The nuclear fuel cycle is presented for both
fast and thermal reactors. The attributes and drawbacks of various nuclear fuels are discussed.

In addition to PWRs, BWRs, gas reactors, and LMFBRs, the neutronic characteristics of mobile power reactors (MPRs) and mili-
tary reactors are explored. Their refueling cycles are also compared to those of commercial power reactors. Because of its novel design
and unusual stability, the design of the TRIGA reactor is-discussed in some detail (see Chapter 17). The advantages of heavy water are
compared and contrasted to those of light water. Various reactor safety analysis and reactor licensing codes such as RELAP, TRAC,
and TRACE are discussed within the framework of modern reactor physics. Monte Carlo, Transport Theory, and Neutron Diffusion
Theory codes are discussed as well.

P.5 Neutron Transport Theory and the Monte Carlo Method

On a somewhat more advanced level, several chapters (including Chapters 22 and 23) are dedicated to a discussion of neutron transport
theory and the Monte Carlo method. The neutron transport equation is derived from first principles. The angular neutron flux is then
discretized using the discrete ordinates method and the Sy method. The Py method for solving the neutron transport equation is pre-
sented in addition to the P, approximation. The Monte Carlo method is then introduced to the reader in Chapter 23. Since Monte Carlo
methods require the use of random numbers, both hardware and software random number generators are discussed. Algorithms for
generating random numbers are provided for reactor physicists. Practical applications of PDFs, CDFs, and inverse CDFs are presented
in Chapter 23. The characteristic features of statistical probability distributions are explored. The primary differences between neutron
transport theory and neutron diffusion theory are discussed. The angular neutron current and the angular neutron flux are defined and
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compared to the conventional neutron current and the conventional neutron flux. The transport cross section and the transport mean
free path are directly derived from the P1 approximation. Finally, variance reduction methods and other error reduction schemes are
introduced for reducing the statistical uncertainties in a Monte Carlo calculation. As far as the author and the publisher are aware, this
is the only introductory reactor physics book that attempts to discuss these subjects at a working level. The relationship between the
Monte Carlo method and neutron game theory is explored.

P.6 Topics of Historical Interest to Nuclear Scientists and Engineers

This book, as well as its companion book Nuclear Engineering Fundamentals: A Practical Perspective, provides a unique historical
perspective on the nuclear power industry that is not available in other textbooks. This perspective may be of interest to anyone seeking
to know how the nuclear industry was founded, and which people were responsible for creating it. Its origins dating back to the early
days of the Manhattan Project are explored in the companion book. The use of the first PWR in the Nuclear Navy is discussed. The
history of the U.S. Nuclear Navy is discussed from the viewpoint of a reactor physicist.

The text also presents a historical narrative of how the nuclear power industry originated in the United States and then became
prevalent throughout the rest of the world. For example, in its companion book, the relationship between George Westinghouse and
Nicola Tesla, which led to the founding of the Westinghouse Nuclear Energy Corporation, is explored. The Borax experiments that
led to the creation of the first BWR are discussed. Finally, the origins of the modern LMFBR, dating back to the Clementine reactor
at Los Alamos, are discussed. This includes a discussion of the design of modern containment buildings, including the GE Mark I,
Mark II, and Mark III containments, and the containment buildings used for the Westinghouse AP-1000. The contributions of the
many great men to the field of nuclear engineering are explored within the context of its companion book. These historical figures
include Hyman Rickover, James Maxwell, Ludwig Boltzmann, Albert Einstein, Enrico Fermi, Robert Oppenheimer, Edward Teller,
Glenn Seaborg, Freeman Dyson, Nikola Tesla, Richard Feynman, George Westinghouse, and John von Neumann (one of the inven-
tors of the modern computer, computer game theory, and the Monte Carlo method). Several other figures of historical importance in
the field, such as Gordon Moore (the cofounder of Intel and one of the inventors of the modern microprocessor), are also discussed.

P.7 Relationship of This Book to Its Companion Book

As alluded to previously, this text book is intended to be the second book of a two-book set. Its companion volume, Nuclear Engineering
Fundamentals: A Practical Perspective (which is also available from CRC Press), provides the introductory material that students
should be exposed to before taking a reactor physics class. It begins by discussing common types of reactors (including PWRs, BWRs,
gas reactors, Military Reactors, and LMFBRs) as well as their various design and operational parameters. It discusses the interaction
of radiation with matter, radiation detection and protection, and radiation shielding. Radioactivity is discussed in Chapter 6 and the
nuclear chain reaction is discussed in Chapter 7. In addition to these important topics, a great deal of attention is paid to the nuclear
fuel cycle, the uranium enrichment process, various uranium enrichment technologies, and the interaction of radiation with matter.
The advantages (and drawbacks) of different types of nuclear waste disposal and fast and thermal breeder reactors are discussed.
The Thorium fuel cycle is also presented and compared to conventional uranium and plutonium fuel cycles. The economic trade-offs
associated with each of these fuel cycles are discussed. The extraction of uranium from sea water is explored. This book also describes
the neutron life cycle, nuclear cross sections and reaction rates, single group and multigroup cross sections, compound nucleus forma-
tion, the Liquid Drop Model and the Shell models of nuclear structure, and the mass defect of the nucleus. It is the first mainstream
nuclear engineering textbook the publisher is aware of that presents a modern view of the theory of radioactive decay (including the
nature of the weak force and the application of Feynman diagrams). As a bonus, it also presents the first publicly available derivation
of Einstein’s famous equation E = mc? in an introductory nuclear engineering textbook.

Consequently, we believe the reader will find this two-book set to be an excellent introductory set of books for teaching modern
nuclear engineering to many different types of nuclear scientists and engineers. Combined together, these two books contain literally
thousands of homework problems, worked examples, and illustrations to explain the principles of reactor physics. As opposed to many
other textbooks, a great deal of work has gone into ensuring that the writing style is warm and inviting rather than classical and dry.
While this may seem to be a bit unorthodox at first, we believe that it will ultimately broaden the appeal of the book and make it easier
for the general population to embrace the concept of nuclear power as a whole.

P.8 Potential for Course and Curriculum Customization

This textbook takes a slightly different approach than classical reactor physics books because it is designed to be as modular as pos-
sible. This inherent modularity allows the instructor to mix, match, and interchange the chapters in a variety of different ways to match
the needs of a specific curriculum. In other words, it allows the subject of reactor physics to be taught on many different levels and
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to many different audiences. The initial chapters (Chapters 1 through 12) can be used for an introductory reactor physics class (at a
level similar to that employed by Lamarsh), and the later chapters are appropriate for a more advanced class (at a level similar to that
used by Duderstadt or Stacy). Hence, this book can be used to create rwo separate reactor physics courses (an introductory course and
an advanced course) that can be used for a two-semester curriculum. This inherent modularity allows the instructor to find the most
appropriate type of presentation for a specific curriculum. This extensive modularity may also be of some benefit to those who would
like to vary their core curriculum from time to time. The overall text is broad enough and deep enough to accommodate most of these
needs. Several customized courses can also be developed from the material provided.

P.9 Modularity, Cost Effectiveness, and Flexibility

In conclusion, we hope that you will find this book to be a thoroughly modern alternative to classical reactor physics books that
are much more expensive or much harder to read. It provides a thorough introduction to the subject of reactor physics that is wide-
ranging in its intended scope and cuts a broad swath across many areas of interest to the nuclear scientist and engineer. This book
and its companion book are the first mainstream nuclear engineering textbooks to be printed in full color. Taken together, they con-
tain more than 3000 worked homework problems, examples, questions, and sample problems for the interested student or reader.
This is between five and ten times the number of homework problems that are provided in other comparable textbooks. A solution
key for these problems is also available to accredited faculty members and instructors. Because of their inherent flexibility and
modularity, these books can provide a modern and cost-effective way to teach nuclear engineering courses to undergraduates and
first-year graduate students. In some cases, a three-semester or four-semester course can be fashioned from the subject matter pro-
vided. Every effort has been made to make the information presented in this book as accurate as possible. In the event an error is
found, please report it to orders @taylorandfrancis.com and it will be corrected in the next edition.

Finally, we sincerely hope that you will enjoy the warm and inviting writing style and the beautiful color images. We hope that it
will inspire you to embrace the renaissance in the nuclear power industry that is occurring in the world today. We hope that you will
enjoy reading this book and that you will find it to be an interesting and rewarding experience.

Robert E. Masterson, SecD (MIT)
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