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Chapter 1
Nuclear Energy, Introduction

Nicholas Tsoulfanidis

In terms of technical progress of the human species/society, the second half of the
twentieth century is marked by two developments: the computer and nuclear energy.
And the two are related since progress in the development and applications of nuclear
energy owes a lot to the power of computations made possible by the digital computer.

The whole twentieth century is marked by the ever-increasing use of electricity.
The century started with a tiny amount of electricity use and ended with ~30%
of the total energy consumed to be in the form of electricity.

Nuclear energy, unfortunately, was released in the world as a weapon. But,
fortunately, after the initial shock of Hiroshima and Nagasaki, nuclear energy
turned out to be of great benefit to society. First, in a “Faustian bargain,” of sorts,
the existence of nuclear weapons resulted in having a cold war between the two
superpowers of the time (Soviet Union and the USA) instead of a kot one. Second,
nuclear energy proved to be an excellent method of generating electricity and also
provided the means for numerous applications in industry, science, education, and
probably most of all medicine. Not even the fiercest critics of nuclear energy deny
the benefits of nuclear medicine in correct diagnosis and therapy and, therefore,
prolongation of life for millions of people all over the world.

Although, as mentioned above, nuclear energy touches today beneficially many
aspects of our lives, the most prominent application is the generation of electricity by
using nuclear fission reactors to generate heat that is used to produce steam (or hot
gas) that runs a turbo generator and produces electricity. There are many advantages
in using nuclear energy for the generation of electricity. Primary among them is the
absence of green house gases and other pollutants such as sulfur oxides, nitrogen
oxides, heavy metals (mercury etc.).

This chapter was originally published as part of the Encyclopedia of Sustainability Science and
Technology edited by Robert A. Meyers. DOI:10.1007/978-1-4419-0851-3
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2 N. Tsoulfanidis

Probably, the most important difference between nuclear and fossil or any
renewable fuels is the concentrated energy release of the former. The fission of
one U nucleus releases ~200 x 10° eV; the burning of one atom/molecule in
a chemical reaction releases a few eV; a ratio of many million! A single pellet
of nuclear fuel, about the size of a fingertip, contains as much energy as 1,700 ft* of
natural gas, or 1,780 1b of coal, or 149 gal of oil. As a result of this concentrated
energy, the “ashes” of the process, the fission products that are radioactive, consti-
tute a, relatively, small volume. Yes, they have to be safeguarded and be kept away
from the biosphere for thousands of years, but the volume of wastes is considered
manageable.

Today (2011), there are 441 nuclear power plants operating in the world
amounting to a total generating capacity of 375 GWe. The top five countries, in
terms of number of operating plants are the USA (104), France (58), Japan (54),
Russia (32), and Korea (21). In 2010, there were 62 plants under construction
amounting to a capacity of 60.2 GWe. The top countries in numbers of plants
under construction are China (25), Russia (11), Korea (5), and India (4); two plants
under construction are in the USA, Japan, Bulgaria, Slovakia, and Ukraine.

¢ Today, ~16% of the electricity worldwide is produced by nuclear power plants;
that fraction will increase in the coming years as developing economies (e.g.,
China and India) and developed ones (Korea, Japan, and Europe) complete their
announced ambitious nuclear expansion in order to satisfy their ever-increasing
demand for electricity. The World Nuclear Association (WNA) projects that by
2060 at least 1,100 GWe of new nuclear capacity will be added.

What drives this “Nuclear Renaissance”? There are several factors:

1. Increasing energy demand: Due to an ever-increasing population and desire of
the underdeveloped countries to improve their standard of living. In addition,
a need for new plants materializes because old plants reach the end of their life
and must be shut down (all types of electricity generating plants, not only nuclear,
are designed with a finite operational life).

2. Climate change concerns: Increased awareness that fossil fuels release a large
amount of greenhouse gases that may lead to a planetary climate change are
driving decisions for new plants to be “green,” that is, to emit reduced amounts
of greenhouse gases and other pollutants or not at all. Nuclear power plants are
the only ones generating electricity with, essentially, zero emissions.

3. Economics: The main cost component of a nuclear plant is its construction cost;
once this cost is overcome, the other two cost components for the generation of
electricity (O&M and fuel) favor nuclear over fossil plants. Experience during
the past 50 years, especially in the USA, has shown that nuclear is the best plant
for generation of base load electricity, both in terms of cost and reliability.

4. Fuel price stability: Because the fuel cost constitutes a, relatively, small fraction
of the total cost of generating electricity (for nuclear the main cost is the
construction cost; fuel cost is between 10% and 16% of the total cost), even if
the price of fuel doubles, the effect on the cost of electricity will be minimal.
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It should be noted that the cost components of the fuel are uranium, conversion,
enrichment, fabrication-transportation; of these, only the uranium price
fluctuated during the previous 50 years; the cost of the other components has
been remarkably stable.

5. Security of Fuel Supply: Supply of fossil fuels (oil, gas, and coal) is vulnerable to
interruptions of supply due to political turmoil, strikes, weather, etc. On the
contrary, uranium is plentiful and available at reasonable prices, for the foresee-
able future; more than that, since nuclear plants refuel every 2 years, it is quite
likely that short-term upheavals can be settled before they have an effect on
nuclear fuel supply.

6. Nuclear Safety and Public acceptance: The safety record of nuclear power
plants during more than 50 years of operation (195702011) is outstanding.
There were three accidents during that period. The TMI accident in the USA
in 1979: it was a financial loss to the company operating the plant; not a single
injury resulted to any person in or out of the plant and there was no contamina-
tion of the environment. The Chernobyl accident in 1986 was a very serious
accident: radioactivity was released to the environment and 33 persons are
known to have died, mostly firefighters. Some cancers will develop as a result
of exposure to the radiation from the accident, making it a difficult task to
quantify them. One should note, however, that no plant licensed anywhere
today can have the Chernobyl type of accident; it is physically impossible (the
Chernobyl design has been abandoned). Considerable area around the plant has
been contaminated, but the reports today (2011) indicate that life is returning to
normal. On March 11, 2011 a 9.1, Richter scale, earthquake hit Japan and
affected the Fukushima nuclear site. There are six reactors on that site. On that
day, two reactors were shut down and were not affected by what followed. When
the quake hit, the four operating plants shut down, as design dictated. Shutting
down means that the fission reaction is stopped; however, heat continues to be
generated in the core from fission products, hence cooling must be provided.
As per design, cooling continued using emergency diesel generators required by
regulation and readily available for such eventuality. Then, 15-20 min later, the
tsunami arrived; the waves of the tsunami swept away generators and their fuel
supply and cooling of the core was lost. Fuel meltdown of the cores occurred and
radioactivity was released to the environment. Two plant workers were killed
by the tsunami; these are the only immediate deaths as a result of this event.
The tsunami itself and the earthquake resulted in the death of ~22,000 people.
The area around the site was contaminated. Definitely the accident was a
tremendous financial loss to the company operating the Fukushima plants.

As a result of the accident at Fukushima, two plant workers were killed by
the tsunami; these are the only immediate deaths as a result of this event.
At Chernobyl, ~33 persons, mostly firefighters, were the reported immediate
deaths. Of course as a result of TMI, no deaths occurred; in fact in the USA there
are zero deaths from the operation of commercial nuclear power plants from
1957 until today. Compare this, for example, to coal mining fatalities which
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amount to ~30/year in the USA; in other countries, e.g., China, the direct annual
death toll from coal mining is much higher.

Without trying to deemphasize the importance of these three accidents, the
net effect is that the world community still recognizes and accepts the generation
of electricity using nuclear fission reactors as an indispensable component in the
energy portfolio. At about 9 months after the Fukushima accident, there is no
report of any country changing nuclear energy policy because of that accident
(with the exception of Germany that decided to accelerate the shutdown of its
nuclear fleet following a decision taken earlier by its Government). Overall
acceptance of nuclear technology is the result of its excellent performance;
another factor in favor of nuclear power is the lack of greenhouse gases by
this technology or of any environmental effect in the vicinity of the plant. In the
USA, acceptance of nuclear power by communities around the plant is ~70% or
more favorable.

The nuclear industry, especially in the USA, learned and improved a lot after
the TMI accident. I have no doubt that the international nuclear community will
apply the lessons learned from Fukushima to make the already safe record of this
industry even safer.

This section on Nuclear Energy consists of 19 articles that cover all aspects of

the nuclear enterprise. Here is a brief description of each article:

A. Radiation sources: It discusses radioactivity and basic radiation sources.

B.

Radiation detection devices: One characteristic of radioactivity is the fact that
it can be detected relatively easily and accurately. This article discusses the
devices used to accomplish such measurements.

. Dosimetry and Health Physics: Very early in the twentieth century (1920s), it
was realized that ionizing radiation may be harmful to humans, therefore
measures must be taken to protect people. These measures were based on (a)
quantifying the effects of radiation exposure by establishing units of radiation
dose and means to measure it and (b) establishing professional bodies that set
protection standards [ICRP (1928), NCRP (1964) etc.]. The field of Health
Physics was thus born resulting in great benefit for the radiation workers.

D. Fission reactor physics: Fission reactors are the major sources of production of

radioactive materials. What are the principles of their operation? What are the
foundations of their safe operation? These are two of the major items discussed
in this article.

. Nuclear fuel cycles: Providing nuclear fuel for a fission reactor is not a simple
or straightforward task; it involves many steps (U procurement, conversion,
enrichment, fuel rod and assembly fabrication). The users of the fuel are
presented with choices, such as discarding the irradiated fuel as waste or
reprocessing and recycling it. Also, reactor designers may affect the nuclear
fuel “cycle” by building reactors that just produce electricity, or combine
electricity production with generation of new fuels (breeders), or generate
electricity in combination with burning some of the nasty by-products of the
fission process. These are the matters discussed in this article.
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. Uranium reserves and mining: How much uranium is there on our planet and at

what price? Where is it found? How is it extracted? These are the topics of this
article.

. Nuclear fission power plants: Once the fission reactor is designed and ready to
operate, how is the fission energy utilized to generate electricity? The reactor
core itself is not enough; plenty of other components must operate for the
successful transformation of energy released in fission to electricity feeding
a lightbulb. The fission reactor core makes a small part of a nuclear power
plant. It is this aspect of nuclear power, components and activities outside the
core, that is described in this article.

. Nuclear reactor materials and fuel: For a successful and long-term safe

operation of a nuclear power plant, the materials used, especially those directly
tied to the fuel, must function as designed (as expected) in the very hostile
environment of a nuclear fission core. This article describes the pros and cons
of the various materials that have been considered and the final choices made.
Nuclear safeguards and proliferation of nuclear weapons materials: Of great
concern to human kind is the acquisition of nuclear materials by groups or
governments that may use them to make nuclear weapons, contrary to interna-
tional treaties. This “proliferation” or rather “nonproliferation” of nuclear
materials and possibly weapons is a concern that will never disappear; all
that can be done by the international community of nations is to set up treaties,
policies, and procedures that diminish the probability of proliferation. It is
these aspects of this terrible problem facing humanity that are discussed in this
article.
Radiation shielding and protection: This article is complementary to articles
A—C. Having discussed radiation sources, dangers from radiation, and
standards of protection, how does one provide the means for a safe radiation
environment for the workers and the public? How are relevant computations
performed? Measurements? How is an effective radiation shield designed?
These are the questions answered in this article.

. Isotope separation methods for nuclear fuel: The two elements found in nature
that may be considered as fuels for fission reactors are Th and U. Unfortunately,
only certain isotopes of these elements or made with the help of these elements
can be manufactured into fuels. Hence, isotope separation methods must be
employed for the production/concentration of the “useful isotope(s).” These
methods are discussed in this article.

. Reprocessing of nuclear fuel: Irradiated fuel contains many useful isotopes,

primarily U and Pu. Reprocessing is the operation that extracts the useful
isotopes from the irradiated (spent) fuel. The reprocessing methods used
until today and those under research and development are discussed in this
article.

M. Decommissioning of nuclear facilities: Every nuclear facility has a finite

lifetime; at the end, when operations stop for good, the law says that the site
must, eventually, be returned to its preoperational state in terms of the presence
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of radioactivity. This is what decommissioning means. All the tasks associated
with decommissioning are discussed in this article.

. Radioactive waste management: Storage, transport, disposal. The operation of
fission reactors results in the production of radioactive materials. Such
materials, if they have no further use, they must be safeguarded for long
periods of time in order that their release to the biosphere may be prevented.
The method of eventual disposal of such materials considered today by their
producers is placement in a geologic repository. In the meantime, radioactive
wastes must be stored and transported. These activities are discussed in this
article.

. GEN-1V reactors: By any measure, current fission reactor designs are success-
ful. However, there is room for improvement in terms of fuel utilization,
thermal efficiency, use of the heat generated by the energy released in fission,
multifunction of a nuclear plant, etc. There is considerable global effort
underway to design fission reactors that will show some, if not all, of the
improvements just mentioned. These new designs, collectively named as
GEN-IV reactors, are described in this section.

. Nuclear fusion: Fusion reactors offer many advantages over fission reactors.
Unfortunately, although fusion became known to man before fission and life
on earth owes its existence to a fusion reactor in the sky (our Sun), no fusion
plant has been built yet; fusion reactors present some unique challenges/
difficulties that have not been resolved yet. But, the world’s scientific commu-
nity is working as a team in an effort to resolve the issues and build an
operational fusion plant sometime in the future. All the past and current efforts
in fusion research and the expected future developments are presented in this
article.

. Nuclear power economics: In a free market, every plant generating electricity
must compete economically with all other options; nuclear is no exception, of
course. Nuclear power presents some unique problems, with respect to
financing, and these are the problems (and possible solutions) discussed in
this article.

. Thorium — An excellent ‘fertile’ nuclear fuel: In addition to Uranium, Thorium
(Th) is the only other element found on earth that can be used as a fuel in
fission reactors. The Th properties, relevant to fission reactors, resources,
availability and prices are discussed in this article.



Chapter 2

Fission Reactor Physics

Michael Natelson

Glossary
Fissile
Fertile

Critical

Reactivity

Microscopic
Cross section

Fissile isotopes are fissionable by the capture of neutrons of any
energy, but are especially easily fissioned by the capture of slow
neutrons, for example, U233, U235, Pu239, and Pu®*'.

Fertile isotopes may be transmuted into fissile isotopes by neutron
capture. The naturally occurring fertile isotopes are Th**? and U?*%.
A critical fission reactor is in a steady state, with its neutron
population sustained by a chain reaction.

Reactivity is a dimensionless parameter, which characterizes how
far from critical a fission reactor is. If zero, the reactor is critical; if
positive, the reactor is supercritical and its neutron population is
increasing; if negative, the reactor is subcritical.

A microscopic cross section is a parameter, with dimensions of
area, that is a measure of the probability of a particular reaction
resulting from an incident particle on a target nucleus. The mac-
roscopic cross section for this “particular” reaction is the micro-
scopic cross section times the number density of the target
nucleus.

This chapter was originally published as part of the Encyclopedia of Sustainability Science and
Technology edited by Robert A. Meyers. DOI:10.1007/978-1-4419-0851-3
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Definition of Subject

At the end of the nineteenth century and through the first half of the twentieth
century, revolutionary discoveries were made in physics, and the laws of physics
and our understanding of them were greatly expanded. In addition, tragic historical
events led to an unprecedented concentration of intellectual talent and economic
resources (the Manhattan Project) that allowed the new physics to be applied to the
engineering of nuclear (fission) reactors. This entry will describe the advances in
physics, which are key to fission reactor design, and how they enable this engineer-
ing practice.

Introduction

In 1900, Lord Kelvin (William Thomson) reportedly told the British Association
for the Advancement of Science that “there is nothing new to be discovered in
physics now. All that remains is more and more precise measurements.” Whether
he actually said this or not, it is reasonable to believe that many scientists and
engineers of his day would have concurred. Newton’s definitions and laws of
mechanics and optics had long been successfully applied. Maxwell’s equations,
Ohm’s law, etc. seemed to describe electricity and magnetism. Boltzmann and
Gibbs had provided the foundations of statistical mechanics and thermodynamics.
And chemists had been busy developing atomic theory, identifying 92 elements, the
laws of chemical combination, the weights and sizes of atoms and molecules, and
the periodic system.

With hindsight it is clear, however, that in 1900 there were many intriguing
questions outstanding in the physical sciences, and there was an historically large
cohort of scientists, being produced by the major universities of the day, ready to
address them. The questions (and their resolutions) of prime importance to “fission
reactor physics” are:

1. Does a theory of relativity apply to Maxwell’s equations, and is there a unique
frame of reference (ether) for the propagation of light?

2. Why are the heaviest naturally occurring elements unstable, giving off various
forms of “radiation” and transmuting to different elements?

3. What does the quantization of electromagnetic radiation (required to describe
black body radiation energy spectra and the photoelectric effect) mean to the
laws of physics on the atomic scale?

The resolution of each of these questions will be discussed in this entry, as they are
the starting points for the accumulation of knowledge needed to characterize
the workings of fission reactors.

Clearly, Einstein’s Theory of Relativity addressing question (1), and its identifi-
cation of mass as a form of energy (1905) would, excuse the bad pun, energize
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the whole effort. Already in 1914, H. G. Wells in his novel “The World Set Free”
envisioned industrial atomic energy and atomic bombs used in a catastrophic
world war.

At the end of the nineteenth century, electrochemists looking for heavy elements
(heavier than lead and bismuth) found that “radiation” was given off by the
materials they were investigating. Becqueral (1896) observed vy rays (penetrating
electromagnetic radiation similar to x-rays) from uranium salts. The Curies
(1898) observed o and [ rays from polonium and radium. Rutherford showed that
the positively charged as were doubly ionized helium atoms. The Bs are negatively
charged electrons, the same particles as the cathode rays that Thomson
characterized and named (1897). These “radiations” proved to be key tools for
determining the structure of atoms. The o particle was shown by Rutherford
(1911) and his coworkers to scatter from gold foil in a manner inconsistent with
the atomic model of the day, Thomson’s raisins (electrons) in the pudding (positive
charge medium) model. To explain the o scattering results, an atom’s positive
charge and its mass, minus that of its electrons, needed to be concentrated in a small
nucleus (radius ~10712 cm), with its electrons distributed over a much larger
volume (radius ~10~® cm), that of the whole atom. Niels Bohr, inspired by
Rutherford’s work, took to determining the distribution of atomic electrons.
His success, building off Question (3) above, led to quantum mechanics.
A complete model for the atom, however, still required an explanation for the
mass of the nucleus. Again bombardment of various atoms (elements) with o
particles led to the answer. Chadwick (1932) proved that the “rays” produced by
as striking beryllium nuclei were neutral particles with mass slightly greater than
the hydrogen nucleus, the proton. These neutral particles are the neutrons that had
been hypothesized by Rutherford 12 years earlier. Heisenberg (1932) produced
a detailed model of the atomic nucleus where the mass number A is the total number
of elementary particles, protons plus neutrons, making up a nucleus, and the nuclear
charge is Z, the number of protons. Thus, there can be various isotopes for a given
element, more than one A for a given Z.

The discovery of the neutron marked the start of furious activity, culminating in
the operation of the first fission reactor only 10 years later. Leo Szilard in 1933
recognized that a neutral neutron with modest kinetic energy could penetrate an
atomic nucleus and cause a reaction releasing nuclear (mass) energy, and if, as part
of the “reaction,” additional neutrons were produced, a chain reaction could result.
Szilard produced a patent for a reactor based on this idea and assigned it to the
British Government in 1936 (before fission was discovered). In 1934, Fermi was
using neutron bombardment (with neutrons of various energies) to produce nuclear
transformations in many elements. Of special interest was the production of trans-
uranic elements, Z greater than 92. Fermi won the 1938 Nobel Prize for this work.
However, unknown at the time, he had also fissioned uranium. This was determined
by electrochemical analysis of the products of neutron bombardment of uranium
by Hahn and Strassmann. Subsequently, the process was identified as fission by
Meitner and Frisch. Bohr recognized that the ease with which low energy neutrons
could cause fission of uranium was due to the existence of the naturally occurring,
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but low atom percent (0.72%), isotope 92U235 [1] (Various notations have been used
to designate a particular isotope, for example, for uranium with mass number (A)
235; 4,U?*, U235, and 335 U. The latter is in common use today. For ease of
composition and for consistency with most of the references used in this entry the
older standard, A as a right superscript, is used.). He and Wheeler, from their
Theory of Fission [2], also recognized that the not yet produced isotope g4Pu®*’,
would also be readily fissioned by slow neutrons [3]. This was in early 1939. Bohr
still did not think production of a fission bomb to be feasible.

Leo Szilard was, however, not deterred. He persuaded his friend Albert Einstein
to write President Roosevelt (8/2/1939), urging government support of fission
research and the stock piling of uranium. This ultimately led to the Manhattan
Project. In 1940, Seaborg and McMillan synthesized the readily fissionable isotope
of plutonium, ¢4Pu®°, which is produced by neutron capture in the dominant
uranium isotope ¢,U>**. Wheeler credited Louis Turner [3] with pointing out that
kilogram quantities of o4Pu”*® could be produced in a large fission chain reaction
reactor. Fermi and Szilard [4] designed and built the prototype for such a reactor,
a “pile” of graphite blocks containing an array of natural uranium pellets. It was
constructed in a squash court under a grand stand of the University of Chicago’s
Stagg Field, and went critical (sustained a chain reaction) on December 2, 1942.
The Manhattan Project built large reactors of this type for weapons material
production, and also successfully pursued means of enriching uranium in g,U**.
Enriched uranium allows more compact, higher power density, reactor designs.

The Manhattan Project brought together extraordinary scientific and engineering
talent, and immense resources to produce the weapons that ended the Second World
War. It also provided the foundation for all fission reactor development that has
followed. The subsequent advances in “physics,” which have contributed to this
development, are principally:

1. The full understanding of the interaction of neutrons with nuclei: scattering
(elastic and inelastic), and capture (simple absorption, transmutation, and fis-
sion), including measuring the parameters that characterize the probabilities of
these “interactions”

2. The formulation of methods to solve the neutron transport (Boltzmann) equation,
which governs the behavior of the dilute “gas” of neutrons in a fission reactor

This entry will discuss the topics, pre- and post-Manhattan Project, which
encompass the physics of fission reactors.

Mass—Energy Relationship

In his initial paper [5] on the theory of relativity, Einstein confronted the problem of
guaranteeing that the laws of electromagnetism (Maxwell’s equations) apply in all
inertial reference frames, just as the laws of mechanics do. In an inertial reference
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frame, an object, which is at rest, remains at rest and an object traveling with
a particular velocity will maintain that velocity. Einstein asserted that there is no
preferred reference frame (like stationary ether in space, as postulated years
earlier), and that the speed of light c, in vacuum, 2.998 x 10% m/s, is the same in
all inertial reference frames. From these assertions, FEinstein derived
transformations for various variables in the laws of physics from one inertial
reference frame to another. This solved the “electromagnetism” problem and
provided a firm grounding (theory) for phenomena observed when velocities
approach the speed of light. For examples of the latter, see Kaplan, “Nuclear
Physics” on the charge-to-mass ratio of the electron as a function velocity, and
Mermin, “It’s About Time,” on the half-life of unstable particles as a function of
their velocity. Our interest here is specifically on the relationship between mass and
energy resulting from the special (not applying to gravity) theory of relativity. What
is meant by the ubiquitous formula.

E = Mc?? 2.1

For application to fission, an inelastic collision between two particles will be
treated for relativistic conditions. The approach presented by Mermin in “It’s About
Time” will be used.

In an elastic collision, total momentum, P = py+ p,, mass, M = m; + m,, and
kinetic energy, K = k; + k, are all conserved, where the mass, m, is an inherent
property of a particle and is a measure of how it resists a change in its velocity. In an
inelastic collision, only total momentum, P needs to be conserved. It needs to be
conserved, however, in all inertial frames of reference. For relativistic conditions,
one defines a particle’s momentum (a vector [in bold face]) as

p=mu/(l—u/c?)"?, (2.2)

where u is the particle velocity. As is required for consistency between relativistic
and nonrelativistic laws of mechanics, Eq. 2.2 is effectively the nonrelativ-
istic definition of momentum for the particle speed, u << ¢. Now to find p/, the
particle momentum, in a frame moving with velocity v relative to the frame in
which the particle has velocity u, one applies the relativistic translation law for
velocities:

u=(u—v)/(1—uv/c?). (2.3)

Substituting for u’ in the expression for p’ (Eq. 2.2 with p and u primed), one
obtains the relativistic translation law for momentum

P =(p—pv)/(1—v/2)'", 2.4)

where

pOZm/(l _u2/C2)1/2' 2.5)
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Now, if total momentum is to be conserved in our two-particle inelastic collision
in both the primed and unprimed frames, then P° = p% + p°, must also be
conserved. Again, using the relativistic translation law for velocities (Eq. 2.3) and
the definition p° (Eq. 2.5), we find that

PV =" —pv/c?)/(1 = v? /D)2, (2.6)

And so for the fotal quantities we want to be conserved we have
P'=(P—P%)/(1-v*/c*)"?* and 2.7)
PY = (P* —Pv/c?) /(1 — v /c*)' /2, (2.8)

Examining these expressions, it is clear that if P and P are not changed after an
inelastic (or elastic) collision, then neither is P’ and P

In the limit of the speed u being much smaller than c, the difference between p°
and m, (p0 —m), approaches mu?/2c2. This result leads to a definition of relativistic
kinetic energy, k, for a particle

k = p’c? — mc?, (2.9)

which has the required property of reducing to the nonrelativistic form, mu?/2, in
the limit of u much smaller than c.

Returning to our two-particle inelastic collision, as P is conserved so is P °c? and
thus from Eq. 2.9

AMc? = AK, (2.10)

where AM is the change in the masses of the inputs and outputs of the collision
participants, and AK is the change in the kinetic energies of these “inputs and
outputs.” Thus, Eq. 2.10 provides insight into the meaning of “E = Mc*” for the
fission process. For n + 9,U*** — fission products + 202.7 MeV (the AK of Eq. 2.10
in unit of millions of electron volts) the percent change in mass can be estimated by
dividing 202.7 MeV by the energy equivalents of the inputs (i.e., 236 amu, where
1 amu =931.141 MeV). The result is ~0.1%, which may not appear to be large until
one makes a comparison with a chemical reaction. For example, O, + C — CO, +
4.1 eV. A similar calculation indicates a 1 x 10~%% conversion of mass to kinetic
energy. Since one could not measure such a small change in total input and output
masses in chemical reactants, it is not surprising that the full impact of “E = Mc*”
had to await demonstration in a nuclear reaction like fission. However, as will be
discussed in the next three sections, the large energy release in fission, while
conforming to Eq. 2.10, is due to the strength of the forces that hold a nucleus
together and the charge repulsion forces that will accelerate two smaller nuclei as
they are formed in the fissioning of a larger “parent” nucleus.
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Heavy Elements

The “heavy elements” of particular importance to fission reactors are the radioac-
tive nuclei, which are characterized by systematic chains of decay. In nature, there
are three chains (series). In a given series, each nucleus has a mass number, A,
governed by a simple formula with the variable the integer n (see Table 2.1), and is
identified with its longest lived isotope, that is, Thorium, Uranium, and Actinium
(U235 had not been discovered when the 4n + 3 series was identified). These longest
half-lives are not surprisingly comparable to the age of the earth, 4.5 x 10° years.
Half-life is one of three related parameters of radioactive decay processes, Ty, A,
and 7. The fundamental equation of radioactive decay is

— dN(t)/dt = AN(1), 2.11)

where A is the decay constant, and N(t) is the number of decaying nuclei at time t.
The solution of Eq. 2.11 is

N(t) = N(0)e ™. (2.12)
The time when an original inventory of decaying nuclei, N(0), is halved is
Ty, =In2/h = 0.693/A. (2.13)
And as the decay process is statistical the mean life-time, t, of a decaying
nucleus is

r = (1/N(0)) / N(O)Me ™ dt = 1/1, (2.14)
0

the reciprocal of the decay constant.

With the search for transuranic elements through the bombardment of the
heaviest natural elements, primarily with neutrons, a fourth decay series was
identified, the Neptunium (A = 4n + 1) series whose radioactive members are not
found in nature (see Table 2.1).

Table 2.1 Heavy element decay series

Final stable Longest lived Longest half-life

Series name Type nucleus nucleus (years)
Thorium 4n* Pb208 Th?*? 1.41 x 10'°
Uranium 4n +2 Pb20° U8 447 x 10°
Actinium 4n+3 pb>"’ (O 7.04 x 10
Neptunium, not in nature 4n + 1 Bi*® Np*¥’ 2.14 x 10°

n is an integer
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Fig. 2.1 Transmutation of - 23923 min 250 o
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Of the “heavy elements,” the isotope U?* is key to fission reactor design. It is the
only naturally occurring isotope which readily fissions when bombarded with
neutrons of all energies. While its atomic percent abundance, 0.72%, is small, it
is large enough to support chain reactions in reactors where neutrons born in fission
are slowed down (moderated) by graphite (carbon) or by heavy water (deuterium
oxide). When Uranium is enriched in U**° (~3-5%), it can fuel reactor designs
where ordinary water moderates fission neutrons (today’s pressurized water and
boiling water reactors). Having U**° available as a reactor fuel makes it possible to
exploit the two abundant fertile “heavy elements,” U® and Th**?. The term
“fertile” refers to the fact that when these elements absorb a neutron they can be
transmuted to fissile isotopes (Pu**” and U respectively), which like U** readily
fission when bombarded by neutrons of all energies. The transmutation processes
are shown in Fig. 2.1. It is important to note that only one neutron capture is
required in each of these transmutations. In a reactor design, neutron economy is the
key to maintain a chain reaction and, as will be discussed in the section on Future
Directions, expending one neutron with a reasonable probability of obtaining an
additional fissile nucleus is a winner.

The heavy element radioactive decay series are also important to safety in fission
reactor design. Each of the decay processes, o and 3~ emissions and associated vs, is
favorable to energy release. So any heavy elements, particularly transuranics, in
areactor’s fuel system will contribute to the decay heat load that must be dissipated
when a reactor shuts down. As will be discussed in the next section, the major short-
term contributors to decay heat are fission products. A power reactor that shuts down
following a sustained run at full rating will initially produce ~7% of that rating from
decay heat, even if the chain reaction and nearly all fissioning has ceased.

For a full discussion of the radioactive decay series and the particulars of o, 7,
B* and y emission, see Kaplan, and Krane, “Introductory Nuclear Physics.”

Fission and Its Products

As noted in the “Introduction,” fission was discovered accidentally during the
search for transuranic elements. This work by Fermi and others was part of an
extensive effort to understand the atomic nucleus and to duplicate the great success
of quantum mechanics and the Pauli exclusion principle in providing a fully
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predictive Theory of atomic electron structure. A comparable theory for the nucleus
has not been developed, but several models (e.g., shell and liquid drop) provide
insight into the trends and correlations found in the data provided by the extensive
experimentation performed on the nuclei of the various elements and their isotopes.

Measurements of atomic mass (m(XA)), and the mass of the electron, proton, and
neutron, yields the binding energy, B, of a nucleus, ZXA, the work (energy) required
to disassemble a nucleus into its neutrons and protons:

B = {Zm, + Nm, — (m(X*) — Zm,) }¢?, (2.15)

where Z is the atomic number (the number of protons) and N = A — Z is the number
on neutrons. (The binding energy of atomic electrons is ignored as negligible
compared to the other factors in Eq. 2.15.)

Plotting the ratio of measured binding energies B to corresponding mass number
A (Fig. 2.2) immediately makes evident the potential of energy release from fission
of heavy element. Note the B/A versus A “curve” has a flat maximum in the
middling A range ~50 — ~150, and falls off (decreases) as A increases. Thus,
there is a potential energy excess if a heavy element (isotope) can be disassembled
and reassembled as two mid-range isotopes (preserving total A, Z, and N). (The
behavior of the B/A curve for light elements shows the potential energy release
from fusion.) Obviously fission (nor fusion) does not take occur “naturally” on earth
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today (There is convincing evidence that a naturally occurring chain reaction
took place in a uranium deposit in Gabon about 2 x 10° years ago, when the
abundance of U*** would have been ~3%, high enough for a water-moderated
“reactor” to operate. The higher earlier abundance is due to the shorter half-life of
U?¥ (7.0 x 10® y) relative to that of U**® (4.4 x 10” y). See Krane for an excellent
discussion of the Gabon reactor). The remainder of this section is devoted to
particular requirements for fission to take place and to the discussion of the
resulting fission products and their energies.

Insights provided by examining binding energies, and by additional experiments to
determine nucleon—nucleon forces have led to the Shell and Liquid Drop models of the
nucleus. Features of these models are incorporated in the semiempirical mass formula
(Eq. 2.16). While a thorough discussion of the nuclear models is beyond the scope of
this entry (see Kaplan or Krane), the mass formula provides key information on fission,
energy release, and the relative likelihood for various nuclei.

In the semiempirical mass formula, the binding energy has five terms, which will
be discussed below.

m(zX*) = Zm, + Nm, — [By + B; + B, + B3 + B4]/c’. (2.16)

By = a,A is the volume energy. Note in Fig. 2.2 that B/A saturates, thus By has
a linear dependence on A. The attractive nuclear forces between nucleons (n—n, n—p
and p—p) are all equal and short range, smaller than the radius of the nucleus, r =
10A"? where ry ~1.2 x 10~ "% cm. If the range were larger, there would be attraction
between each nucleon pair and By would depend on A(A — 1).

B, = —aSAZ/ 3 is the negative surface decrement. As the nucleon—nucleon forces
are “short range,” neutrons and protons on the surface of a nucleus are less tightly
bound.

B, = —aCZ(Z—l)/A” 3, is the coulomb repulsion decrement. While the nuclear
forces are strong enough to overcome coulomb forces, the protons in the nucleus do
repel and reduce binding energy. Assuming a uniform distribution of protons in
a liquid drop model of a spherical nucleus, an electrostatics calculation yields the
dependence of B, the number of proton pair, Z(Z—1), and a measure of their
spacing, A"

B3 = —a,IN-ZIIN-ZI/A, is the neutron—proton population asymmetry decrement.
As nuclei become heavier, more neutrons than protons are needed to overcome
coulomb repulsion. However, as the shell model of the nucleus demonstrates when
nucleons, neutrons and/or protons, are added to form heavier elements and their
isotopes, they fill shells of successively higher energy and are thus less tightly
bound. This is analogous to the case of atomic electrons. Neutrons and protons have
half-integral spin like the electrons, and therefore no two neutrons (or protons) can
occupy the same state in a nucleus in conformance with the Pauli exclusion
principle. So B3 is negative and proportional to the neutron excess and the fraction
of the nucleus the excess represents.
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Table 2.2 Heavy nuclei fission

E., Excitation E,, Activation
Target nucleus Compound nucleus energy (MeV) energy (MeV)
u*? [U*4 6.6 4.6
U (U9 6.4 5.3
pu?®’ [Pu®*] 6.4 4.0
u>® (U] 49 55
Th>*? [Th?*] 5.1 6.5

B,= +8A "3 for even Z even N nuclei, = 0 for odd A nuclei, = —8A > for odd
Z odd N nuclei, is the pairing energy. As nucleons are added and fill shells, they are
more tightly bound as spin up and spin down pairs. B, is important in determining
the relative binding of isotopes of a given element and their propensity to fission.

A set of parameters for B which best fit the B/A curve (Fig. 2.2) is provided by
Krane; a, = 15.5 MeV, a, = 16.8 MeV, a, = 0.72 MeV, a, = 23 MeV, and 6 = 34 MeV.

The potential for, and magnitude of, energy release from fission, whether as
spontaneous decay or induced by particle or gamma ray capture, can be assessed
with the semiempirical mass formula. As for an estimate of the magnitude of energy
release, the B/A curve, as noted earlier, can be used directly. For example, the B/A
for U% is ~7.6 MeV. If it fissioned into two approximately equal mass nuclei (A =
119), their B/A would be ~8.5 MeV when in a ground state, and being more tightly
bound than their parent (U**®) 214 MeV (= 2 x 119 x 8.5 — 238 x 7.6) will be
available through conservation of energy as kinetic energy of the daughter nuclei
and of other fission products (neutrons, Bs, ys, and neutrinos). That this energy is
available does not mean that there is a significant probability that fission occurs.
In this example, which represents spontaneous fission of U***, one finds in nature
that this mode of U?*® decay competes poorly with o decay (Spontaneous fission is
a significant mode of decay for some transuranic isotopes found in depleted reactor
fuel, particularly Pu**® and Pu®*')). For fission fragments, daughter nuclei, to
separate in spontaneous or induced fission, a potential barrier must be overcome.
The height of the barrier relative to the ground state of a fission parent nucleus is
called the fission activation energy (E,). It can be estimated with the liquid drop
model by calculating the change in the parent nucleus binding energy (B; and B,)
between the ground-state spherical configuration and a volume-conserving dumb-
bell configuration (ref. [2] and [6]). Table 2.2 contains values of E, for the
compound nuclei formed by neutron capture in the fissile and fertile isotopes of
primary interest in reactor design. These are compared with the excitation energy
(E.) provided in forming the compound nucleus.

E. = [(m(zX*) + m,) — m(zX )] (2.17)
Note that E,, does not include any kinetic energy contribution from the captured

neutron. For the fertile target nuclei (U238 and Th*? 2), E. < E, and neutron kinetic
energy will be required to overcome or quantum mechanically penetrate (with high
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Fig. 2.3 Fission yields: (a) for U?* from fast and thermal neutrons, (b) for U*** and PU*** from
thermal neutrons [33]

probability) the potential barrier to fission. For the fissile targets, E. > E, and thus
“slow” neutrons can initiate fission.

The high values of E. for the fissile targets are due to the positive “pairing”
contribution, By, to the binding energy of the compound nucleus ground states. Note
92U23 4 92U23 6 and 94Pu240 are all even Z even N nuclei and the corresponding target
nuclei are even Z odd N. So, the second term in Eq. 2.17 is decreased by S(A + 1) /%,
and By is zero in the first term. Thus, an increase in E, relative to the result if pairing
isignored is achieved. For fertile targets (even Z even N), roles are reversed. It is the
first term in Eq. 2.17 that is decreased and B, is zero in the last term. Thus, E, is lower
than if pairing is ignored.

The semiempirical mass formula and the shell and liquid drop models are limited
in predicting the fission process. This is best illustrated by the mass distribution of
the major fission fragments (see Fig. 2.3). In the vast majority of cases, fission
yields two unstable (having excess neutrons) nuclei, but not of equal mass, as in the
example above used to estimate the energy available from spontaneous fission
of U*®. The two humped curves in Fig. 2.3 are not predicted by nuclear models.
To quote Krane, “surprisingly, a convincing explanation for this mass distribution
has not been found.”

From the nuclear models, it is not surprising that free (prompt) neutrons are
emitted in fission as the daughter nuclei are so rich in neutrons, but the prediction
of their number (~2.5 on average) and energy spectrum (the mean ~2 MeV, see
Fig. 2.4) are still an active area of study. The decay chains of the neutron-rich,
excited daughter nuclei (fission fragments) are well predicted, including the
release of (delayed) neutrons when in some cases neutron decay competes
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Fig. 2.4 Prompt neutron energy spectra where P{E’) is the probability per unit energy [32]

successfully with B-decay. The delayed neutrons are a small fraction of the total
neutron emission (0.64% for thermal fission of U?*), but as will be discussed in
section “Fission Reactor Performance”, they are important to reactor control.

Total energy release from the various neutron-induced fissions of interest in
reactor design is remarkably consistent with the simple spontaneous U**® fission
calculation made above. Of course, the constituents are different, as displayed
in Table 2.3.

In a reactor design, the total energy values in Table 2.3 are not used. First, the
contribution from neutrinos is subtracted, as their range before collision is well
beyond reactor boundaries. Then, the energy release per fission from neutron
captures which produce Ps and ys is added. The magnitude of this release is
design-dependent as it is a function of the materials used, and the neutron capture
rate in these materials. For plant energy balance studies, using 200 MeV/fission is
satisfactory.

The problem of decay heat was noted in the previous section. From Table 2.3, it
can be seen that fission product decay is the immediate concern when a chain
reaction is terminated. Assume full power from U**’ fissioning, when this ceases,
delayed ys and Bs are still being released. Thus, ~6.3% (=~ 100 x (6.26 + 6.43)/200)
of rated power, coming from fission product decay, must still be dissipated, along
with energy from the decay of transuranic elements present in the reactor, for a total
of ~7%.
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Over 800 fission fragment nuclei have been identified. Their decay must be
tracked to account for decay heat in reactor shut-down safety analysis and for
the proper handling and storage of spent fuel (where both energy release and
the nature of radiation fields must be known). One hundred and two of these
nuclei are delayed neutron precursors. To simplify reactor transient (kinetics)
calculations, the precursors are collected into six effective groups, where members
of a given group have similar decay constants (see Table 2.4).

The energy spectra for a given delayed group do not vary significantly with
fissioning isotope. The spectra are much softer (with lower mean energies, < 1
MeV) than for prompt neutrons [7]. This means that a delayed neutron in a thermal
reactor is more important than a prompt neutron. It is more likely to reach the low
energies (<0.625 eV) where most fission occurs. Delayed neutrons can also result from
other reactions, for example, photon capture (y,n) (The expression (a,b) is shorthand for
a nuclear reaction with an input particle “a” and output particle “b”, where the target
and product nuclei are understood.) and neutron activation (n,p) followed by neutron
decay of the product nucleus. If important to a particular reactor design, these delayed
neutrons can be included by modifying the effective delayed group structure.

The final aspect of the ~800 fission fragment nuclei that must be dealt with is
their impact on neutron balance. Each of them has a probability of capturing
neutrons and in some case of causing a transmutation into a nucleus with
a particularly large propensity for capturing neutrons. The nuclei of greatest
importance to neutron balance are listed in Table 2.5.

I'*% is important as it is the direct precursor of Xe ', an especially large absorber
of thermal neutrons. The next two isotopes in the table are precursors to a decay
chain with three large absorbers, Pml47, Sm149, and Sm''. The final five, with their
precursors in parentheses, are large absorbers, but not as sensitive to neutron energy
spectrum and power level and history as the others. Clearly, data for the 800 fission
fragments must be handled through large computer files [8]. For neutron balance,
the fission fragment isotopes, which are not treated explicitly (Table 2.5), can be
lumped into an effective fission product nucleus with a yield per fission and
probability for neutron capture. How one characterizes the probability of nuclear
reactions is the subject of the next section.

Cross Sections

The nuclear reactions of importance to fission reactor design are by definition
governed by the postulates of quantum mechanics (i.e., they are on the dimen-
sional scale of the nucleus). And, thus the results of the various reactions
are probabilistic in nature. The probability of a particular result is characterized
by a parameter, the microscopic cross section, ¢, with, not surprisingly, the
dimensions of area, and which is quoted in units of barns. The barn,
1072* cm?, is a reasonable measure as in some cases & is nearly the projected
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Table 2.5 Direct yield fractions ( x100) for isotopes in the most important fission product
chains [32]

Fissile or fertile isotope®

Fission Product 232Th B8y 25y B3y 2oy

1351 5.238 6.548 6.349 4.860 6.303
135%e 0.0403 0.0150 0.255 1.337 1.152
147Nd 3.08 2711 2271 1.775 2.073
149pm 0.825 1.765 1.089 0.769 1.261
Mo (*’Tc) 2.965 6.247 6.127 4.957 6.144
103Ru (1%3Rh) 0.164 6.336 3.137 1.707 6.991
1317 (131xe) 1.481 2.982 2.473 2.352 3.093
1331 (133¢y) 3.858 6.356 6.787 5.974 6.923
15ce (M3Nd) 6.619 4.834 5.972 5.881 4.561

The energy of the neutron initiating the fission is in the thermal range for >**U, 2**U, and **°Pu.
For #**Th and **®U, the yields are due to fissions initiated by neutrons with a spectrum of energies
typical of light water-moderated nuclear reactors.

area of a target nucleus, 4nR?, and R is ~10™'% cm. Thus, envisioning a target
foil of area, A, and thickness, dx (where dx is small enough to have negligible
shadowing of one nucleus by another in the target foil), the probability that an
incident particle in traveling a short distance (i.e., dx) will undergo a specific
reaction equals opAdx/A, where p is the density of target nuclei (#/cm”) in the
foil. It follows that to find the reaction rate in the foil we need the number of
impinging particles per second. Given the particles have a density N (#/cm?) and
are monoenergetic and monodirectional (normal to the face of the foil) with
speed v, the number impinging per second equals N -(vdt)- A/dt. So the total
reaction rate in the foil is (NVA)(podx), and the rate per cm? is vNpo. The
parameters that make up this specific rate have been reordered to reflect conven-
tional definitions in reactor physics (In the nuclear engineering discipline, reactor
physics refers to the portion of the field addressed in this entry):

VN = Wparticle flux, and (2.18)
po = Xmacroscopic cross section. (2.19)

The flux in our simple foil example is the number of particles per cm?” per second
crossing a plan parallel to the face of the foil. Given the more general representation
of particle density (which will be used in the next section):

N(r,E,Q,t)dr3dEdQ = no. of particles in dr® about r, with kinetic energies in dE
about E, and going in the solid angle dQ about the unit direction vector £ (see
Fig. 2.5), at time t; then the corresponding definition of flux, ¥(r,E,Q,t)dsdEdQ, is
the no. of particles with E in dE going in direction Q in dQ that pass through the
surface ds, which is located at r and is normal to €2, per unit time, at time t.

The macroscopic cross section is the probability that a particle undergoes
a reaction characterized by o, per unit path (for small paths, dx) traversed by the
particle in a homogenous material with target nucleus density, p. This definition
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@ Neutron

Fig. 2.5 The unit direction vector €2 associated with neutron velocity and the differential (small)
solid angle dQ which defines the range of directions

lends a special significance to 1/Zr, where X1 = por. o7 is the fotal microscopic
cross section, the sum of the os for all of the reactions that the initiating particle can
undergo with a given target isotope. So the change in flux, where ) is parallel to the
x axis of a target material sample, over a small interval dx in the sample is d¥ =
~¥Xrdx. And thus, P(x) = W(0) e >, where x is the distance into the “sample”
(which has its face in the y — z plane at x = 0). So, the probability of a reaction in dx
about x can be expressed as

P(x)dx = Zrdx e (¥(x)/¥(0)) = Tre >dx. (2.20)

And thus the mean free path of a particle in an incident beam (‘*¥'(0)) before being
removed from the beam in a homogeneous target is

x:/dxxP(x) =1/ 2.21)
0

or generally the mean free path is the average distance traveled between successive
interactions.

If a homogeneous material is made up of various nuclei (elements/isotopes,
indexed by j), then the macroscopic cross section for a reaction, i, is

¥ = Z p; e al. (2.22)
J
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The reactions of primary interest in fission reactor design are those initiated by
neutrons and gammas. Neutron cross sections are key to determining if a chain
reaction can be maintained, and that the neutron population can be controlled under
various transient conditions (e.g., start-ups and shutdowns, planned and accidental),
and, of course, the fission distribution in the reactor. Most of the resulting energy
release, from fission fragments, is deposited locally in the fuel elements of a given
design. However, gammas, from fission and neutron capture in reactor structures,
have large mean free paths, and their distribution and capture rates must be
determined, using gamma cross sections, to complete the knowledge of energy
deposition. The subsequent engineering problem is to assure that the reactor cooling
system can remove the deposited energy under normal and accident conditions.
Neutron and gamma cross sections are also required for the shield design of
a fission reactor.

Neutron reactions are characterized by their energy balance, the Q factor, as well
as microscopic cross sections. For the simple reaction (with the target at rest),

n+X — Y4y (2.23)
the energy balance is
(En + myc?) + Mxc® = (Ey + Myc?) + (Ey + myc?), (2.24)

and Q is defined as the difference in the kinetic energies of the inputs (here the
neutron) and the outputs:

Q =Ey + Ey —E, or = (Mx + my — My —my)c’. (2.25)

If Q is positive, the reaction is exothermic, if negative, endothermic. For an

endothermic reaction to go, for the microscopic cross section to be nonzero, enough

kinetic energy must be supplied by the neutron to excite a compound nucleus, X**',
so it will decay to Y + y. As momentum must be conserved,

m,v, = (Mx + m,)V, or V; = vym,/(Mx + m,), (2.26)

where V. is the velocity of the compound nucleus. Then, the neutron energy
supplied must be such that

—Q=m,v,%/2 — (Mx +m,)V.2/2 (2.27)
and the threshold energy, Eq,, for the reaction is
Eq = myvy?/2 = (= Q)(1 + m,/Mx). (2.28)

(n, 2n) is an example of an endothermic reaction whose cross sections will exhibit
an energy dependence of zero until the neutron energy E reaches an Ey,.
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The simplest, but very important, neutron reaction to be considered is a form of
elastic scattering (Q = 0), where collisions can be treated with classical mechanics as
hard sphere, billiard ball, interactions. For the energies of neutrons in fission reactors,
0-10 MeV, elastic scattering cross sections for most nuclei are constant and propor-
tional to the square of the nuclear radius, ~A2/3. Assuming the target nucleus to be at
rest and applying conservation of energy and momentum in the center of mass, CM,
coordinate system, one determines the probability that the final energy of the
scattered neutron, in the laboratory coordinate, LM, system, is E; in dE:

P(E; — E¢) = 1/(1 — a)E;, for «E; < Ef <FE;
= 0 otherwise, (2.29)

where o = ((A—1)/(A+1))2 and E; is the initial neutron energy. A is the mass
number of the target nucleus. And, scattering is assumed to be isotropic in the CM
coordinate system. This is a good assumption for the energy range of interest here,
and its basis will be discussed later in this section. A full derivation of Eq. 2.29 can
be found in Duderstadt and Hamilton, “Nuclear Reactor Analysis.” Examining P
(E;=Ey) one sees that a neutron scattering off a hydrogen nucleus (A = 1) can lose
all its energy (as o = 0). On average, it loses half its initial energy as

Ei
E= / dE¢E(P(E; — E¢) =E;(1 4+ )/2,and (2.30)
GCEi

Given P(E; — Ey) as in Eq. 2.29, one defines differential microscopic elastic
scattering cross sections, 0.J(E)P(E;—E)dE;, which are particularly useful in
determining how neutrons, born in fission, are slowed down in reactors designed
to take advantage of the large fission cross sections of fissile isotopes in what is
conventionally defined as the thermal neutron energy range, less than 0.625 eV. The
superscript “j” of c.¢ refers to the nuclei of the various moderators (hydrogen,
deuterium and carbon) that are employed in these thermal reactors.

Once neutrons have slowed to the thermal range the target nuclei can no longer

be assumed to be at rest. The interaction frequency will then be
lv—=V]o(lv—-V]p, (2.32)
where |v — V| is the relative speed of neutron and target. For elastic scattering, o(|v

—V|) is still nearly constant and an average cross section for thermal neutrons with
speed v (=(2E/m,)1/2) is

G(v) = (us/VP) / Vv — V|p(V), (2.33)



2 Fission Reactor Physics 27

where for many reactor applications the Maxwell-Boltzmann velocity distribution
for ideal gases in thermal equilibrium at absolute temperature, T, can be used to
represent the targets. Thus,

p(V) = p e (M/(27kT))*? exp(—MV? /2KT), (2.34)

where M is the mass of the target nucleus and k is the Boltzmann constant (8.6174
x 1073 eV/K, K is degrees Kelvin).

From Eq. 2.33, one sees that for v > V the average cross section is, as expected,
Ces. And, as the neutron speed decreases and approaches zero, the average cross
section goes as one over the neutron speed.

For highly accurate calculations (As part of the process of evaluating nuclear
data sets, very accurate calculations of integral experiments are made. Zero power
mockups of reactors, with carefully recorded dimensions and inventories, are
commonly used. Monte Carlo calculations (to be discussed in the next section) of
neutron balance in the mockups are made with various data sets (e.g., cross-section
libraries) to determine a recommended set. See the CESWG web site for references
to such experiments.), more sophisticated treatments of scattering from moderator
structures (e.g., molecules in liquids, lattices for solids) are required. The excitation
of modes of vibration, and thus energy loss to phonons must be considered. This has
been a fertile field of development [9] and double differential scattering cross
sections for various moderators have been produced. They are of the form:

O'S(Ei — Ef7 Q,’ — Qf)dEfde = (1/4ﬂfkT)
(Et/E;)"exp(—B/2)0esS (o, B)dEcdQy, (2.35)

where

o = (E; + B¢ — 2(EE)"/*)Q; @ O /KT and
B = (E; + E¢) /KT. (2.36)

G.s 1s the scattering cross section of the bound “moderating” nucleus (e.g., proton,
deuteron, carbon). S(a.,P), the scattering law, embodies the physics of the influence
of the moderator structure on the scattering process. Various formulations of S(a, )
are tabulated as part of data files that document a!l the microscopic cross sections that
are used in fission reactor design. These files can be found on the web site of the
National Nuclear Data Center (currently, nndc.bnl.gov). The most widely used set is
ENDF/B, the latest (2009) version is VILO. In order, however, to produce the
differential scattering cross sections (Eq. 2.35) for design calculations, material
temperatures, T, must be identified and supplied with the corresponding ENDF
files to NJOY [10], a system of computer programs which produce microscopic
cross sections for use in various design programs (which will be discussed in the next
section).
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The remaining neutron reactions of interest all involve the formation of
a compound nucleus, which will be in an excited state, (XA”)*, and will subse-
quently decay, yielding y or y's (neutron capture), n (elastic neutron scattering), n+y
(inelastic scattering), two n’s (an (n,2n) reaction), p or o (charged particle produc-
tion) or fissioning. The probabilities of these various outcomes for a given isotope,
j» and incident neutron energy are characterized by the microscopic cross sections:
ch(E), st(E), Ginj(E), ngj(E), Gpj(E), qu(E), and ij(E). As noted above in the
discussion of Q factors, for endothermic reactions, Q < 0, cross sections will be
zero until a threshold value of E for the initiating neutron is reached. This is the case
for inelastic scattering, (n,2n) and some (n,o) and (n,p) reactions. There is similar
threshold behavior for fertile isotope fission cross sections (see Sect. Fission and Its
Products), which when the reactions “go” are exothermic. All neutron capture
reactions (n,y) are exothermic, and thus their cross sections are nonzero over the
full range of fission reactor neutron energies.

One can view the “compound nucleus reaction” cross sections as the product of
a cross section for compound nucleus formation, G¢ (neutron capture by the target
nucleus), times the probability of a particular decay mode of the excited compound
nucleus. Both factors of this “product” depend on the nature of the target and
compound nuclei, X* and X**!, and the energy available to excite the compound
nucleus, X2*!. The later is the sum of the reduced mass (i.e., center of mass) kinetic
energy of the initiating neutron:

Ec = E(Mx/(my + Mx)) = E(A/(1 + A)), 2.37)

where X* is assumed to be at rest and momentum is conserved; and the excitation
energy, E. (see Eq. 2.17), provided by adding a neutron to X*. E, is the binding
energy of the “added” neutron in the compound nucleus.

The magnitude of 6 depends on the structure of X*. First, if neutron number
N (=A-Z) is odd, oc is larger than its counterpart for neighboring isotopes with
even neutron numbers. The opposite is true for N even. This just reflects the binding
energy advantage of pairing half-integral spin Fermions in a nucleus (see the
discussion of B4 in Sect. Fission and Its Products). Second, for nuclei of various
A’s there are Magic Numbers for both Z and N (2, 8, 20, 50, 82 and 126) which can
be thought of as closing shells of protons and neutrons, analogous to atomic
electron shells. The reduction of G, for a magic number N nucleus, relative to its
N + 1 isotope neighbor’s G, is much larger than the pairing effect.

Excited compound nuclei have mean lifetimes, t (see Eq. 2.14) of as long as
107" s (Kaplan), much longer than the transit time for a neutron crossing a
target nucleus, ~2R/v. Given the nuclear diameter, 2R ~ 1072 ¢m, the transit
time for even a thermal neutron is ~10~ 7 s (The term thermal neutron refers to the
most probable energy of the neutrons in thermal equilibrium in a zero-power reactor
(e.g., a mockup). At 20°C, this is 0.023 eV, with a corresponding neutron speed of
2,200 M/s.). Thus, the standard assumption is that the decay of an excited com-
pound nucleus is independent of all but the input energy of the initiating neutron.
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Fig. 2.6 A typical neutron
capture cross section for an
isolated (single) resonance
whose width at half maximum
is I', the total level width. I,
is the partial width for gamma
ray emission from the excited
state (level). E, is the center
of mass (reduced mass)
energy of the initiating
neutron (Duderstadt)

Omax [~

Oy (E)

Y2 Omax [~

EC

The decay modes of a particular excited state, nuclear level, are characterized by
a level width

I' =h/(2nr1), (2.38)

with dimensions of energy (h is Planck’s constant, 4.135667 x 10~'> eV-s), which is
based on the Heisenberg uncertainty principle. In a quantum mechanical system
like our excited compound nucleus, knowledge of energy and time is governed by

AEAt ~ h/27. (2.39)

Thus, I" can be viewed as the uncertainty in energy of an excited state (level) of
a compound nucleus, and t a measure of the “uncertainty” of the lifetime of the
excited state. The microscopic neutron cross sections, which go through the com-
pound nucleus formation process, exhibit resonance behavior (peaking) when the
neutron energy and E. (the added neutron binding energy) produce or nearly
produce a well-defined excited state (i.e., having a small I'). See Fig. 2.6.

The level width I' can be thought of as the probability per unit time of decay of
an excited state and thus the sum of partial “widths” (probabilities per unit time) for
each mode of decay:

F=Ty+Th+ T+ 4+ T +1+ .., (2.40)
(where I, refers to elastic compound scattering and I'y,, refers to inelastic scatter-
ing, the rest being obvious).

Therefore, a “compound nucleus reaction” cross section near an isolated reso-
nance is

a(n,i) = oc(n)T;/T, for i = v,n, (ny),f,2n, p, etc. (2.41)
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The functional form of ¢ (n,i), its dependence on neutron energy, was derived
with the principles of quantum mechanics by Briet and Wigner [11] in 1935. Their
“formula” for this simple case is

o(n,i) = (32 /4n) T3/ [(E —Eo)? + (T/2)?], (2.42)

where A is the de Broglie wavelength of the neutron, h/(2m,, E)'2, and E, is the
energy of the resonance peak. Figure 2.6 is an illustration of this “form” for i = .

Breit and Wigner’ s most impressive derivation is more general than Eq. 2.42.

First, they considered neutron energies beyond what has been found pertinent to
fission reactors. When one accounts for conservation of angular momentum, the
initiating neutron has classically a magnitude of angular momentum |L| equal to pb,
where p is neutron momentum, (2m,E)"?, and b is the displacement of the neutron
path from a parallel axis running through the center of the target nucleus. In
a quantum mechanical treatment,

IL| = (I(l + 1))"/*h/27 where 1 =0,1,2,3, . .. (2.43)

Then, one can think of “b” as |L| (given by Eq. 2.43) divided by the neutron
momentum, p, and if there is going to be a significant probability of a reaction
with the target nucleus, “b” cannot be much larger than the target nucleus radius,
r A1/3(1.28 + 0.05) x 10~'* cm. For this to be true for a large nucleus, for
example, for U , and for nonzero angular momentum (e.g., / = 1), the neutron
would have to have kinetic energy > 6.6 MeV. For smaller nuclei the required
energy would be greater. Given the spectrum of neutrons in fission reactors, where
most neutrons are born at around 2 MeV (see Fig. 2.4), an assumption of zero
angular momentum (/ = 0) for the vast majority of reactions is good, and thus
equation Eq. 2.42 does not include a factor involving angular momentum or spin
quantum numbers. This assumption also means that decay products of an excited
compound nucleus will be released isotropically in the center-of-mass coordinate
system, which is reflected in the factor of 1/4m in Eq. 2.42 (the probability that the
decay product i (i =n, v, p) is released dQ about any ). The quantum mechanical
treatment of angular momentum also accounts for the statement made above that
“billiard ball” elastic scattering “can be assumed to be isotropic in the center of
coordinate system.” This direct elastic scattering is referred to as potential scatter-
ing so as to be differentiated from resonance (compound nucleus) elastic scattering,
that is, i = n in equation Eq. 2.42.

Second, Breit and Wigner recognized and treated interference between potential
and resonance elastic scattering. They found that the total elastic scattering cross
section dips at energies right below the resonance peak, E,.

Finally, as they were aware that there could be multiple possible excited states of
a compound nucleus they extended their “formula” to two resonances whose I's do
not over lap.
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Table 2.6 Types of neutron cross section for various target element/isotope masses pertinent to
fission reactor design

Slow Epithermal Fast
neutrons neutrons neutrons
E<1eV 1eV<E<0.1 MeV 0.1 MeV < E < 20 MeV

Separated resonances

Light -
nuclei B Potential scattering _
A<25 < . >
Resonance scattering, (n, 2n), (n, p)
Separated Overlapping  Continuum
resonances resonances | resonances
Intermediate < > >
nuclei Resonance scattering, radiative capture
25<A<80 -< >|
Potential scattering | | Inelastic scattering
- :l [~
Separated Overlapping Continuum
resonances | resonances resonances
Heavy < =|: >
nuclei Radiative capture
A<80 < >

Inelastic scattering, (n, 2n)

A

Since Breit and Wigner’s original work, there has been great activity in measur-
ing cross sections, motivated principally the desire to understand the physics of the
nucleus. In the process, however, the basic parameters required for nuclear weapon
and reactor design were generated. The neutron cross sections for fission reactor
design are summarized in Table 2.6 [12].

In this table, the distinction is made between resonance cross sections with
different densities (spacing) of resonance peaks. With intermediate and heavier
nuclei the level structure grows more complex, and the number of possible excited
states of a compound nucleus greatly increases. With higher neutron energy more
finely spaced excited states can be reached and their level width, I"’s, increasingly
overlap until measurement cannot resolve individual resonances.

In parallel with the work of nuclear spectroscopy experimentalists, theoreticians
have built on Breit and Wigner’s work. Resonance cross-section models [13] are
key to creating Evaluated Nuclear Data Files. The Cross Section Evaluation Work-
ing Group, a cooperative effort of national laboratories, industry and universities in
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the United States and Canada (see nndc.bnl.gov), sponsors reviews of the various
measurements of a given cross section (target isotope and reaction) and the
subsequent determination (As part of the process of evaluating nuclear data sets,
very accurate calculations of integral experiments are made. Zero power mockups
of reactors, with carefully recorded dimensions and inventories, are commonly
used. Monte Carlo calculations (to be discussed in the next section) of neutron
balance in the mockups are made with various data sets (e.g., cross-section
libraries) to determine a recommended set. See the CESWG website for references
to such experiments.) of a consensus set of parameters for an appropriate cross-
section model. These models and their “consensus” parameters are a large part of
the ENDF/B-VIIL.O data files. Having the cross sections represented by an analytic
model also facilitates dealing with the temperature effect on resonance cross-
sections. that is, Doppler shift or broadening. The analytic process of averaging
aresonance cross section (i.e., its model), over the velocity distribution of the target
nuclei at a given temperature is similar to what was discussed above for reactions
initiated by neutrons in thermal energy range. The process is outlined by Duderstadt
and Hamilton using the single-level Breit Wigner formula as the resonance model.
The effect of increasing temperature is to reduce a resonance peak while broaden-
ing its width, thus increasing its I'. To first order, the area under the resonance is
unchanged, which could led one to think that resonance “Doppler” broadening
is not an import effect in a reactor application. This is true if the density of the
resonance target nuclei is small (i.e., it is very dilute in the reactor), and thus its
presence does not change the energy dependence of the reactor’s neutron popula-
tion. However, in most reactor designs, resonance absorbers are concentrated in
localized reactor features (e.g., fuel elements, control rods) and there is significant
self-shielding at the resonance peak. That is, neutrons with the “peak” energy will
most likely be absorbed in the reactor “feature” irrespective of temperature-induced
changes in the resonance microscopic cross section. But the story can be different
on the wings of a resonance where the cross section is much smaller, and, thus, so is
the self-shielding. An increase in temperature of the “feature” can result in a net
increase in neutron absorption, with no change at the peak energy, but with
increases in the wings. This phenomena can aid in insuring a negative temperature
coefficient for a fission reactor design (Temperature coefficients are collective
reactor parameters that reflect how neutron balance is impacted by temperature
change through feedback mechanisms, for example, Doppler broadening (or
narrowing) of resonances, and moderator density changes. Reactor control will be
discussed in Sect. Fission Reactor Performance.). A negative temperature coeffi-
cient is a crucial reactor design safety requirement.

Dealing with temperature in producing resonance cross sections for design
calculations is handled in a manner similar to the process for thermal energy
range cross sections discussed above. The ENDF resonance cross-section models
and appropriate material temperatures are input to NJOY, and the output are the
broadened cross sections in the model format. How these cross sections are used in
design calculations is addressed in the next section.
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As noted at the start of this section, gamma ray (photon) cross sections are
important in fission reactor design as they are required for the full treatment of
energy deposition throughout a reactor (in its fuel bearing core and supporting
structures). In the order of importance with increasing gamma energy, the
mechanisms of attenuation are the photo electric effect (y,e™), Compton scattering
(v,¥*), and pair production (y, e e ™). The photoelectric effect removes a y when its
energy, hv, can eject an atomic electron. Its cross section is approximately propor-
tional to Z*/(hv)*, and has discontinuities in energy as the ionization energy of
various atomic electron shells are achieved. For higher y energies, Compton
scattering interactions with atomic electrons can be treated as effectively free
electron collisions. Conserving momentum and energy relativistically, one can
derive expressions for energy loss and change in direction for initiating ys as
a function of their incident energy. The magnitude of the cross section is propor-
tional to Z. When 7 energies reach a threshold of 1.022 MeV (2 x mecz) and are in
the field of a target nucleus, pair production of an electron and positron is possible.
The magnitude of the pair production cross section is proportional to Z2. Of course,
in tracking the y population in a reactor, one recognizes that annihilation of a
positron will produce two 0.51 MeV vy’s. So pair production can be viewed as
a form of inelastic scattering event. Cross sections for these three processes are
tabulated in ENDF/B files, and they are described at a thorough but accessible level
in the classic text by Robley D. Evans “The Atomic Nucleus.”

An example plot of these cross sections for Th**? is provided in Fig. 2.7.

Finally, there are other gamma reactions which can take place in a reactor, for
example (7,f) and (y,n) (the latter which we noted earlier as a source of delayed
neutrons). However, these are threshold reactions for relatively high-energy
gammas, and as shown in Table 2.3 the total energy available from fission from
fissile isotopes for gammas is limited: <8 MeV for prompt y’s, and, <6.5 MeV for
delayed 7y’s. Thus, these reactions are not important in determining the overall
distribution of gammas in a reactor design.

Neutron Distributions

With the material provided to this point, the primary problem of reactor theory can
be addressed: that of finding the neutron distribution in phase space (r,E,€), of
areactor design, and subsequently the reactor’s power distribution, both throughout
the reactor design’s lifetime. The first task is to derive the equation for the neutron
density, N(r,E,€), the neutron transport equation, and auxiliary equations for the
atom densities, p;(r,t), of depleting (initial inventory) isotopes and important fission
products (Like reactor physics, reactor theory is a traditional term in the nuclear
engineering discipline. It refers to the study of the neutron transport equation and
the means of its solution.). A simple approach to deriving the transport equation is
to consider a balance relationship for N(r,E,Q,t)dEdQdt for a time invariant
volume, V, in configuration space:
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Fig. 2.7 Thorium cross section for the photo electric effect (y,e), for Compton scattering (y,y*),
and pair production (y, e + e¢7) [32]

dEdet/ (ON(r,E.Q,1)/0t)d*r = —loss from flow out of V
+ # scattering into dE about E and d Q about Q
+ # produced by fission + # produced by other sources (2.44)

For the “flow” term, one defines the neutron angular current J(r,E,Q,t) = vN(r,
E.Q,t), where |J(r,E,€2,t)en dsdEdQdt| is the no. of neutrons at r, with energies in dE
about E, traveling in dQ about €2, which cross an area ds with a unit normal vector n
in dt at t. And thus, net flow out of V, which has a non-reentrant surface S, is:

dEdet/ J(r,E,Q,t) e nds
N

= dEdQdt / ve VN(r,E, Q,t)d’r, (2.45)

v

where Gauss’ Theorem is applied to transform the surface integral to a volume
integral.
The “reactions” in V are simply:

dEdQdt / vEr(r, E, O)N(r, E, Q, t)d’r, (2.46)

Vv
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where XZ1(r,E,t) is the total macroscopic cross section in V. All scattering cross
sections included in 21 have been integrated over final energies and directions.
Scattering into V is:

dEdQdt / d*r / dE’ / oy’
v 0

VE(r,t,E' = EQ — Q)N(r,E Q1) (2.47)

where X is the double differential macroscopic scattering cross section in V (see
the definition Eq. 2.65 for an example of a double differential microscopic scatter-
ing cross section).

The direct fission source into V is:

dEdQdt / d*r / dE/ / dQ" Y “v(E' - E)
0 i

v

Z5(r, B 0V'N(r, E' Q1) /47, (2.48)

where vy,; (E' — E) is the number of prompt neutrons emitted in dE about E by
a fission of isotope i initiated by neutrons in dE’ about E’: the macroscopic fission
cross section for isotope “i” is p;(r,t)o5(E).

The delayed neutron source into V is:

A
dEdQdt > de(E)ﬁ / Cj(r,t)d’r, (2.49)
j

v

where Xgi(E)/4r is the probability that the decay of delayed neutron precursor “j”
will produce a neutron in dE about E and dQ about Q, and where 2; and C;
are, respectively, the decay constant (see the beginning of section “Heavy
Elements”) and isotope density of precursor “j”.

And, finally any source of neutrons in V not produced by a neutron reaction is

given by:

dEdQdt / d*rS(r,E,t)/4n, (2.50)

v

where S could characterize a source (e.g., Plutonium(238)-Beryllium(a,n) or
Califonium-252 (spontaneous fission)) included in a reactor design to aid in reactor
start-up or S might account for decay processes yielding neutrons due to the presence
of depleted fuel incorporated from another design.
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Now, if the terms on the right side of the “balance relationship,” equation
Eq. 2.44, are moved to the left side, and dEdQdt and the integral operation [ d’r

is factored out of all the terms, then as the right side is now zero and the small
volume V is arbitrary, the collection of expressions under the integral must equal
zero. The resulting equation is the Neutron Transport (or Boltzmann) Equation:

gN(r,E,Q,t) =—veVN(r,EQ t) —vZ;(r,E,t)N(r,E,Q,t)

[o.¢]
+ / dE/ / dQVE(r,t,E —E.Q — Q)N(r,E' Q1)
0

+ / dE' / AV v (E' — E)Zg (r, B, N(r, E' Q1) /4n

+Zde )24iC;(r,t) /4m +S(r,E,Q,1). (2.51)

The conditions for solutions of this partial-differential-integral equation are the
continuity condition:

N(r + o£2,E,Q.t) must be a continuous function of o for r + o€} in the reactor,
and the

boundary condition:

N(r,,E,Q,t) = 0, for Qen < 0, where n is an outward unit vector normal to a non-
reentrant surface chosen to define the extent of the reactor.

The auxiliary equations for number densities of delayed neutron precursors,
Ci(r,t), and fission product poisons, depleting fissile isotopes, and burnable poisons,
pi(r,t)s, are simply defined as movement of these isotopes in space can be ignored.
Burnable poisons are elements with large neutron absorption cross sections (e.g.,
Boron, Hafnium, Cadmium, Erbium, Gadolinium) that can be included in reactor
designs to maintain neutron balance over design lifetime.

» For delayed neutron precursors:

%Ci(r,t) = - Ci(l',t) + / dE//dQ, ZéijV/ij(r,E/,t)N(l’,E/,Qlt), (2.52)
0 j

where &;; is the expected number of precursors of type i produced by fission of
isotope j.

« For fission product poisons (e.g., Xenon-135 and its precursors Telirium-135 and
Iodine-135, and Samarium-149 and its precursors Neodimium-149 and Prome-
thium-149):
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0 )
api(ﬁ t) = _iipi(n 1)+ Aj—iPj (l’, t)

o0
—/dE'/dQ’pi(r,t)aci(E’)v'N(r,E',Q’,t)
0

o

- / dE’ / A "9 (BN (L EL0vN(r E' QY ), (2.53)
k fk

0

where v (E) is the expected number of poison (or poison precursor) nuclei
produced by fission of isotope k induced by neutrons of energy E.
» For fissile fuel and burnable poison isotopes:

g pi(rat) = / dE’ / dQ/pi(rvt)aa‘ (E,)V,N(I’,E/,Q/, t)7 (254)
0

[Pt}

where the subscript “a” as applied to &, conventionally refers to capture plus
fission for fissile isotopes. For reactor designs containing fertile isotopes, equa-
tion Eq. 2.54 will have a source term reflecting the transmutation process leading
to the fissile isotope “i” (see Fig. 2.1). Additional “auxiliary” equations may be
needed to deal with transmutation of one isotope of a burnable poison to another,
which has a significant neutron capture cross section (for example Hafnium,

which has four naturally occurring isotopes).

Solving these ‘“auxiliary” equations, irrespective of their number, is not
a calculational challenge, given one knows the neutron density, N(r.E,Q,t), as
they are ordinary differential equations. Obviously, solving the neutron transport
equation (Eq. 2.51) for N(r,E,€,t) is another matter. There are several features of
fission reactors, however, that make this task more tractable. First, the density
of neutrons needed to produce as much power as can be removed/transferred from
various reactor types to do useful work is very small, ~10’—10° #/cm’, where as
the density of nuclei is many orders of magnitude larger ~10%* #/cm?. Therefore,
the neutrons can be viewed as a very dilute gas in the matrix of a reactor’s nuclei,
and thus neutron—neutron collisions can be ignored (they have not been accounted
for in Eq. 2.51) (Another neutron behavior that can be ignored in formulating the
transport equation is the finite lifetime of a free neutron. Its mean-life is ~11.5 min.
But, as will be discussed in the next section, the lifetime of neutron in a reactor is
measured in milliseconds.). Second, in the primary nuclear design calculations,
where it is determined if a trial configuration, loading and geometry, of
fuel, structure, moderator, coolant, control elements, and poisons, can sustain
neutron b