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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 hot 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.).
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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 � 106 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 ft3 of

natural gas, or 1,780 lb 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.

C. 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.

E. 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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F. 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.

G. 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.

H. 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.

I. 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.

J. 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.

K. 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.

L. 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.

N. 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.

O. GEN-IV 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.

P. 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.

Q. 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.

R. 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.
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Chapter 2

Fission Reactor Physics

Michael Natelson

Glossary

Fissile 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 Pu241.

Fertile Fertile isotopes may be transmuted into fissile isotopes by neutron

capture. The naturally occurring fertile isotopes are Th232 and U238.

Critical A critical fission reactor is in a steady state, with its neutron

population sustained by a chain reaction.

Reactivity 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.

Microscopic

cross section

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.

M. Natelson (*)

Retired from the Bettis Atomic Power Laboratory, West Mifflin, PA, USA

e-mail: MNatelson@aol.com

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

N. Tsoulfanidis (ed.), Nuclear Energy: Selected Entries from the Encyclopedia
of Sustainability Science and Technology, DOI 10.1007/978-1-4614-5716-9_2,
# Springer Science+Business Media New York 2013

7

mailto:MNatelson@aol.com
http://dx.doi.org/10.1007/978-1-4419-0851-3


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 g rays (penetrating

electromagnetic radiation similar to x-rays) from uranium salts. The Curies

(1898) observed a and b 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 a 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 a scattering results, an atom’s positive

charge and its mass, minus that of its electrons, needed to be concentrated in a small

nucleus (radius �10�12 cm), with its electrons distributed over a much larger

volume (radius �10�8 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 a
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 92U
235 [1] (Various notations have been used

to designate a particular isotope, for example, for uranium with mass number (A)

235; 92U
235, U235, and 235

92 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 94Pu
239,

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, 94Pu
239, which is produced by neutron capture in the dominant

uranium isotope 92U
238. Wheeler credited Louis Turner [3] with pointing out that

kilogram quantities of 94Pu
239 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 92U
235.

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 � 108 m/s, is the same in

all inertial reference frames. From these assertions, Einstein 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 ¼ Mc2? (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 = p1+ p2, mass, M = m1 + m2, and

kinetic energy, K = k1 + k2 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 ¼ mu=ð1� u2=c2Þ1=2; (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 << c. Now to find p0, 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:

u0 ¼ ðu� vÞ=ð1� uv=c2Þ: (2.3)

Substituting for u0 in the expression for p0 (Eq. 2.2 with p and u primed), one

obtains the relativistic translation law for momentum

p0 ¼ ðp� p0vÞ=ð1� v2=c2Þ1=2; (2.4)

where

p0 ¼ m=ð1� u2=c2Þ1=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 P0 = p01 + p02 must also be

conserved. Again, using the relativistic translation law for velocities (Eq. 2.3) and

the definition p0 (Eq. 2.5), we find that

p0
0 ¼ ðp0 � pv=c2Þ=ð1� v2=c2Þ1=2: (2.6)

And so for the total quantities we want to be conserved we have

P0¼ ðP� P0vÞ=ð1� v2=c2Þ1=2 and (2.7)

P00 ¼ ðP0 � Pv=c2Þ=ð1� v2=c2Þ1=2: (2.8)

Examining these expressions, it is clear that if P and P0 are not changed after an

inelastic (or elastic) collision, then neither is P0 and P0 0
.

In the limit of the speed u being much smaller than c, the difference between p0

and m, (p0 – m), approaches mu2/2c2. This result leads to a definition of relativistic

kinetic energy, k, for a particle

k ¼ p0c2 �mc2; (2.9)

which has the required property of reducing to the nonrelativistic form, mu2/2, in

the limit of u much smaller than c.

Returning to our two-particle inelastic collision, as P is conserved so is P 0c2 and
thus from Eq. 2.9

DMc2 ¼ DK; (2.10)

where ΔM is the change in the masses of the inputs and outputs of the collision

participants, and ΔK is the change in the kinetic energies of these “inputs and

outputs.” Thus, Eq. 2.10 provides insight into the meaning of “E = Mc2” for the

fission process. For n + 92U
235 7! fission products + 202.7 MeV (the ΔK 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, O2 + C ! CO2 +

4.1 eV. A similar calculation indicates a 1 � 10�8% 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 = Mc2”

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 � 109 years.

Half-life is one of three related parameters of radioactive decay processes, T1/2, l,
and t. The fundamental equation of radioactive decay is

� dNðtÞ=dt ¼ lNðtÞ; (2.11)

where l is the decay constant, and N(t) is the number of decaying nuclei at time t.

The solution of Eq. 2.11 is

NðtÞ ¼ Nð0Þe�lt: (2.12)

The time when an original inventory of decaying nuclei, N(0), is halved is

T1=2 ¼ ln 2=l ¼ 0:693=l: (2.13)

And as the decay process is statistical the mean life-time, t, of a decaying

nucleus is

t ¼ ð1=Nð0ÞÞ
Z1
0

Nð0Þlte�lt dt¼ 1=l; (2.14)

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

Series name Type

Final stable

nucleus

Longest lived

nucleus

Longest half-life

(years)

Thorium 4na Pb208 Th232 1.41 � 1010

Uranium 4n + 2 Pb206 U238 4.47 � 109

Actinium 4n + 3 Pb207 U235 7.04 � 108

Neptunium, not in nature 4n + 1 Bi209 Np237 2.14 � 106

an is an integer
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Of the “heavy elements,” the isotope U235 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 U235 (�3–5%), it can fuel reactor designs

where ordinary water moderates fission neutrons (today’s pressurized water and

boiling water reactors). Having U235 available as a reactor fuel makes it possible to

exploit the two abundant fertile “heavy elements,” U238 and Th232. The term

“fertile” refers to the fact that when these elements absorb a neutron they can be

transmuted to fissile isotopes (Pu239 and U233 respectively), which like U235 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, a and b� emissions and associated gs, is
favorable to energy release. So any heavy elements, particularly transuranics, in

a reactor’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 a, b�,
b+ and g 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

U 238 + n → U 239 →  Np 239 + b − + n

2.3d → Pu 239 +  b − + n

Th 232 + n →Th 233 → Pa 233 +  b − + n

27d → U 233 +  b − + n

23 min 

22 min 

−

−

−

−

Fig. 2.1 Transmutation of

fertile to fissile nuclei. (n is the
antineutrino, the chargeless,

�zero mass particle that

accompanies b emission)
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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, ZX
A, the work (energy) required

to disassemble a nucleus into its neutrons and protons:

B ¼ Zmp þ Nmn � ðmðXAÞ � ZmeÞ
� �

c2; (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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Fig. 2.2 Binding energy per nucleon (Krane)
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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 � 109 years ago, when the

abundance of U235 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

U235 (7.0 � 108 y) relative to that of U238 (4.4 � 109 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
A

� � ¼ Zmp þ Nmn � ½B0 þ B1 þ B2 þ B3 þ B4�=c2: (2.16)

B0 = avA is the volume energy. Note in Fig. 2.2 that B/A saturates, thus B0 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 =
r0A

1/3 where r0�1.2� 10�12 cm. If the range were larger, there would be attraction

between each nucleon pair and B0 would depend on A(A – 1).

B1 = –asA
2/3, 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.

B2 = –acZ(Z�1)/A1/3, 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 B2 the number of proton pair, Z(Z�1), and a measure of their

spacing, A1/3.

B3 = –aa|N–Z||N–Z|/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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B4 = +dA�3/4 for even Z even N nuclei, = 0 for odd A nuclei, = –dA�3/4 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. B4 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; av = 15.5 MeV, as = 16.8 MeV, ac = 0.72 MeV, aa = 23 MeV, and d = 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 U238 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 (U238) 214 MeV (= 2 � 119 � 8.5 � 238 � 7.6) will be

available through conservation of energy as kinetic energy of the daughter nuclei

and of other fission products (neutrons, bs, gs, 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 U238, one finds in nature

that this mode of U238 decay competes poorly with a decay (Spontaneous fission is

a significant mode of decay for some transuranic isotopes found in depleted reactor

fuel, particularly Pu240 and Pu241.). 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 (Ea). It can be estimated with the liquid drop

model by calculating the change in the parent nucleus binding energy (B1 and B2)

between the ground-state spherical configuration and a volume-conserving dumb-

bell configuration (ref. [2] and [6]). Table 2.2 contains values of Ea 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
(Ee) provided in forming the compound nucleus.

Ee ¼ m ZX
A

� �þmn

� ��m ZX
Aþ1

� �� �
c2: (2.17)

Note that Ee does not include any kinetic energy contribution from the captured

neutron. For the fertile target nuclei (U238 and Th232), Ee < Ea and neutron kinetic

energy will be required to overcome or quantum mechanically penetrate (with high

Table 2.2 Heavy nuclei fission

Target nucleus Compound nucleus

Ee, Excitation

energy (MeV)

Ea, Activation

energy (MeV)

U233 [U234] 6.6 4.6

U235 [U236] 6.4 5.3

Pu239 [Pu240] 6.4 4.0

U238 [U239] 4.9 5.5

Th232 [Th233] 5.1 6.5
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probability) the potential barrier to fission. For the fissile targets, Ee > Ea and thus

“slow” neutrons can initiate fission.

The high values of Ee for the fissile targets are due to the positive “pairing”

contribution, B4, to the binding energy of the compound nucleus ground states. Note

92U
234, 92U

236, and 94Pu
240 are all even Z even N nuclei and the corresponding target

nuclei are even Z oddN. So, the second term in Eq. 2.17 is decreased by d(A + 1)�3/4,

and B4 is zero in the first term. Thus, an increase in Ee relative to the result if pairing

is ignored 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 B4 is zero in the last term. Thus, Ee 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 U238. 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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successfully with b-decay. The delayed neutrons are a small fraction of the total

neutron emission (0.64% for thermal fission of U235), 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 U238 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 bs and gs 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 U235 fissioning, when this ceases,

delayed gs and bs are still being released. Thus,�6.3% (’ 100� (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 (g,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.

I135 is important as it is the direct precursor of Xe135, an especially large absorber

of thermal neutrons. The next two isotopes in the table are precursors to a decay

chain with three large absorbers, Pm147, Sm149, and Sm151. 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, s, with, not surprisingly, the

dimensions of area, and which is quoted in units of barns. The barn,

10�24 cm2, is a reasonable measure as in some cases s is nearly the projected
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area of a target nucleus, 4pR2, and R is �10�12 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 srAdx/A, where r is the density of target nuclei (#/cm3) 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 (#/cm3) 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)(rsdx), and the rate per cm3 is vNrs. 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 � Cparticle flux; and (2.18)

rs � Smacroscopic cross section: (2.19)

The flux in our simple foil example is the number of particles per cm2 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,V,t)dr3dEdO � no. of particles in dr3 about r, with kinetic energies in dE

about E, and going in the solid angle dO about the unit direction vector V (see

Fig. 2.5), at time t; then the corresponding definition of flux, C(r,E,V,t)dsdEdO, is
the no. of particles with E in dE going in direction O in dO that pass through the

surface ds, which is located at r and is normal to V, per unit time, at time t.

The macroscopic cross section is the probability that a particle undergoes

a reaction characterized by s, per unit path (for small paths, dx) traversed by the

particle in a homogenous material with target nucleus density, r. This definition

Table 2.5 Direct yield fractions ( �100) for isotopes in the most important fission product

chains [32]

Fissile or fertile isotopea

Fission Product 232Th 238U 235U 233U 239U
135I 5.238 6.548 6.349 4.860 6.303
135Xe 0.0403 0.0150 0.255 1.337 1.152
147Nd 3.08 2.711 2.271 1.775 2.073
149Pm 0.825 1.765 1.089 0.769 1.261
99Mo (99Tc) 2.965 6.247 6.127 4.957 6.144
103Ru (103Rh) 0.164 6.336 3.137 1.707 6.991
131I (131Xe) 1.481 2.982 2.473 2.352 3.093
133I (133Cs) 3.858 6.356 6.787 5.974 6.923
143Ce (143Nd) 6.619 4.834 5.972 5.881 4.561
aThe energy of the neutron initiating the fission is in the thermal range for 235U, 233U, and 239Pu.

For 232Th and 238U, the yields are due to fissions initiated by neutrons with a spectrum of energies

typical of light water-moderated nuclear reactors.
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lends a special significance to 1/ST, where ST = rsT. sT is the total microscopic

cross section, the sum of the ss for all of the reactions that the initiating particle can
undergo with a given target isotope. So the change in flux, whereV is parallel to the

x axis of a target material sample, over a small interval dx in the sample is dC =

–CSTdx. And thus, C(x) = C(0) e�STx, 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

PðxÞdx ¼ STdx � ðCðxÞ=Cð0ÞÞ ¼ STe
�STxdx: (2.20)

And thus themean free path of a particle in an incident beam (C(0)) before being

removed from the beam in a homogeneous target is

x ¼
Z1
0

dx xPðxÞ ¼ 1=ST: (2.21)

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

Si ¼
X
j

rj � sji: (2.22)

x

y

dq dφ

θ
φ z

Ω

Ωz

Neutron

Ωx

Ωy

ˆ

dŴ

Fig. 2.5 The unit direction vector V associated with neutron velocity and the differential (small)

solid angle dO which defines the range of directions
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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),

nþ X ! Yþ y (2.23)

the energy balance is

En þmnc
2

� �þMXc
2 ¼ EY þMYc

2
� �þ Ey þmyc

2
� �

; (2.24)

and Q is defined as the difference in the kinetic energies of the inputs (here the

neutron) and the outputs:

Q ¼ EY þ Ey � En or ¼ MX þmn �MY �my

� �
c2: (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, XA+1,

so it will decay to Y + y. As momentum must be conserved,

mnvn ¼ MX þmnð ÞVc or Vc ¼ vnmn MX þmnð Þ;= (2.26)

where Vc is the velocity of the compound nucleus. Then, the neutron energy

supplied must be such that

� Q ¼ mnvn
2=2� MX þmnð ÞVc

2=2 (2.27)

and the threshold energy, Eth, for the reaction is

Eth ¼ mnvn
2=2 ¼ ð � QÞ 1þmn=MXð Þ: (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 Eth.
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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 Ef in dEf:

PðEi ! EfÞ ¼ 1=ð1� aÞEi; for aEi 	 Ef 	 Ei

¼ 0 otherwise; (2.29)

where a = ((A�1)/(A+1))2 and Ei 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

(Ei)Ef) one sees that a neutron scattering off a hydrogen nucleus (A = 1) can lose

all its energy (as a = 0). On average, it loses half its initial energy as

Ef ¼
ZEi

aEi

dEfEfPðEi ! EfÞ ¼ Eið1þ aÞ=2;and (2.30)

DE ¼ Ei ! Ef ¼ Eið1� aÞ=2: (2.31)

Given P(Ei ! Ef) as in Eq. 2.29, one defines differential microscopic elastic

scattering cross sections, ses
j(Ei)P(Ei!Ef)dEf, 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 ses

j 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

v� Vjj sð vj � VjÞr; (2.32)

where jv – Vj is the relative speed of neutron and target. For elastic scattering, s(jv
– Vj) is still nearly constant and an average cross section for thermal neutrons with
speed v (=(2E/mn)1/2) is

sðvÞ ¼ ðses=vrÞ
Z

d3V v� Vjj rðVÞ; (2.33)
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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,

rðVÞ ¼ r � ðM=ð2pkTÞÞ3=2 expð�MV2=2kTÞ; (2.34)

where M is the mass of the target nucleus and k is the Boltzmann constant (8.6174

� 10�5 eV/K, K is degrees Kelvin).

From Eq. 2.33, one sees that for v
 V the average cross section is, as expected,
ses. 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:

ssðEi ! Ef ; Oi ! OfÞdEfdOf ¼ ð1=4pkTÞ
ðEf=EiÞ1=2expð�b=2ÞsesSða; bÞdEfdOf ; (2.35)

where

a � ðEi þ Ef � 2ðEiEfÞ1=2ÞOi � Of=kT and

b � ðEi þ EfÞ=kT: (2.36)

ses is the scattering cross section of the bound “moderating” nucleus (e.g., proton,

deuteron, carbon). S(a,b), the scattering law, embodies the physics of the influence

of the moderator structure on the scattering process. Various formulations of S(a, b)
are tabulated as part of data files that document all 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 VII.0. 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+1)∗, and will subse-

quently decay, yielding g or g0s (neutron capture), n (elastic neutron scattering), n+g
(inelastic scattering), two n’s (an (n,2n) reaction), p or a (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:

sc
j(E), ss

j(E), sin
j(E), s2n

j(E), sp
j(E), sa

j(E), and sf
j(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,a) 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,g) 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, sC (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, XA and XA+1, and the energy available to excite the compound

nucleus, XA+1. The later is the sum of the reduced mass (i.e., center of mass) kinetic

energy of the initiating neutron:

EC ¼ EðMX=ðmn þMXÞÞ ffi EðA=ð1þ AÞÞ; (2.37)

where XA is assumed to be at rest and momentum is conserved; and the excitation

energy, Ee (see Eq. 2.17), provided by adding a neutron to XA. Ee is the binding

energy of the “added” neutron in the compound nucleus.

The magnitude of sC depends on the structure of XA. First, if neutron number

N (=A–Z) is odd, sC 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 areMagic 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 sc for a magic number N nucleus, relative to its

N + 1 isotope neighbor’s sC, is much larger than the pairing effect.

Excited compound nuclei have mean lifetimes, t (see Eq. 2.14) of as long as

10�14 s (Kaplan), much longer than the transit time for a neutron crossing a

target nucleus, �2R/v. Given the nuclear diameter, 2R � 10–12 cm, the transit

time for even a thermal neutron is�10�17 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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The decay modes of a particular excited state, nuclear level, are characterized by

a level width

G � h ð2ptÞ= ; (2.38)

with dimensions of energy (h is Planck’s constant, 4.135667�10�15 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

DEDt � h 2p= : (2.39)

Thus, G 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 Ee (the added neutron binding energy) produce or nearly

produce a well-defined excited state (i.e., having a small G). See Fig. 2.6.
The level width G 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:

G ¼ Ggþ Gn þ Gng þ Gf þ G2n þ Gp þ ::: ; (2.40)

(where Gn refers to elastic compound scattering and Gng refers to inelastic scatter-

ing, the rest being obvious).

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

nance is

sðn; iÞ ¼ sCðnÞGi=G; for i ¼ g; n; ðngÞ; f; 2n; p; etc: (2.41)

smax

½ σmax

= –—–
s0Γγ

Γ

Γs γ
 (E

c)

E0 Ec

Fig. 2.6 A typical neutron

capture cross section for an

isolated (single) resonance

whose width at half maximum

is G, the total level width. Gg

is the partial width for gamma

ray emission from the excited

state (level). Ec is the center

of mass (reduced mass)

energy of the initiating

neutron (Duderstadt)
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The functional form of s (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

sðn; iÞ ¼ ðl2=4pÞGnGi= ðE� E0Þ2 þ ðG=2Þ2
h i

; (2.42)

where l is the de Broglie wavelength of the neutron, h/(2mn E)
1/2, and E0 is the

energy of the resonance peak. Figure 2.6 is an illustration of this “form” for i = g.
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 jLj equal to pb,
where p is neutron momentum, (2mnE)

1/2, 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,

Lj j ¼ lðlþ 1Þð Þ1=2h=2p where l ¼ 0; 1; 2; 3; . . . (2.43)

Then, one can think of “b” as jLj (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 ffi A1/3(1.28 � 0.05) � 10�13 cm. For this to be true for a large nucleus, for

example, for U235, and for nonzero angular momentum (e.g., l = 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 (l = 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 1/4p in Eq. 2.42 (the probability that the

decay product i (i = n, g, p) is released dO about any V). 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, E0.

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 Gs do
not over lap.
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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, G ’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

Table 2.6 Types of neutron cross section for various target element/isotope masses pertinent to

fission reactor design

Slow
neutrons
E < 1 eV

Potential scattering

Potential scattering

Light
nuclei
A < 25

Heavy
nuclei
A < 80

Intermediate
nuclei
25 < A < 80

Separated resonances

Separated
resonances

Separated
resonances

Resonance scattering, radiative capture

Radiative capture

Inelastic scattering, (n, 2n)

Inelastic scattering

Overlapping
resonances

Overlapping
resonances

Continuum
resonances

Continuum
resonances

Resonance scattering, (n, 2n), (n, p)

Epithermal
neutrons
1 eV < E < 0.1 MeV

Fast
neutrons
0.1 MeV < E < 20 MeV
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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-VII.0 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

a resonance 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 G. 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 (g,e�), Compton scattering

(g,g*), and pair production (g, e�eþ). The photoelectric effect removes a g when its
energy, hu, can eject an atomic electron. Its cross section is approximately propor-

tional to Z4/(hu)3, and has discontinuities in energy as the ionization energy of

various atomic electron shells are achieved. For higher g 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 gs as

a function of their incident energy. The magnitude of the cross section is propor-

tional to Z. When g energies reach a threshold of 1.022 MeV (2 � mec
2) 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 g population in a reactor, one recognizes that annihilation of a

positron will produce two 0.51 MeV g’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 Th232 is provided in Fig. 2.7.

Finally, there are other gamma reactions which can take place in a reactor, for

example (g,f) and (g,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 g’s, and, <6.5 MeV for

delayed g’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,V), of

a reactor 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,V), the neutron transport equation, and auxiliary equations for the

atom densities, rj(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,V,t)dEdOdt for a time invariant

volume, V, in configuration space:
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dEdOdt
Z
v

ð@Nðr;E;O; tÞ=@tÞd3r ¼ �loss from flow out of V

þ # scattering into dE about E and dO aboutO

þ # produced by fissionþ # produced by other sources (2.44)

For the “flow” term, one defines the neutron angular current J(r,E,V,t) � vN(r,

E,V,t), where jJ(r,E,V,t)•n dsdEdOdtj is the no. of neutrons at r, with energies in dE
about E, traveling in dO aboutV,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:

dEdOdt
Z

s

Jðr;E;O; tÞ � nds

¼ dEdOdt
Z
v

v � rNðr;E;O; tÞd3r; (2.45)

where Gauss’ Theorem is applied to transform the surface integral to a volume

integral.

The “reactions” in V are simply:

dEdOdt
Z
v

vSTðr;E; tÞNðr;E;O; tÞd3r; (2.46)
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Fig. 2.7 Thorium cross section for the photo electric effect (g,e), for Compton scattering (g,g‘),
and pair production (g, e + e�) [32]
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where ST(r,E,t) is the total macroscopic cross section in V. All scattering cross

sections included in ST have been integrated over final energies and directions.

Scattering into V is:

dEdOdt
Z
v

d3r

Z1
0

dE0
Z

dO0

n0Ssðr; t;E0 ! E;O0 ! OÞNðr;E0;O0; tÞ (2.47)

where Ss 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:

dEdOdt
Z
v

d3r

Z1
0

dE0
Z

dO00 X
i

vpiðE0 ! EÞ

Sfiðr;E0; tÞv0Nðr;E0;O; tÞ=4p; (2.48)

where npi (E0 ! E) is the number of prompt neutrons emitted in dE about E by

a fission of isotope i initiated by neutrons in dE0 about E0: the macroscopic fission

cross section for isotope “i” is ri(r,t)sfi(E
0).

The delayed neutron source into V is:

dEdOdt
X
j

XdjðEÞ lj
4p

Z
v

Cjðr; tÞd3r; (2.49)

where Χdj(E)/4p is the probability that the decay of delayed neutron precursor “j”

will produce a neutron in dE about E and dO about O, and where lj and Cj

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:

dEdOdt
Z
v

d3rSðr;E; tÞ=4p; (2.50)

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 Smight 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 dEdOdt and the integral operation
R
v

d3r

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:

@

@t
Nðr;E;O; tÞ¼�v�rNðr;E;O; tÞ�vSTðr;E; tÞNðr;E;O; tÞ

þ
Z1
0

dE0
Z

dO0v0Ssðr; t;E0 !E;O0 !OÞNðr;E0;O0; tÞ

þ
Z1
0

dE0
Z

dO0v0
X
i

vpiðE0 !EÞSfiðr;E0; tÞNðr;E0;O0; tÞ=4p

þ
X
j

XdjðEÞldjCjðr; tÞ=4pþSðr;E;O; tÞ: (2.51)

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

continuity condition:

N(r + aV,E,O,t) must be a continuous function of a for r + aV in the reactor,

and the

boundary condition:

N(rs,E,V,t) = 0, for V•n < 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,

Cj(r,t), and fission product poisons, depleting fissile isotopes, and burnable poisons,
ri(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:

@

@t
Ciðr; tÞ ¼ �li Ciðr; tÞ þ

Z1
0

dE0
Z

dO0 X
j

xijn
0Sfjðr;E0; tÞNðr;E0;O0tÞ; (2.52)

where xij 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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@

@t
riðr; tÞ ¼�liriðr; tÞ þ lj!irjðr; tÞ

�
Z1
0

dE0
Z

dO0riðr; tÞsciðE0Þv0Nðr;E0;O0; tÞ

þ
Z1
0

dE0
Z

dO0 X
k

gikðE0Þ
X
fk

ðr;E0; tÞn0Nðr;E0;O0; tÞ; (2.53)

where gik(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:

@

@t
riðr; tÞ ¼ �

Z1
0

dE0
Z

dO0riðr; tÞsaiðE0Þn0Nðr;E0;O0; tÞ; (2.54)

where the subscript “a” as applied to sa
i 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,V,t), as

they are ordinary differential equations. Obviously, solving the neutron transport

equation (Eq. 2.51) for N(r,E,V,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, �107–109 #/cm3, where as

the density of nuclei is many orders of magnitude larger �1023 #/cm3. 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 balance through out the reactors lifetime objective, the time variable “t”

in Eq. 2.51 can be treated in a much simplified manner. Given the initial

conditions of a trial reactor configuration, it is a good assumption that the atom
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densities in the various macroscopic cross sections in Eq. 2.51 can be treated as

nearly constant for a significant time interval, Dt
minutes. With this assumption,

and no neutron–neutron collisions, Eq. 2.51 is linear in N(r,E,V,t) during Dt, and
solution methods for Eq. 2.51 are greatly simplified. In addition, for the interval,

Dt, Eq. 2.51 can be treated as a time-independent equation. For a primary
nuclear design calculation, one ignores the source term S(r,E,t) (its importance

to the start-up problem will be addressed in the next section) and Eq. 2.51

becomes a linear homogeneous eigenvalue problem:

vO � r � N r;E;Oð Þ þ nST r;Eð ÞN r;E;Oð Þ

� v

Z1
0

dE0
Z

dO0n0Ss r;E
0 ! E;O0 ! Oð ÞN r;E0; O0ð Þ

¼ 1

k

Z1
0

dE0
Z

dO0n0
X
j

Sfj r;E
0ð Þ

npjðE0 ! EÞ þ
X
j

XdiðEÞxij
( )

Nðr;E0;O0Þ=4p; (2.55)

where 1/k is the eigenvalue. It has been customary to use the inverse of “k” as the

eigenvalue and to refer to k as the multiplication factor. Note that if Eq. 2.55 is

integrated over the reactor volume and E and V, then k is equal to the ratio of

neutron production to neutron loss, this is the origin of its designation as

a “multiplication factor.” A further simplification in Eq. 2.55 arising from the

assumption of “time independence” during Dt, is that delayed neutron production

can just be added to prompt neutron production. As indicated, previously delayed

neutrons, though less than a percent of total neutron yield in a fission, are critical to

transient reactor behavior, and, therefore, control system design, to be covered in

the next section.

Before proceeding with the solution methods for Eq. 2.55, a description of how

the primary nuclear design calculation proceeds is required for a basic understand-

ing of reactor design, and to provide perspective on the utility of the various

solution methods for the transport equation. Assuming the solution method chosen

has yielded a ki and Ni (r,E,V) for the initial time interval, Dti where i = 1, then one

proceeds to check design requirements, and make needed modifications to the

reactor’s initial trial configuration. In general, this is an iterative process including

other disciplines (i.e., heat transfer and fluid flow, structural analysis). If k 6¼ 1,

inventories of fuel/poisons or the positioning of control elements will need to be

altered to achieve neutron balance (Control elements (sometimes generically called

control rods) are structures incorporating highly neutron absorbing isotopes. They

have a dual role in fission reactor design: (1) assuring criticality (a controlled steady

state chain reaction) throughout a reactor’s design lifetime, i.e., compensating

for potential excess neutron production from the initial fissile loading which must
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be large enough to accommodate depletion; and (2) providing safe shut down

(termination of the chain reaction) of the reactor in case of an accident condition

or during a planned interruption of normal operations (e.g., for plant maintenance or

refueling). The same “structures” could accomplish both functions or there could be

separate structures (sometimes referred to as “shim” and “shutdown” rods respec-

tively).). The power distribution throughout the reactor must then be determined.

As N(r,E,V) is the solution to a homogeneous equation, its absolute magnitude is

undetermined, but a normalization factor, p, can be established from the total

thermal power rating, P(MWth), requirement of the design, that is from:

P ¼ p

Z
RVol:

d3r

Z1
0

dE

Z
dOv

X
j

Ej Sfjðr;EÞNðr;E;OÞ; (2.56)

where ej is the energy release per fission of isotope j (see Table 2.3). Now given

pN(r,E,V), one can calculate the power distribution throughout the reactor

PðrÞ ¼ p

Z1
0

dE

Z
dOv

X
j

EjSfjðr;EÞNðr;E;OÞ; (2.57)

and determine peak powers in fuel elements, and average and peak heat fluxes into

coolant channels. Thus, fuel element and heat removal system limits can be

checked. If there are violations, the trial configuration must be altered and new

results for k and N(r,E,V) found. From the power distribution and subsequent

thermal analysis, one can also verify the temperatures that were assumed for the

trial configuration, that is, the temperatures that were needed to define thermal

scattering cross sections and Doppler broadened resonance cross sections. Finally,

when all conditions are met for the first time interval, Dti, where i = 1, the auxiliary
equations (Eq. 2.53 and Eq. 2.54) can be solved to update inventories of fuel and

poisons for the next time interval, Dt2. For a thermal reactor design, where the

fission product poisons Samarium-149 and Xenon-135, are important, initial time

intervals should be short (minutes) until equilibrium levels of these isotopes are

achieved (�hours). Subsequent time intervals can be many hours. From this brief

description of the primary nuclear design process, it should be clear that having

accurate and efficient solution methods for the time-independent neutron transport

equation is key to achieving a successful design.

There are two basic approaches to solving the time independent neutron trans-

port equation, Eq. 2.55; the probabilistic-statistical Monte Carlo simulation method

[14] where individual neutrons are traced through their life experience in a reactor,

and analytic methods where the variables, r, E, and (sometimes) V, are made

discrete, thus transforming Eq. 2.55 into a matrix equation.

Monte Carlo simulation is in principle well suited for this application because

the neutron density is low so the transport equation can be treated as linear. Thus,
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each “experiment,” that is, neutron history, is independent of all others. Initially,

a neutron is started at a randomly selected reactor location and with a randomly

selected direction, V. Its initial energy is selected by treating a typical prompt

neutron energy spectrum as a probability distribution:

PðEÞdE ¼ vpðEÞdE
� ZEmax

Emin

dEvpðEÞ; (2.58)

which is then “sampled” with a random number between 0 and 1. In Monte Carlo

computer programs [15, 16] a sequence of random numbers is generated with an

algorithm. To provide an example of “sampling,” note that in this case, given

a random number n, the “sampled” starting energy E is found by simply solving

the transcendental equation:

n ¼
ZE

Emin

dE0P E0ð ÞforE: (2.59)

Now having a speed and direction, one can “sample” (with a new random

number) the probability that the neutron travels a distance x before having

a collision, using equation Eq. 2.20. As this probability depends on the total

macroscopic cross section, ST(r,E), one must keep track of material boundaries.

An initial sampling will be for the distance from the starting point of the neutron to

the first material boundary it could cross. If the initial sampling results in the

boundary being crossed, then there is a new ST and a second sampling is performed

to determine if another boundary is crossed. Eventually, either the neutron leaves

the reactor or the location of the first collision is established. As the total cross

section is the sum of capture, scattering, and possibly fission macroscopic cross

sections for the various isotopes present, one can treat the relative magnitudes of the

components of the sum as a probability distribution, which when “sampled” leads

to the next step in our neutron’s history. If capture is the result, the history ends, just

as it would end if the neutron leaked (escaped) from the reactor. Either capture or

leakage is recorded as a “loss.” If fission is the result, the history also ends, but the

number of neutrons produced (1, 2, or 3) in the fission of the “selected” isotope j,

and the fission location are recorded. The number of fission neutrons is determined

by “sampling” the probability distribution for fission yield of isotope j. The mean of

the distribution njðEÞ includes delayed neutrons. The number of neutrons produced

by a “history” is counted as “production.” If scattering is the result of the collision

then the double differential macroscopic cross section is treated as probability

distribution and “sampled” to provide a new energy and direction for the neutron.

Then, the process of tracking to either escape or the next collision is repeated. Thus,

the “history” proceeds until it ends as either “loss” or “production”, if “production”

a starting point for a subsequent “history” and a location for energy deposition are

also provided.
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There are various strategies for carrying out Monte Carlo calculations and the

evaluation of the statistical nature of the results. A standard approach, in outline, is to

run successive groups of “histories” (thousands). Discard the first few groups, which

are used to establish a reasonable fission neutron spatial source distribution, and then

find the mean and standard deviations of the desired calculational results from the

subsequent groups. It is most economical to get good statistics for the eigenvalue k,

themultiplication factor, which is just “production” over “loss,” quantities which are

accumulated over the whole reactor. Energy deposition, that is, power distribution,

results are much more costly. Hundreds of groups with millions of histories per

group would be required to give good statistics (a five percent 95% confidence

interval) for the number of fissions in small reactor volumes (e.g., a 1 cm length of a

typical PWR fuel element which has a volume of 0.7 cm3, out of a reactor volume of

32.8 � 106 cm3 (for a 3,400 MWth rating)). From this discussion, one can see why,

as mentioned in section Cross Sections, Monte Carlo calculations of mock-up

experiments are widely used in cross-section data set evaluations, where the results

of interest are changes in k, the multiplication factor. Even with the tremendous

advances in computing capability which have been made to date, Monte Carlo

simulation is not as yet themain linemethod for primary nuclear design calculations.

But, as will be seen in the following description of analytic methods, it can greatly

aid in improving the accuracy of the analytic methods.

When the analytic approach of making the neutron density’s variables r, E andO
discrete is applied, so as to make the computational errors in solving the transport

equation comparable to an exhaustive Monte Carlo simulation, the computer

resource requirements will challenge today’s largest machines (peak speeds

of �2.3 � 1015 flops (floating point operations per second) [17]).

This can be demonstrated with the large PWR used in theMonte Carlo discussion:

First, a spatial mesh of 65.6� 106 points would result, assuming quarter core radial

symmetry, and from using a 1 � 1 � 2 cm3 cell for averaging cross sections. (The

mesh may need to be finer for highly absorbing features, e.g., fixed poisons, control

elements, and can be courser in homogeneous regions.) Second, the energy variable
can be treated with a multigroup approximation where the energy range, 0.0 ! 10

MeV is divided into intervals (groups), for example, 24 for thermal neutrons, 0.0!
0.625 eV, and 57 for the rest of the range, with most of these groups allotted to

epithermal neutrons, E = 0.625 eV ! 0.1 MeV where there is a concentration of

explicit resonance cross sections (see Table 2.6). A weight function fg (r,E),

normalized for E to unity, is required for each interval, g. These can be calculated

with infinite medium problems representing various portions of the reactor; homoge-

neous problems with no spatial variables, or an infinite repeating array of cells (e.g.,

a fuel element and surrounding coolant) with radial spatial variables, but no axial, z,

dependence. The power of themultigroup approximation is that it is insensitive to the

choice of weight functions and thus simplifying assumptions can bemade in selecting

and solving the “infinite medium” problems to generate the fg’s.Finally, the direction
variable, V, can be dealt with through a discrete ordinate approximation [18]. The

unit sphere is divided into segments, the surface areas of which sum to 4p, and
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a direction vectorVn is assigned to each segment. The segment surface areas act as

weight functions when the transport equation is integrated over a segment to yield an

equation for the neutron density going in the directionVn. There are various schemes

for selecting ordinates and weights, the most widely known is the Sn method. All

methods, however, can produce ray effects if “n” is too small [19]. The channeling of

neutrons into a few restricted directions can produce anomalous results in reactor

designs with localized neutron source regions, that is, where fissile and fertile fuel

predominate in different regions (commonly referred to as seed-blanket designs).

For a “highly accurate” treatment, one should let n = 16 in each octant, for a total of

128 ordinates. So for the “large PWRexample,” the number of unknowns to be solved

for in the discretized time-independent transport equation is 170� 109 (=16.4� 106

(spatial mesh points) � 81 (energy groups) � 128 (ordinates)). This is clearly

a formidable calculational problem. If we view the analytic approach described

here as transforming Eq. 2.55 into a matrix eigenvalue equation, then the simplest

solution method of matrix inversion would involve matrices of a billion by a billion.

Hence, an iterative method is required [20]. Much effort in reactor theory has been
devoted to this problem, and to simplifying the analytic approach. Iterative methods

for solvingmatrix equations are beyond the scope of this entry, but to understand how

fission reactor design is actually carried out, a description of analytic approach

simplifications is needed.

The direction variable, V, received the earliest attention. Because the neutron

population in a reactor can be viewed as a dilute gas, it was natural to assume that

the variation of the neutron density in space could be approximated by r• D(r,E,t)r
vN(r,E,t) (from Fick’s Law of diffusion). When the transport equation, Eq. 2.51, is

integrated over V and the first term on the right-hand side is replaced by the Fick’s

Law expression, the result is the time-dependent neutron diffusion equation. Equa-

tion 55 can be treated analogously to yield the time-independent neutron diffusion

equation. In either case, the limitations of the diffusion approximation only become

apparent in trying to define the diffusion coefficient D(r,E,t) (see Henry, Nuclear-

Reactor Analysis). The most commonly used expression is

Dðr;E; tÞ � 1= 3 Stðr;E; tÞ � m0Ssðr;E; tÞ½ �f g; (2.60)

where m0 is the average of the average cosine of the scattering angle (in the

laboratory coordinate system) of each isotope making up Ss(r,E,t). This definition

(Eq. 2.60) arises from a low-order spherical harmonics expansion of N(r,E,V,t) in

the neutron transport equation. Spherical harmonics are a complete orthonormal set

of special functions on the unit sphere defined by O (the unit vector which is at

angle y from the z axis and projects in the x–y plane at angle j from the x axis);

Ym
l ðOÞ ¼ Hm

l P
m
l ðmÞeim’ for l ¼ 0; 1; 2; 3:::::

m ¼ �l 	 m 	 l;
(2.61)
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where Hm
l ¼ ð2lþ1Þðl�mÞ!

4pðlþmÞ!dm
h i1=2

; Pml ðmÞ ¼ sinmðmÞ dm

dmm PlðmÞ is the associated Legendre
Polynomial, PlðmÞ ¼ 1

2ll!
dl

dml ðm2 � 1Þl is the Legendre Polynomial and m = cosy. The

spherical harmonics are normalized by the relationship:

Z2p
0

d’

Z1
�1

dm Ym
l ðm;’ÞYm0

l 0 ðm;’Þ ¼ dmm0dll 0 ; (2.62)

where Ym
l is the complex conjugate of Ym

l and the Kronecker deltas, d, are 1 for

m = m’ and l = l’ and 0 otherwise.

The “low-order” spherical harmonics expansion, which yields the diffusion

approximation, is for l = 0 and 1 (also referred to as the P1 approximation). The

four functions in the expansion are:

Y0
0 ¼ ð1=4pÞ1=2;Y�1

1 ¼ ð3=4pÞ1=2 sin ye�i’;

Y0
1 ¼ ð3=4pÞ1=2m and Y1

1 ¼ �ð3=4pÞ1=2 sin ye�i’:
(2.63)

In a Cartesian coordinate system, the expansion coefficients (for simplicity of

notation the time-independent case will be treated) are N(x,y,z,E), the neutron

density and N�1
1 (x,y,z,E), N1

1 (x,y,z,E) and N0
1 (x,y,z,E), which when multiplied

by v (the speed corresponding to E) are the neutron currents in the x, y, and

z directions. Before applying the P1 expansion to Eq. 2.55, one needs to note that

the double differential scattering cross section, Ss(E’ ! E,V’ ! V) in reactor

applications (where neutron polarization and Bragg scattering can be ignored)

depends on V’•V. Then, given the addition theorem for spherical harmonics,

P1ðO0 �OÞ ¼
Xl

m¼�l

ðl�mÞ!
ðlþmÞ!P

m
l ðmÞPml ðm0Þeimð’�’0Þ; (2.64)

Ss(r,E’! E,V’•V) can be expanded in terms of associated Legendre polynomials.

This is done in two steps: first the double differential scattering cross section

is expressed as an expansion in ordinary Legendre polynomials (which are

a complete orthogonal set of functions)

Ssðr;E0 !E;O0 �OÞ¼Ss ðr;EÞ
X1
l¼0

ð2lþ1Þ
4p

F1ðr;E0 !EÞP1ðO0 �OÞ;
(2.65)

and then Eq. 2.64 is substituted for Pl(V’•V). (It should be remembered that Ss is

a macroscopic cross section, and a more complete notation would show a sum

over contributions from each isotope present in d3r about r.)
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Now when the P1 expansion for N(x,y,z,E,m,j) is inserted in Eq. 2.55 and the

resulting equation is, in turn, multiplied by the complex conjugate of each of

the four spherical harmonics functions of the P1 expansion (Eq. 2.63), and

integrated over m (�1 ! 1) and j (0 ! 2p), four equations result: The first is

@

@x
vN�1

1 ðx; y; z;EÞ þ @

@y
vN1

1ðx; y; z;EÞ

þ @

@z
vN0

1ðx; y; z;EÞ ¼ �vSTðx; y; z;EÞNðx; y; x;EÞ

þ
Z10Mev

0

dE0v0Ssðx; y; z;E0ÞF0ðE0 ! EÞNðx; y; z;E0Þ

þ ðthe fission term in Eq:55 with Nðr;E0;O0Þ
replaced with Nðx; y; z;E0ÞÞ: (2.66)

The remaining three equations are of the same form, one is provided here:

1

3
v
@

@z
Nðx; y; x;EÞ þ vSTðx; y; z;EÞN0

1ðx; y; z;EÞ

¼
Z10Mev

0

dE0vSsðx; y; z;E0ÞF1ðE0 ! EÞN0
1ðx; y; z;E0Þ (2.67)

With these four coupled partial-differential-integral equations, there is still

considerable computational complexity. To get to the standard neutron diffusion

equation, one additional approximation is made:

F1ðE0 ! EÞ ffi dðE0 � EÞmðE0Þ; (2.68)

wheremðE0Þ is the average cosine of the scattering angle in the laboratory coordinate
system, and energy loss (or gain) in the non-isotropic component of scattering is

ignored. Substituting Eq. 2.68 in Eq. 2.67, the relationship between N0
1 and N is a

simple partial differential equation:

N0
1ðx;y;z;EÞ¼� 1

3ðST ðx;y;x;EÞ�mðEÞSSðx;y;z;EÞÞ
@

@z
Nðx;y;z;EÞ; (2.69)

containing the diffusion coefficient D(r,E) (see the definition Eq. 2.60). Given the

equations of the same form as Eq. 2.69 forN1
1 andN

�1
1 , and substituting all three into

the left-hand side of Eq. 2.66. The left-hand side becomes the standard Fick’s Law

expression:

�r � Dðr;EÞrNðr;EÞ ¼ :::: (2.70)
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As noted above, this derivation of the diffusion approximation reveals its

limitations. The ability of some combination of four low-order spherical harmonic

functions, Eq. 2.63, to describe the true angular distribution of the neutron density

throughout a reactor will be limited to regions where the distribution is nearly

isotropic, that is away from boundaries and highly absorbing features (control

elements and fixed poisons). To address these limitations, special boundary

conditions are used, and subsidiary calculations (to be discussed below) are made

to provide “fitted” cross sections for highly absorbing features.

To make the diffusion approximation an efficient design tool, additional

simplifications have been developed. The differencing of the energy variable as

described above for “multigroups” can be extended to a “few group” approxima-

tion. Again, weight functions are generated using accurate solutions to small region

“cell” problems, which model repeating features of a reactor. But here the weight

functions are applied over much larger energy ranges, three or four to cover the

energy range of 0 to 10 MeV. Furthermore, one accepts the error associated with

the weight functions not perfectly representing the spatial variation of neutron

density energy dependence.

The use of “cell problem” auxiliary calculations can be extended. As the core,

the central fuel bearing region, of most reactor designs is made up of collections of

mostly fuel elements, and possibly some fixed poison and movable control

elements, assembled into modules. One can perform highly accurate (e.g., Monte

Carlo or multigroup, fine spatial mess, discrete ordinate) calculations for two-

dimensional (radial) repeating arrays representations of a core’s various modules.

Then, for each module type, a series of corresponding few-group diffusion approx-

imation calculations can be carried out, in which key few group cross sections

are adjusted (“fitted”) to match reaction rates from the “highly accurate” reference

calculation. One can the use these fitted cross sections in a full core three-

dimensional few group diffusion calculation as part of the principle design process.
Of course, with depletion, as inventories of fuel, fission products, and poisons

are updated, fitting calculations will have to be repeated. This approach is particu-

larly suited to the design of thermal reactors, that is, PWRs and BWRs, where the

proper treatment of epi-thermal and thermal neutrons, including the effects of self-

shielding by fuel and poison inventories, is crucial.

In fast reactor design, where most fissions take place at energies above explicit

resonances (liquid metals or gasses are coolants, and fissile and fertile densities and

inventories are high (no effective moderators are present)) and the mean free path of

fission neutrons is large (�10 cm.), the treatment of fuel, structure and coolant as an

homogenized material, in formulating macroscopic cross sections, is a reasonable

assumption. Treatment of the energy variable is also simpler as up-scattering is not

important. As a result, multigroup, 3D discrete ordinate calculations can be used in

the principle design process for fast reactors.
Finally, returning to thermal reactor design, there is another analytic calcula-

tional approach, which is in wide use, that should be mentioned. The general

designation is Nodal Methods. There are a number of variations under this title

[21], but they all have as their starting point solving 2D module array problems.
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One needs to produce few group neutron distributions within each module. Each

module (or depending on symmetry each half or quarter module) will be a “node.”

Then coupling coefficients between nodes, both radially and axially, are generated.

(It is predominately in defining coupling coefficients that the various “methods”

differ.) The resulting nodal equations can be solved with modest computer

resources, but, to obtain power distributions and to update inventories the full

reactor neutron distribution must be constructed from the module solutions and

the weights found for each node. Nodal Methods have been found to be particularly

useful in applying the primary nuclear design process to evaluating refueling

options for commercial (large scale) PWRs and BWRs, where partially depleted

modules are relocated, “shuffled,” as new modules are added and fully depleted,

“spent” modules removed during periodic refuelings. The computational economy

of nodal methods also allows them to be applied to fully time-dependent problems,

particularly for accident analyses. The nature of these problems will be discussed in

the next section.

Fission Reactor Performance

In the previous section, the focus was the derivation of the neutron transport

equation, and how it is solved in carrying out the primary nuclear design process.
This quasi-static process involves a series of time-independent calculations of the

neutron density, N(r,E,V), and ultimately results in the configuration and

inventories (loadings) that meet design requirements for lifetime (total energy

production), and normal operation thermal performance (fuel element burn-up

within limits and sufficient coolant flow provided by the design pumping power

allocation). There are, however, additional design requirements that involve

transients, that is, N(r,E,V,t), which will be the subject here.

The simplest approach to treating transient reactor behavior is through a “point”

kinetics model. If one first multiplies the time-dependent transport equation,

Eq. 2.51, by a weight function, W(r,E,V), and integrates over the reactor volume,

energy (the full range, 0! 10 MeV), and direction (cos y from�1 to 1, j from 0 to

2p); and second, multiplies the time-dependent equation for each delayed neutron

precursor, Eq. 2.52 for Ci(r,t), by W(r,E,V)Xdi(E) and performs the same integra-

tion over reactor volume, energy, and direction, the results are the point kinetics

equations:

dTðtÞ
dt

� r� b
L

TðtÞ þ S
l

l�1
llClðtÞ þ QðtÞ (2.71)

dCjðtÞ
dt

¼ bj
L
TðtÞ � lj CjðtÞ for j ¼ 1; 2;:::I (2.72)
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where T(t) is an amplitude function;

TðtÞ �
Z

reactor

dV

Z10Mev

0

dE

Z
dOWðr;E;OÞ

Nðr;E;O; tÞ:
(2.73)

In formulating the expressions for the kinetics parameters, r(t), b(t), and L(t), it
is convenient to factor the neutron density into a product of “shape” and amplitude

functions. The shape function is;

Sðr;E; O; tÞ � Nðr;E; O; tÞ=TðtÞ: (2.74)

Now the weight function is defined over the same domain (space, energy, and

direction) as the neutron density, and thus from the definitions Eq. 2.73 and Eq. 2.74

the normalization of S and W follows:

Z
reactor

dV

Z10Mev

0

dE

Z
dOWðr;E;OÞSðr;E;O; tÞ¼1 for all t: (2.75)

In order for the point kinetics equations to provide accurate solutions for small

changes in reactor configuration, the weight function, W(r,E,V), is chosen to be the

solution the adjoint equation corresponding to the time-independent transport

equation, Eq. 2.55, for the reactor of interest adjusted to be critical (i.e., the

eigenvalue k = 1). In the adjoint of Eq. 2.55, the variable pairs (E,V) and (E’,V’)

are interchanged in the scattering and fission terms. The solution, N*(r,E,V), is

referred to as the adjoint neutron density or the importance function. The latter

name indicates the physical interpretation of N*. If the reactor described by

Eq. 2.55 is at zero power (no neutrons) and a neutron is inserted at r with velocity

v(E,V), the neutron level will increase to a steady-state value (remember the

reactor is still critical). This “level” per neutron added at (r,E,V) is N*(r,E,V).

How N*, acting as a weight function, improves the point kinetics equations will be

discussed after r, b, and L are defined and their physical interpretation given. To

simplify notation, the scattering and fission integral operators in Eq. 2.51 are

represented by A and G:

A �
Z1
0

dE0
Z

dO0v0SSðr;E0 ! E;O0 ! OÞ�; (2.76)
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G �
Z1
0

dE0
Z

dO0v0
X
i

viðE0ÞSfiðr;E0Þ�; (2.77)

where ni(E’) is the total number of neutrons (prompt plus delayed) produced by

fission of isotope i induced by a neutron with energy E’. In reactor kinetics, delayed

neutron yields are expressed in terms of the ratio the number produced with a given

half-life (i.e., a member of “delayed group,” j, as noted previously, see Table 2.4) by

fission of isotope, i, to the total the total yield, ni. These ratios are represented as bij,
where normally j = 1,2 . . . 6.

The parameter r(t) is the reactivity of a reactor and is a measure of how far from

criticality (a steady-state chain reaction only from fission neutrons, no other neutron

sources present) the reactor is at time t. This can be seen from the expression for r(t)
that results from the derivation of Eq. 2.71 from the transport equation (where the

functional dependencies on r, E, V, and t are understood for ST, W, and S):

rðtÞ �

R
reactor

dV
R1
0

dE
R
dOW½ � vO � rS� vSTS

þ ASþ
X
i

XiðEÞGS�
R

reactor

dV
R1
0

dE
R
dOW

P
i

XiðEÞGS
; (2.78)

where Xi(E) is the total fission spectrum for isotope i:

XiðEÞ � Xi
pðEÞf1� big þ

X6
j¼1

XdjðEÞbij: (2.79)

Now note, if both the numerator and denominator of Eq. 2.78 are multiplied by

the amplitude function T(t), and W is taken as 1, then the numerator is the

total neutron production rate minus loss rate for the reactor. (When the first term

in the bracket in the numerator is integrated, and Gauss’ theorem is applied, it yields

the total neutron leakage rate from the reactor.) Similarly, the denominator is

the total neutron production rate. Reactivity is a dimensionless parameter whether

or not W is unity. If it is zero, the reactor is critical, if negative, subcritical and if

positive, supercritical.

bj in Eq. 2.72 is the effective delayed neutron fraction for the jth precursor group,
and b in Eq. 2.71 is the sum of the bj’s:
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bj �

R
reactor

dV
R1
0

dE
R
dOW

P
i

XiðEÞbijGS
R

reactor

dV
R1
0

dE
R
dOW

P
i

XiðEÞGS
: (2.80)

As with the expression for reactivity, multiplying the numerator and denomina-

tor of Eq. 2.80 by T(t) and letting W = 1, one sees that in this case bj is the fraction
of total fission neutrons produced in the reactor by precursor group j.

The parameter L is the prompt neutron lifetime and is defined as:

L �

R
reactor

dV
R1
0

dE
R
dOWS

R
reactor

dV
R1
0

dE
R
dOW

P
i

XiðEÞGS
: (2.81)

Again multiplying the numerator and denominator by T(t) and taking W = 1, one

sees that L equals the number of neutrons in the reactor divided by the rate of

neutron production by fission. If the reactor is critical, Eq. 2.81 has the same form as

the “fundamental equation of radioactive decay,” Eq. 2.11, and L can be thought of

as the “mean lifetime” of a neutron born into the reactor. In the point kinetics

equations, L is the mean prompt neutron lifetime, and the timing of the appearance

of delayed neutrons is treated explicitly through the behavior of their precursor,

Cj(t) j = 1,2 . . . . I (usually = 6).

The derivation of the point kinetics equations directly from the time-dependent

neutron transport equation has been presented here to provide perspective on

approximations that are normally made to make the generation of the point kinetics

parameters (r, b, and L) practical. If Eq. 2.51 and its auxiliary equations could be

readily solved for N(r,E,V,t), there would be no need for the point kinetics

equations. As it turns out, however, “practical” approximations follow from the

approaches described in the previous section for solving the time-independent

transport equation. Henry in Nuclear-Reactor Analysis derives the point kinetics

equations starting with the diffusion approximation (with energy a continuous

variable). One could just as well start with a few group diffusion approximation

which would provide a shape function (a vector) and from the adjoint of the few

group diffusion equation, a weight function (also a vector). The advantage of using

an adjoint weight function, irrespective of the approximation to the transport

equation one starts from, is in calculating reactivity, r(t). In transients of interest

in design, r(t) is the driver. It reflects changes in cross sections with time due to

variations in temperature (coolant density, Doppler effects) and configuration

(control rod motion). In whatever form Eq. 2.78 takes, given the neutron transport

approximation used, if a changing cross section is represented as a starting value

plus a time-varying small delta, dS(r,E,t), and the shape function is represented as

a time-independent function (e.g., from the initial neutron density of the reactor,
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the same problem that generates the adjoint) plus a time-dependent small delta,

dS(r,E,t), then the resulting calculation of r(t) will to first order in deltas only

depend on dS(t)‘s. Higher order terms can be ignored, and one does not need to

calculate a time-dependent shape function. This is a classic perturbation problem.

Henry (chapter 7) provides a detailed derivation.

The time dependence of bj(t) andL(t), Eq. 2.80 and Eq. 2.81, as used in the point
kinetics equations can be ignored in most applications. Measured values of b (and

the bij from which it is summed) can be used directly (Table 2.4). If adjoint

weighting is used, the b’s will be a bit larger than the physical b‘s in a thermal

reactor due to the increased “importance” of delayed neutrons with their lower

initial energies (relative to prompt neutrons). Prompt neutron lifetimes primarily

depend on the reactor type; for thermal reactors they are on the order of � 10�3 s,

and for fast reactors as short as 10�7 s. They can be measured in zero power reactor

mock-up experiments as ratios with b and r, or calculated directly from equation

Eq. 2.81 with the approximations for W and S used to obtain r. A highly accurate

calculation of L can be made with a Monte Carlo simulation where neutrons are

introduced from the prompt neutron energy spectrum with an S(t = 0) spatial

distribution. Each history would be timed and terminated with neutron absorption

(capture plus fission) or leakage. The “times” will yield the mean and standard

deviation of the prompt neutron lifetime.

One further note on reactivity, if a perturbation of a critical reactor configuration

can be viewed as nearly instantaneous, that is, a step change, then a good estimate

of reactivity addition or subtraction can be found by solving the eigenvalue (time

independent) problem for the perturbed reactor:

r ¼ 1� 1=k; (2.82)

and if the initial reactor configuration is subcritical then the reactivity addition from

a “step” perturbation can be found by performing two eigenvalue problems, the

perturbed case as before, and one for the initial subcritical configuration (ignoring

any nonfission source);

r ¼ 1=ko � 1=k; (2.83)

where ko (<1) is the initial subcritical eigenvalue. As reactivity is a dimensionless

ratio, it is often given as a percentage or in units of b (as defined by Eq. 2.80). In the

latter case, the “units” are traditionally dollars and cents. If r equals b, the reactivity
addition is 1 dollar; if r equals 0.5b the reactivity addition is 50 cents. If a dollar of

reactivity is added to a critical reactor, it is said to be prompt critical (critical on

prompt neutrons alone) and delayed neutrons will not mitigate the resulting tran-

sient, a condition obviously to be avoided.

The motivation for the description of point kinetics provided here is best

provided by Henry:
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“Since mean free paths are fairly long and since the lifetimes of neutrons in a reactor are

quite short, the effects of local perturbations on” N(r,E,V,t) “will quickly spread through-

out a reactor. The immediate consequences of perturbing a reactor locally (for example by

changing a control rod slightly) is thus a readjustment of the shape of the” neutron density.

In many cases this readjustment is slight and is completed in a few milliseconds; after that

the readjusted shape rises or falls as a whole depending on whether the initial perturbation

increases or decreases keff. For reactors in which transients proceed in this manner, merely

being able to predict the change in level of the neutron density “is sufficient to permit a very

accurate prediction of the consequences of perturbation.”

With today’s computer capabilities, solving point kinetics problems is not

a great challenge, even with time-dependent reactivity reflecting feedback from

power changes in the reactor. Henry and Duderstadt provide descriptions of

applicable calculational methods (development of which inspired great ingenuity

in the past). In any case, to quote Henry again, point kinetics solutions provide

“very accurate predictions of the consequences of (reactor) perturbations.” Thus,

their utility in assuring that a reactor design satisfies fundamental transient

requirements. Under normal operating conditions, a reactor must be inherently

stable, that is, self-limiting. Reactivity must be reduced with increased temperature;

that is, with reduced coolant density, increased mean thermal neutron energy, and

Doppler broadening of resonance cross sections. These phenomena are dependent

on reactor type. Clearly change in thermal neutron spectra is unimportant in a fast

reactor. However, if coolant density decrease results in voiding, reactivity will

dramatically decrease in a thermal reactor, but in a liquid metal cooled fast reactor

increased leakage must outweigh a higher energy neutron spectrum (and an

increased fission to capture ratio in fuel) to assure a negative reactivity effect.

Also movement of control rods must reduce reactivity when reactor shutdown is

desired. Some movable poisons, power shimming control rods, could be included in

a design to flatten (make more uniform) the power distribution throughout life.

(Power flattening can reduce coolant pumping power requirements. As coolant flow

must meet the heat removal needs of the hottest region of the reactor, minimizing

excess flow to cooler regions increases overall power plant efficiency.) But, one

must assure that the operating strategy for using such rods does not compromise the

speed of reactor shutdown when it is required to deal with an accident condition.

Point kinetics models can also aid in assessing Xenon override requirements for

thermal reactors. Xe135 with its extremely large thermal neutron capture cross

section (sc = 2.7 � 106 b at E = 0.023 eV, for comparison sf
U235 = 577 b at

0.023 eV) is the most important fission product poison. It is produced directly from

fission and by decay of its precursor I135 (which is a direct fission product and has

short-lived precursors, Sb135 ! Te135 ! I135). Both Xe135 and I135 have half-lives

measured in hours (T1/2
Xe = 9.14 h, T1/2

I = 6.58 h). So, a point kinetics reactor

model will show that when a reactor is started up, Xe135 and I135 build up to

equilibrium levels in about 30 h. Their levels, inventories, will depend on

power level, that is, neutron density, and the reactor design must have enough

excess reactivity (e.g., control rods that can be withdrawn, or for a PWR,

a soluble poison in the coolant whose concentration can be reduced) to
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“override” the negative reactivity perturbation of neutron capture by Xe135

(iodine neutron capture can be ignored). In addition, when a thermal reactor is

shut down, Xe135 builds up as loss by neutron absorption stops and decay of

I135 continues. The Xe135 inventory peaks in about 10 h to approximately three

times its equilibrium level and subsequently decays. It is back to its equilib-

rium level in � 40 h (see Fig. 2.8).

Clearly additional “excess reactivity” is required to deal with a post-shutdown

Xenon transient. Eventually, not being able to provide (and control) this excess

reactivity can limit the useful lifetime of a thermal reactor design. As a historical

aside, it was John Wheeler [3] who recognized the role that Xe135 and I135 could

play in the operation of a thermal reactor. He explained the initial difficulties in

operating the first plutonium production reactor at the Hanford Washington site.

While point kinetics can deal with most reactor design transient requirements,

there are instances where significant spatial effects must be accounted for. In the

normal operation of a large thermal reactor, there is the potential for spatial

oscillations of Xenon concentrations, and therefore neutron density and power.

These oscillations may not affect criticality and might only be observed by the

reactor instrumentation system’s ability to measure power distributions in core. The

period of these oscillations would be many hours and thus limits on coolant channel

performance and fuel temperature could be compromised for extended time

intervals. Space-time calculations of neutron density have to be carried out to

determine if a particular design has a propensity for these oscillations. If the design

is not inherently stable, its instrumentation must provide detection and an operating

I(t)

X(t)

I∞

X∞

t0
t

t0
t

Fig. 2.8 Schematic of I135

and Xe135 inventories

following an initial reactor

start-up and subsequent

shutdown after equilibrium

levels have been reached (i.e.,

at t0).(Duderstadt)
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strategy must be devised to suppress any oscillation initiation. With modern

computing capability, few group diffusion approximations to the time-dependent

transport equation, Eq. 2.51 (with explicit spatial mesh or nodal methods), can deal

with Xenon oscillation evaluations [22].

There are certain reactor plant accident scenarios, which also require space-time

calculations. To deal with these, nodal methods, as described in section “Neutron

Distributions”, have been incorporated in safety analysis programs (see for example

[23]), which model a full power plant; the reactor, its neutronics, fluid mechanics

and structural integrity; and the balance of the plant, instrumentation, coolant/

working fluid to power conversion, and safety systems (containment, emergency

coolant injection and power supply). There are two classes of accidents where

space–time effects in the reactor are important. First is “rod ejection,” where

a single control rod or group of control rods is rapidly withdrawn with a large

reactivity addition and neutron distribution change, in no way a small perturbation

in the point kinetics sense. Second is a “cold water accident” applicable to a PWR.

In this case, in a plant with multiple piping “loops” carrying coolant to the reactor, if

one of the loops is not functioning so that water in the loop has cooled below the

normal inlet temperature of the reactor, and the loop is reactivated (its pump turned

on and isolation valves (if any) opened), while the reactor is critical, there can be

large asymmetric reactivity insertion, again, this is not a small perturbation

problem.

Finally, there is an additional aspect of reactor neutron time variation, which has

interesting Physics. The transport equation, derived in section “Neutron

Distributions”, is for the mean neutron density, N(r,E,V,t), but clearly as neutron

interactions and production, and fission product decay are inherently probabilistic,

there are fluctuations in the neutron population in a reactor (and as there are in

delayed neutron precursor populations). These fluctuations were recognized early

on in the Manhattan Project and are also referred to as neutron noise [24]. There are

several approaches to modeling of the phenomena. The most fundamental is based

on the derivation of the neutron transport equation from the quantum Liouville

equation (Osborn and Yip [25]). This derivation is extended to produce an equation

for the neutron doublet density, NNN(r,E,V,r’,E’,V’,t), the expected number of

neutrons in d3r about r, with energies in dE about E, going in the solid angle dO
aboutV times the expected number in d3r about r’, and so on for E’ andV’, where

as in the transport equation neutron–neutron collisions are ignored. Additional

equations for neutron–precursor and precursor–precursor doublet densities are

produced to complete the set of equations needed to solve for NNN. One also

needs equations for the “mean” (in Osborn’s nomenclature, singlet) neutron and

precursor densities, which were derived in section “Neutron Distributions”

(Eq. 2.51 and Eq. 2.52). Being able to solve for NNN is, however, not sufficient to

predict the results of neutron “noise” experiments in a reactor. Equations for

doublet and singlet densities for events (D) in detectors (e.g., pulse or continuous

currents in an ionization chamber) are also needed. With NDD and ND one can

predict variance to mean ratios of counts or the power spectral density of the current

in a single detector, and the cross power spectral density of currents in two detectors
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[26]. These experiments are usually performed in a reactor in a steady-state

condition (in the mean of course) at zero power, critical or slightly subcritical, to

obtain estimates of point kinetics parameters. These experiments have the advan-

tage of verifying expected kinetic performance without putting the reactor into a

transient. They are performed at low neutron levels because as power is increased

fluctuations become negligible relative to the mean. Detector noise measurements

(psd and cpsd) are sometimes made at power in operating reactors to monitor for

unplanned mechanical motion, or loose parts. Modeling for these measurements is

deterministic.

Fluctuations in neutron populations must be considered in developing initial

start-up procedures for a newly constructed reactor (In a reactor design which

incorporates fuel (including fission products and transuranics) from a previously

operated reactor, natural source levels will most likely be high enough to allow

“fluctuations” to be ignored.). The mean neutron density before start-up depends on

an external source of neutrons, S(r,E) (not from neutron reactions, Eq. 2.50) which,

as part of the design, could be adjacent or internal to the reactor. At start-up, the

reactor is subcritical (k < 1) and the mean neutron population, in a point reactor

sense, is N =LS(k/(1–k)). In outline, the steps to bring the reactor critical are to pull
control rods up (down in most BWR designs) from their fully inserted position so as

to insert some precalculated amount of reactivity and then wait for a new steady

neutron level to be achieved. The subcritical neutron level is monitored by the

reactor’s source range detectors. A power reactor is instrumented with detectors for

the full range of expected neutron levels. These pull-and-wait steps are repeated

until the reactor is slightly super critical, and thus the neutron level is observed to be

on a continuously increasing, but easily controlled, trajectory. A pull-and-wait

procedure needs to account for neutron level fluctuations because if the observed

level, due to a minimizing fluctuation, is below the expected (mean) level when the

reactor is actually close to its critical configuration, then the next “pull” might

produce an unacceptable rapidly increasing trajectory [27]. The simplest way to

avert a problem with a pull-and-wait procedure is to assure that the sources

provided in the design (In a reactor design which incorporates fuel (including

fission products and transuranics) from a previously operated reactor, natural source

levels will most likely be high enough to allow “fluctuations” to be ignored.)

are strong enough to render subcritical neutron fluctuations negligible. Of course,

one has to understand neutron level fluctuations to make this assessment [28].

Future Directions

Fission reactor development, since its inception, has progressed with advances in

computing capability. Early on, analog computers were used for transient analyses,

but digital computers have been the primary tool. Design codes have been adapted

to advancing digital technology; scalar processing, then vector processing and now
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massively parallel processing. This is an active field today and should continue to

be so, particularly as the drivers for improve computer technology are universal.

In section “Neutron Distributions” the two approaches to solving the neutron

transport equation, Monte Carlo simulation and analytic methods (differencing

variables and solving the resulting matrix equations) were described. Parallel

computing would appear to be well suited to Monte Carlo as independent histories

can be run on the various (1,000’s of) processors simultaneously. There is, of

course, the need to provide the reactor configuration (geometry, nuclide

inventories, and cross sections) and the Monte Carlo code itself to each processor

that runs a history. This challenge is being accepted with considerable success as

exemplified by the accomplishments of the Los Alamos National Laboratory group

working on the MCNP code [15] and the joint effort at the Knolls and Bettis Atomic

Power Laboratories on the MC21 code [29]. Advocates of the analytic approach

have, however, not accepted the ultimate triumph of Monte Carlo. This is clear in the

work of a group at the Argonne National Laboratory, which has modestly named

their multigroup, discrete ordinate code UNIC, for Ultimate Neutronic Investigation

Code [30]. They are demonstrating impressive results for fast reactor designs.

Competition in supercomputer development and in attendant codes for nuclear

reactor design bodes well for better products in the future.

Physicists in their efforts to understand the atomic nucleus have made myriad

measurements and only partially by design these have included the neutron and

gamma cross sections, and fission product yields (and their decay mechanisms)

needed for the development of fission reactors. Today, work on this reactor-related

data is focused on establishing well-founded uncertainty measures. The Cross

Section Evaluation Working Group of the National Nuclear Data Center refers to

this effort as covariance evaluation [31]. This is particularly appropriate, for as

discussed above, one expects calculational methods to improve with computer

power and code development. Thus, in assigning error bounds in design, the

uncertainty in basic data will become more important relative to the contribution

of calculational error (e.g., Monte Carlo statistics or differencing and convergence

error in analytic methods). More well-founded and hopefully smaller design error

bounds can obviously be taken advantage of in future reactor development. Improving

error bounds is also consistent with the approach to overall power plant safety analysis

being fostered by many of the world’s nuclear regulatory agencies. They favor best

estimate analyses plus the assignment of rigorously defined uncertainty factors for

various classes of accident conditions. Reactor design error is only a contributor to

a safety analysis “uncertainty factor,” but for power plant technology to advance,

“reactor design” must do its part.

Much of the research for a next generation of fission reactor power plants is

focused on higher operating temperatures. Today’s thermal reactor plants, PWRs,

BWRs, and CANDU (heavy water moderated) have outlet reactor coolant

temperatures, TH, of �600�F, and thus thermal (Rankine cycle) efficiencies in the

low 30%. Raising TH would increase cycle efficiency and lower fuel cost, and

provide high-temperature process heat (possibly for a catalytic hydrogen produc-

tion process). Higher operating temperatures in a water (or heavy water)
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environment present core and structural materials challenges. There likely will be

a need for additional resonance cross-section data for some additives (e.g., Manga-

nese and Chrome) to new high-temperature materials. Fast reactors (liquid metal or

gas cooled) operate at much higher temperatures than thermal reactors but also

require much higher fissile inventories to attain criticality. Experience with design

and operation of these reactors is limited (especially for gas cooled reactors)

compared to thermal reactors. Their future development with emphasis on the

burning of unwanted transuranics as well their traditional mission of efficient

conversion of fertile isotopes (U238 and Th232) to fissile isotopes (Pu239, Pu241

and U233) will stimulate some cross-section work. But, both thermal and fast reactor

development will most likely benefit more from advances in branches of physics

other than Nuclear, particularly Condensed Matter and Fluid Mechanics. The need

for nuclear power, both economic and environmental (if they can be separated?),

will drive fission reactor development. While Uranium and Thorium are abundant

in the earth’s crust, power demand will push reactor development to most effi-

ciently exploit the highest grade ores, which will likely lead to a mix of fast and

thermal reactors. In any case, physics as well as engineering will play key roles in

this development.
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Chapter 3

Isotope Separation Methods for Nuclear Fuel

Shuichi Hasegawa

Glossary

Isotope Nuclei of a chemical element which have the same number

of protons but different number of neutrons. Some isotopes

are stable; some are radioactive.

Separation factor A ratio of a mole fraction of an isotope of interest to that of

non-interest in an enriched flow divided by that in

a depleted flow from a separation unit. The factor should

be larger than unity for the unit to result in isotopic

enrichment.

Separation capability A measure of separative work by a cascade per unit time.

Mean free path An average distance of a moving gas molecule between its

collisions.

Molecular flow Low-pressure phenomenon when the mean free path of

a gas molecule is about the same as the channel diameter;

then a molecule migrates along the channel without inter-

ference from other molecules present.
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Definition of the Subject

Isotope separation, in general, means enrichment of a chemical element to one of its

isotopes (e.g., 10B in B; 6Li in Li, 157Gd, etc). In the case of uranium, isotope

separation refers to the enrichment in the isotope 235U, which is only 0.711% of

natural uranium; today’s nuclear power plants require fuel enriched to 3–5%

in 235U. Uranium enrichment is the subject of this article.

Efficiencies of sorting out different isotopes of the element (separation factor)

are usually very low. For practical enrichment plants, a gaseous diffusion process

has been successfully employed to obtain enriched uranium. A gas centrifugation

process is the preferred method of enrichment today due to reduced energy con-

sumption. A new process using lasers, which can have a high efficiency of separa-

tion, is under development and has the potential to replace the current enrichment

methods.

Introduction

The fuel used today by commercial nuclear power plants is the fissile isotope 235U.

Unfortunately, 235U is only 0.711% of natural uranium, the rest of which is,

essentially, 238U. Light water reactors (LWR) operating dominantly all over the

world require isotope enrichment processes because the isotopic ratio of 235U for

their fuels should be 3–5%. The processes used to elevate the 235U content from

0.711% to 3–5% are called isotope separation or enrichment processes. Table 3.1

shows the current trends of isotope separation capabilities of the world. The main

countries performing the process are Russia, France, US, and URENCO (Germany,

Table 3.1 World Enrichment capacity (thousand SWU/year) [1]

Country 2010 2015 2020

France (Areva) 8,500* 7,000 7,500

Germany, Netherlands, UK (Urenco) 12,800 12,200 12,300

Japan (JNFL) 150 750 1,500

USA (USEC) 11,300* 3,800 3,800

USA (Urenco) 200 5,800 5,900

USA (Areva) 0 >1,000 3,300

USA (Global Laser Enrichment) 0 2,000 3,500

Russia (Tenex) 23,000 33,000 30–35,000

China (CNNC) 1,300 3,000 6,000–8,000

Pakistan, Brazil, Iran 100 300 300

Total approx. 57,350 69,000 74–81,000

Requirements (WNA reference scenario) 48,890 55,400 66,535

Source: WNA Market Report 2009; WNA Fuel Cycle: Enrichment plenary session WNFC April

2011

*Diffusion
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Netherland, and UK). A number of separation processes have been studied so far,

but the principles of the current isotope separation processes mainly use gaseous

diffusion or gas centrifugation. The diffusion process was commercialized first but

the centrifugation is taking over because of less energy consumption. This article

following mainly [2, 3] describes the principles of the two processes and cascade

theory, which explains why it is required to repeat the process many times (using

successive stages/cascades) to obtain a certain desired enrichment fraction such as

3–5% because a single step provides only a small incremental enrichment. The new

enrichment technology using lasers will be described at the end.

Principles of the Separation Processes

Gaseous Diffusion

Figure 3.1 shows the schematic diagram of the gaseous diffusion process. Consider

a chamber divided into two compartments by a porous membrane. When dilute

gases are introduced into the bottom compartment of the chamber, the pores of the

membrane (membrane) make dependency of the transmission of the gases on their

molecular masses.

If we have a mixture of two molecules in a gas with the same kinetic energy

(kinetic energy is determined by kT, k = Boltzmann constant; T = temperature in K;
(1/2 mv2 � kT)), the lighter molecule is faster than the heavier one. Therefore, their

frequencies of hitting the membrane is higher for the lighter than for the heavier

molecule. However, the mass preference phenomena occur only when

the mean free path of the gas molecule is longer than the diameter of the pores 2r
and the thickness of the membrane l. The mean free path, l of the molecule can be

written as [2]

l ¼ kT

4
ffiffiffi
2

p
ps2p

(3.1)

where k is the Boltzmann constant, T is the absolute temperature, s is the radius of

the molecule, and p is the gas pressure in the chamber. In this condition, a molecule

Feed Waste

Product

p′′

p′

Fig. 3.1 A single gaseous

diffusion stage
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cannot collide with others during the transmission through the membrane so that its

dynamics can be considered as a single molecule process. This process is called

molecular flow. The flux of the molecular flow through the flow path with circular

cross section is derived by Knudsen as [3]

Gmol ¼ 8rDp

3l
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmRT

p (3.2)

where Gmol is the molecular flow velocity, m is the molecular mass, R is the gas

constant, and Dp ¼ p00 � p0 is the pressure difference between the bottom and top

compartments of the chamber. Equation 3.2 shows that the flow velocity depends

on the mass of the gas molecules so that the ratio of the molecules in the mixture

transmitted to the upper compartment of the chamber is changed compared with

that of the feeding gas. The opposite condition where flows do not depend on the

molecular mass is called viscous flow.

We will derive the ideal separation factor in the case of 235UF6 and
238UF6 [3],

the gas molecules used for uranium enrichment. On the ideal condition where p00 is
very small and p0 can be neglected compared with p00 , when we have a binary

mixture of gases which consist of 235UF6 (molecular mass: m235 = 349, mole

fraction: x) and 238UF6 (molecular mass: m235 = 352, mole fraction: 1 � x), the
molecular flow velocities of 235UF6 and

238UF6 are

G235 ¼ ap00xffiffiffiffiffiffiffi
m235

p ; G238 ¼ ap00ð1�xÞffiffiffiffiffiffiffi
m238

p (3.3)

where the constant a includes factors in Eq. 3.2. The ratio of the molecular flow of
235UF6 to the whole can be written as

s¼ G235

G235þG238

¼
xffiffiffiffiffiffiffiffiffi
m235

p
xffiffiffiffiffiffiffiffiffi
m235

p þ 1� xffiffiffiffiffiffiffiffiffi
m238

p ¼
x

1� x

x
1� xþ

ffiffiffiffiffiffiffiffiffi
m235

m238

r (3.4)

Therefore, the ideal separation factor a0 of the gaseous diffusion process can be

derived as the separation factor of the molecular flow of the porous media

a0 ¼
s

1�s
x

1�x

¼
ffiffiffiffiffiffiffiffiffi
m238

m235

r
¼

ffiffiffiffiffiffiffiffi
352

349

r
¼ 1:00429 (3.5)

The separation factor depends on the ratio of the molecular masses so that this

method is more effective for the isotope separation of lighter elements. For heavier

elements, a larger number of repeated processes is required to obtain sufficiently

enriched products.

However, in reality, the real value of the separation factor is smaller than that

given by Eq. 3.5 due to reverse molecular flow from the upper compartment to the
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bottom one and viscous flow not depending on the molecular mass; these two

phenomena work in a direction negating the enrichment process. Furthermore

operating conditions (porous media performance, working pressures, etc.) affect

the value of the separation factor. The energy consumption to run the process is

very high due to pressure controlling of the gases, small separation factors and so on

(see discussion about Separative Work Unit). Because of the relatively high energy

consumption, uranium enrichment by gaseous diffusion is on the way out and is

replaced by the gas centrifugation method.

Gas Centrifugation

The principle of gas centrifugation is based upon centrifugal forces that are created

inside a rotating cylinder containing two different gas molecules, forces that depend

on the molecular mass. Let’s see how it works in detail [2]. When we have a mixture

of two gas molecules in a rotating cylinder (centrifuge), pressure gradients develop

with respect to the radial direction. The pressures can be written as

dp

dr
¼ o2rr (3.6)

where p is the pressure, r is the radial distance, o is the angular frequency of

rotation, and r is the density of the gases. By substituting the equation of state r
¼ pm=RT into the differential equation, we can derive the following equation,

dp

p
¼ mo2

RT
rdr (3.7)

When we integrate this differential equation from the radial distance r (pressure
pr) to the inner radius of the cylinder a (pressure pa), we can obtain this expression,

pr
pa

¼ exp � 1

2

mv2a
RT

1� r

a

� �2� �� �
(3.8)

where the speed of the outer circumference of the cylinder na = oa This equation

shows that the ratio of the pressure at radius r to that of radius a depends on the

molecular mass of the gases.

If we have the gases which consist of 235UF6 (molecular mass: m235 = 349, mole

fraction: x) and 238UF6 (molecular mass: m235 = 352, mole fraction: 1 � x), their
ratios of the partial pressures at the radius r to the radius a can be derived as

prxr
paxa

¼ exp � 1

2

m235v
2
a

RT
1� r

a

� �2� �� �
(3.9)
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prð1� xrÞ
pað1� xaÞ

¼ exp � 1

2

m238v
2
a

RT
1� r

a

� �2� �� �
(3.10)

Therefore, the local separation factor at radial distance r of radius a is given by

a ¼
xr

1� xr
xa

1� xa

¼ exp
ðm238 � m235Þv2a

2RT
1� r

a

� �2� �� �
(3.11)

which depends on the difference of their molecular masses, Dm = m238�m235 = 3.

Values of the local separation factor of 235UF6 and
238UF6 with T = 300 K and na =

700 m/s are given in Table 3.2. This feature is superior to the gaseous diffusion

method when the difference of the masses is large, (e.g., for heavier elements). The

separation factor increases as the speed of the outer circumference increases.

However, the maximum speed vmax is limited by stresses created to the cylinder

from the force of the centrifugation and can be written as [2]

vmax ¼
ffiffiffi
s
r

r
(3.12)

where r is the density of the material of the cylinder, and s is the tensile strength.

Although most molecular gases are localized at r
a � 1 because of the centrifugation,

the values of the separation factor could be higher than those obtained from the

gaseous diffusion method. These values can be enhanced if we make use of

a countercurrent flow in the vertical direction. Figure 3.2 shows the schematic

diagram of countercurrent centrifugation method. Gernot Zippe performed

pioneering work on the development of the centrifugation first in the Soviet

Union during 1946–1954, and from 1956 to 1960 at the University of Virginia.

The countercurrent flow can be induced by heating and cooling centrifuges, or pipes

drawing off flows in centrifuges. The temperature control can adjust the flow

deliberately but the equipment becomes more complicated than that of the flow

control by the pipes (Fig. 3.2). This countercurrent flow makes enrichment of the

lighter isotopes at inner radius as the flow descending along the axis direction, and

the heavier isotopes are being enriched at the circumference as the flow ascending.

These enriched gases are collected at different radial positions of the both ends (at

outer radius for heavier isotope and at inner radius by baffle for lighter isotope).

When the centrifuge has a length L, the maximum separative power dUmax can be

derived as [2, 4]

dUmax ¼ p
2
LrD

Dmv2a
2RT

	 
2

(3.13)

Table 3.2 The local separation factor of 235UF6 and
238UF6 at r/a with T = 300K, ua = 700m/s

r/a 0 0.5 0.8 0.9 0.95 0.98 0.99 1.0

a 1.343 1.247 1.112 1.058 1.029 1.012 1.006 1.0
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where D is diffusion coefficient. The maximum separative power is proportional to

the height of the centrifuge. It is preferable to have a taller centrifuge in the vertical

direction, but the length is imposed on the resonant vibration of the centrifuge. The

resonant conditions can be written as [3]

L

a

	 

i

¼
ffiffiffiffi
li

p ffiffiffiffiffiffiffi
E

2s0
4

r
li ¼ 22:0; 61:7; 121:0; 200:0; 298:2; � � � (3.14)

where E is coefficient of elasticity. A taller centrifuge can give a larger separative

power although excellent mechanical properties are required to overcome the

resonant conditions.

Cascade Theory

The present isotope separation plants make use of these principles of enrichment

with small separation factors. In order to obtain high enrichment ratios, cascade

theory is necessary [3]. According to the theory, we can enhance the ratios by

iterating a single physical stage many times. Figure 3.3 shows a simple scheme

238UF6

235UF6

238UF6

235UF6

Heads (Product)

FeedTails (Waste)

238UF6 235UF6 235UF6
238UF6

Fig. 3.2 Schematics of gas

centrifuge with

countercurrent flow
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of a cascade. An original material “feed” is provided to the system. The isotope of

interest is enriched as going through many separation stages and a final output

“product” is obtained. Another output which mainly contains unnecessary isotopes

is called “waste.” Each flow F, P and W should have the following equation

F ¼ PþW (3.15)

and with mole fractions of the isotope of interest in each flow xF, xP , xW , we can

obtain

FxF ¼ PxP þWxW (3.16)

In this system, we have four independent parameters to define. In order to obtain

necessary flow of Product “P ” and mole fraction “xP” of the isotope of interest, we
need the design methodology to construct stages of separation units. The product of

a single stage (unit) is called heads and the waste of that is tails. The ratios of the

isotope of interest in the product are usually most important. If, for instance, we

have two isotopes “1” and “2,” and want to enrich the “1” isotope, we would focus

on the variation of the mole fraction ratio of the two isotopes, x1
x2
, which can be

rewritten as x1
1�x1

. The capability of each enrichment unit is described as separation

factor a. This factor is defined as the ratios of the isotopes of interest to that of

not-interest in the heads (product) divided by those in the tails (waste)

a ¼
xP

1� xP
xW

1� xW

(3.17)

In a similar way, we can define the ratio of the heads (product) to the feed as

heads separation factor b, and that of the feed to the tails as tails separation factor g,

b ¼
xP

1� xP
xF

1� xF

; g ¼
xF

1� xF
xW

1� xW

and a ¼ bg (3.18)

stage istage1

Feed F

Feed xF

Waste W1
x

W
1

Waste Wi
x

W
i

Waste Wn
x

W
n

Feed Fn
x

F
n

Heads Pi
x

P
i

Heads P1
x

P
1

Feed Fi
x

F
i

Product xP

Product P

stage n

Fig. 3.3 Simple scheme of the cascade
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The ratio of the product to the feed is called “cut” y and defined as

y � P

F
¼ xF � xw

xP � xW
(3.19)

The simplest design to accomplish enrichment is to accumulate separation stages

in a single line such as Fig. 3.4. This scheme is called simple cascade.

Simple Cascade

In this scheme, the heads and the mole fraction of the i th stage are equal to the feed

flow and the mole fraction of the i + 1 th stage (Fig. 3.4).

Fiþ1 ¼ Pi; xiþ1
F ¼ xiP (3.20)

This cascade disposes of the tails of all stages so that the total amount of the

isotope of interest in the waste should be given sufficient attention. This can be

evaluated by means of the recovery rate of the i th stage ri

ri ¼ Pi x
i
P

Fi x
i
F

¼ yi
xiP
xiF

¼ xiF � xiW xiP
xiP � xiW xiF

¼
1� xiW

xiF

1� xiW
xiP

¼ ai � bi
ai � 1

(3.21)

Whenwe have n stages in the cascade, the total recovery rate r can be expressed as

r ¼ P xP
F xF

¼ Pn x
n
P

F1 x1F
¼ P1 x1P P2 x2P

F1 x1F F2 x2F
¼ Pn x

n
P

Fn x
n
F

¼ r1 r2 � � � rn (3.22)

The over-all separation factor of the cascade o can be derived as

stage
i+1

stage i

Feed Fi
x

F
i + 1

Heads Pi
x

P
i + 1

Waste Wi
x

W
i + 1

Waste Wi
x

W
i

Heads Pi
x

P
i

Feed Fi
x

F
i

Fig. 3.4 Simple cascade of the i and i + 1 th stages
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o ¼
xnP

1� xnP
x1F

1� x1F

¼ b1 b2 � � � bn (3.23)

Therefore, if a, b do not depend on each stage, the total recovery rate can be

rewritten as

r ¼ a� b
a� 1

	 
n

¼ a� o
1
nf g

a� 1

 !n

(3.24)

When the feed itself is available without any special cost, the simple cascade is

effective. But in case the wastes from each stage should not be disposed because,

for instance, it is valuable or the recovery rate has to be increased, the waste flows

are recycled as feed flow, which is called countercurrent recycle cascade (Fig. 3.5).

Countercurrent Recycle Cascade

Since the simple cascade cannot improve the recovery rate, the tail flow is recycled

into either stage to use it efficiently, which is called recycle cascade (Fig. 3.5). If b
(heads separation factor) is equal to g (tails separation factor) in all stages, we can

obtain xiþ2
W ¼ xiþ1

F ð¼ xiPÞ. So the tails flow of the i + 2 th stage can be merged to the
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n s
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n s
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W
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W
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Heads Pns+1
x

P
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W
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Feed F
x

F

Fig. 3.5 Countercurrent

recycle cascade
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heads flow of the i th stage and fed into the i + 1 th stage without any mixing loss.

We will consider the case that the tails flow of the second upper stage is refluxed to

the i th stage.

The flows and the fractions of the isotope of interest in each stage of enriching

sections should have the following relationships.

Pi ¼ Wiþ1 þ P; Pi x
i
P ¼ Wiþ1 x

iþ1
w þ PxP (3.25)

In a similar way, those in stripping sections can be expressed as

Wjþ1 ¼ Pj þW; Wjþ1 x
jþ1
W ¼ Pj x

j
P þWxW (3.26)

Let’s estimate the number of stages. From these equations, we can derive

xiP � xiþ1
W ¼ xP � xiP

Wiþ1

P

(3.27)

At total reflux, where the reflux ratio is infinity,

Wiþ1

P
! 1 (3.28)

the mole fraction of the heads flow at the i th stage xiP becomes equal to that of the

tails flow at the i + 1 th stage xiþ1
W and the number of the stages is minimal.

xiþ1
P

1� xiþ1
P

¼ a
xiþ1
W

1� xiþ1
W

¼ a
xiP

1� xiP
¼ a2

xi�1
P

1� xi�1
P

¼ � � � (3.29)

gives the following equation,

xP
1� xP

¼ an
xW

1� xW
(3.30)

and the minimum number of the stages at total reflux can be derived as

n ¼ 1

ln a
ln

xP
1� xP

1� xW
xW

	 

(3.31)

On the contrary, the reflux ratio becomes minimum when the mole fraction of

the heads at the i + 1 th stage is equal to that of the heads at the i th stage ðxPiþ1 ¼ xP
i Þ.
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Ideal Cascade

Ideal cascade satisfies the condition that the values of b (heads separation factor) at

all stages are constant and the mole fraction of the heads flow at the i + 1 th stage is

equal to those of the tails flow at the i � 1 th stage and of the feed flow at the i th

stage ðxiþ1
p ¼ xi�1

W ¼ xiFÞ . In this instance, each separation factor satisfies the

following relationship.

b ¼ ffiffiffi
a

p ¼ g (3.32)

In a similar way to the previous section, we can obtain the total number of the

stages for an ideal cascade

n ¼ 1

ln b
ln

xP
1� xP

1� xW
xW

	 

� 1

¼ 2

ln a
ln

xP
1� xP

1� xW
xW

	 

� 1

(3.33)

The number of stages in stripping nS and enriching nE = n � nS sections can be

derived as

nS ¼ 1

ln b
ln

xF
1� xF

1� xW
xW

	 

� 1 (3.34)

nE ¼ n� nS ¼ 1

ln b
ln

xP
1� xP

1� xF
xF

	 

(3.35)

The reflux ratio Eq. 3.27 can be rewritten using xiP ¼ xiþ1
F and b as

Wiþ1

P
¼ xP � xiP

xiP � xiþ1
W

¼ 1

b� 1

xP

xiþ1
W

� bð1� xPÞ
1� xiþ1

W

� �
(3.36)

Mccabe–Thiele Diagram

It is useful to draw McCabe–Thiele diagram to investigate the design of the

cascade, the mole fractions of the stages and so on. Figure 3.6 shows a typical

McCabe–Thiele diagram. In this graph, the horizontal and vertical axes correspond

to the mole fractions of the heads flow xiP and of the tails flow xiW , respectively.
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First, the following equation is satisfied at the enrichment process of the i th

stage because of the definition of the separation factor

xiP
1� xiP

¼ a
xiW

1� xiW
Equilibrium lineð Þ (3.37)

Second, the condition that the tail (waste) flow at the i + 1 th stage is the feed of

the i th stage ðxiF ¼ xiþ1
W Þ defines the relationship between the mole fractions of the

tail (waste) and head (product) flows at different stages as follows

xiP
1� xiP

¼ b
xiF

1� xiF
¼ ffiffiffi

a
p xiþ1

W

1� xiþ1
W

Operating lineð Þ (3.38)
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And third, the feed flow at the i th stage consists of the tails flow of the i + 1 th

stage and the heads flow of the i � 1 th stage and their mole fractions are the same.

xiþ1
W ¼ xi�1

P (3.39)

These three formulae can be shown in the McCabe–Thiele diagram as shown in

Fig. 3.6. We can estimate the number of necessary stages, mole fractions of the

stages, and overview the total processes through the graphical construction.

Separative Work Unit

The total flow in the cascade can be derived as

X
i

ðPi þWiÞ ¼ bþ 1

ðb� 1Þ ln b
Wð2xW � 1Þ ln xW

1� xW

	 
�

þPð2xP � 1Þ ln xP
1� xP

	 

�Fð2xF � 1Þ ln xF

1� xF

	 
�
(3.40)

The first term of Eq. 3.40 including b indicates the difficulty of the separation

and increases as the value of b approaches to unity. The second term corresponds to

the amount of work for separation, and it has the same dimension as flow rates and

is called separative capacity or separative power. This value is important because it

is considered to be proportional to the initial cost of the plant. When we use the unit

of the amounts of material (mole, kg, etc.) instead of flow rates, this is called

separative work. The sum of the annual investment and operation costs can be

expressed by the product of the separative work SW (kg SWU/year) and unit price

of separative work cs ($/kg SWU). SWU is the abbreviation of Separative Work

Unit. The separative work is defined as

SW ¼ WfðxWÞ þ PfðxPÞ � FfðxFÞ (3.41)

where f(xi) is called separation potential and written as

fðxiÞ ¼ ð2xi � 1Þ ln xi
1� xi

(3.42)

When we use kg SWU/year for the separative work, the unit of W, P, and F
should be kg/year.

For operating the plant, we need the raw materials, the amount of which is F (kg/

year) and unit price of the raw materials cF ($/kg). The total cost per year c ($) can
be written as

c ¼ SWcS þ FcF (3.43)
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When the amount of the product per year is P (kg), the unit cost of the product

cP ¼ c
P : could be derived as

cP ¼ SWcs
P

þ FcF
P

¼
�

fðxPÞ � fðxFÞð Þ � ðxP � xFÞfðxFÞ � fðxWÞ
xF � xW

�
cs

þ xP � xW
xF � xW

	 

cF (3.44)

Example

With the ideal cascade of the gaseous diffusion method (a = 1.00429), the mole

fraction of the feed flow 0.711% (xF = 0.00711) would be enriched to 3% (xP = 0.03)

and themole fraction of the waste is planned to be 0.3% (xW = 0.003). In this case, the

necessary moles of the feed and the waste to obtain the product of 1 [mol] are

F¼ PðxP� xWÞ
xF� xW

¼ 1�ð0:03� 0:003Þ
0:00711� 0:003

¼ 6:569½mol�

W¼PðxP � xFÞ
xF � xW

¼ 1� ð0:03� 0:00711Þ
0:00711� 0:003

¼ 5:569ð¼ 6:569� 1Þ½mol�

The total number of stages n and the number of stages in stripping section nS and
in enriching section nE are calculated as

Stripping Section

nS ¼ 2

lna
ln

xF
1� xF

1� xW
xW

	 

�1

¼ 2

ln 1:00429
ln

0:00711

1�0:00711

1�0:003

0:003

	 

�1¼ 404
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Enriching Section

nE ¼ 2

ln a
ln

xp
1� xp

1� xF
xF

	 


¼ 2

ln 1:00429
ln

0:03

1� 0:03

1� 0:00711

0:00711

	 

¼ 683:5

The total number of stages

n ¼ 2

ln a
ln

xp
1� xp

1� xW
xW

	 

� 1

¼ 2

ln 1:00429
ln

0:03

1� 0:03

1� 0:003

0:003

	 

� 1 ¼ 1087:5

The heads flow rate in the enriching section can be written as

Pi ¼ PþWiþ1

¼ Pþ P

b� 1
fxpð1� bi�nÞ þ ð1� xpÞbðbn�i � 1Þg

and that in the stripping section

Pi ¼ W

b� 1
xWbðbi � 1Þ þ ð1� xWÞð1� b�iÞ� �

These flows as a function of the number of the stages can be shown as Fig. 3.7 in

this example.

When we need higher concentration, such as 5%, F = 11.436[mol], W = 10.436

[mol], n = 1336 and nE = 932.

Laser Isotope Separation (LIS)

The photon absorbing frequencies of isotopes show small differences caused by

shifts of atomic electron energies due to the differences in the number of neutrons

among isotopes. This is called isotope shift. The invention and development of

lasers enable to resolve the isotope shift sufficiently and make isotope-selective

photo-chemical reaction possible. Laser Isotope Separation may lead to almost

100% isotope separation in a single stage. Mainly, two methods such as Atomic

Vapor Laser Isotope Separation (AVLIS) and Molecular Laser Isotope Separation

(MLIS) were intensively studied. AVLIS uses uranium atomic vapor that is struck

by lasers of such wavelength that only 235U atoms are excited and then ionized;
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once ionized, the 235U ions are collected by an electromagnetic field. MLIS uses

UF6, and vibrationally excites and multiphoton-dissociates only 235UF6 into
235UF5 by infrared lasers. The research to commercialize them has faded on

a global scale.

A new process called Separation of Isotopes by Laser Excitation (SILEX) is

under development. All details are not out in the open yet; but SILEX is considered

to be a kind of molecular LIS using UF6. The method only isotope-selectively

excites but not dissociates 235UF6. The separation factor announced by the company

has been 2–20 [5]. Silex Systems Ltd was originally established as a subsidiary of

Sonic Healthcare Limited of Australia in 1988. In 2007, the SILEX Uranium

Enrichment project was transferred to GE’s nuclear fuel plant in the United States.

Global Laser Enrichment (GLE) was formed as a subsidiary of GE-Hitachi in 2008

[5]. In June 2009, GE-Hitachi submitted a license application to construct a

commercial laser enrichment plant in Wilmington, NC. The NRC staff is currently

reviewing that application. They announced that they succeeded the initial mea-

surement program at Test Loop in 2010 and proceeded to evaluate the program to

decide the commercialization of the process [6].
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Future Directions

As of today, the gaseous diffusion and centrifuge processes have been used on a

commercial scale. For the future, it seems that laser enrichment (the SILEX

process) may be the successor to current enrichment methods. Preliminary results,

based on enrichment by lasers, are encouraging. However, considerable

improvements are needed before this method achieves commercial competitive

status. Every uranium enrichment process is linked to nuclear proliferation issues.

It would be very beneficial for the world if a method of enrichment is devised

which inherently offers non- proliferation safeguards for nuclear materials.
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Chapter 4

Nuclear Fission Power Plants

Ronald Allen Knief

Glossary

Blanket Region surrounding the fuel core of a breeder reactor that

contains fertile material to increase production of new fuel.

Brayton cycle Method used to transfer fission heat energy to gas (e.g.,

helium or superheated carbon dioxide) for use in a gas

turbine to generate electricity.

Breeder Reactor that produces new fuel from fertile material at

a faster rate than it bums fuel for energy production.

Converter Reactor that produces less new fuel from fertile material

than it burns for energy production.

Coolant Liquid or gaseous medium used to remove fission heat from

a reactor core.

Core Region within a reactor occupied by the nuclear fuel that

supports the fission chain reaction.

Critical Condition where a fission chain reaction is stable with

neutron production balancing losses at a nonzero power

level.

Electron volt (eV) 1 eV is the kinetic energy obtained by an electron moving

across 1 V of electric potential 1 eV = 1.602 � 10�19 J.

Common multiples are 1 keV = 1,000 eV and 1 MeV = 106

eV. Neutron energies from less than an eV through about

10 MeV are important in nuclear fission power plants.
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Fast neutrons Neutrons of high energy, particularly those produced

directly by the fission reaction (�0.1–10 MeV).

Fertile Material, not itself fissile, capable of being converted to

fissile material following absorption of a neutron.

Fissile Material capable of sustaining a fission chain reaction.

Fissionable Nuclei capable of fission by neutrons and of participation in

a fission chain reaction (category includes fissile nuclides).

Fission Process in which a heavy-metal nucleus splits into two or

more large fragments, releases energy, and emits neutrons

and gamma radiation.

Isotopes Different nuclides of the same chemical element, e.g., 235U

and 238U are two of the isotopes of uranium.

Moderator Material of low atomic mass included in a reactor for the

purpose of reducing the kinetic energy of neutrons.

Multiplication factor Ratio of neutron production rate to neutron loss rate value

is unity for a critical system.

Nuclide Atomic nucleus with a specified number of neutrons and

protons, e.g., the uranium-235 [23592 U] nuclide has atomic

mass number 235, 92 protons (atomic number), and 235–92

= 143 neutrons.

Reactivity Fractional change in neutron multiplication referenced to

the critical condition value is zero for a critical system.

Reactor Combination of fissile and other materials in a geometric

arrangement designed to support a neutron chain reaction.

Steam cycle Method used to convert fission heat energy to steam that

drives a turbo-generator, thus, generating electricity.

Thermal neutrons Low-energy neutrons at or near thermal equilibrium with

their surroundings produced by slowing down or

moderating the fast neutrons produced by fission. (Equilib-

rium thermal energy, e.g., is 0.25-eV at 20�C).

Definition of the Subject

Nuclear fission power plants – or nuclear power reactors – are the instruments for

commercial use of nuclear energy, relying on a sustained neutron chain reaction

from the fission process. Nuclear fission – splitting of heavy-metal nuclei, most

importantly 235U and 239Pu – produces an enormous amount of energy.

Fission was discovered in 1938 on the eve of World War II. The magnitude of

the energy release was recognized immediately. However, it was not until after the

attack on Pearl Harbor in late 1941 that the USA began serious efforts to develop

this energy source for military purposes. Germany conducted research along these

same lines, but ultimately was unsuccessful in development efforts.
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The USA’s ensuing “Manhattan Project” [1] included monumental basic

research, development of nuclear reactors for research and nuclear-material pro-

duction, design of nuclear explosives, and ultimately testing of a nuclear explosive

device and development of the two nuclear weapons credited with ending the war.

Post war, the next use of nuclear energy was for propulsion in submarines, first by

the USA, then other countries. Subsequently nuclear propulsion has been extended

to surface vessels as well. About 85% of the world’s nuclear electricity is generated

by reactors derived from designs originally developed for naval use [2].

Nuclear power for nonmilitary, peaceful uses began in earnest in 1956 with the

startup of the world’s first full-scale nuclear electric generating plant, at Calder Hall

in England, followed in the USA a year later by the initial operation of a 60-MW

unit at Shippingport, Pennsylvania [3]. By the middle of the 1960s, there was

a growing optimism on the part of US utilities toward nuclear power as well as

substantial activity worldwide. Electric generation using nuclear steam-supply

systems was economically competitive with fossil-fuel fired plants. The passage

in mid-1964 of a US law providing for private ownership of nuclear fuel was hailed

as paving the way for an independent nuclear power industry.

By 1970, the combined capacity of US nuclear plants in service, under

construction, and on order was over 64 GW, more than twice the total for all

other nations combined. Widespread enthusiasm for nuclear power had reached its

high-water mark.

Subsequently nuclear technology suffered “growing pains.” High interest rates

affected the capital-cost-intensive reactors. Then in 1979 came the accident at

Three Mile Island. As a result of the accident – and that at Chernobyl in 1986 [4]

– over 100 orders for new reactors were cancelled and no new orders were placed in

the ensuing three decades.

Despite residual public misgivings over Three Mile Island and Chernobyl, the

industry has learned its lessons and established a solid safety record during the past

two decades. Meanwhile efficiency and reliability of nuclear plants have climbed to

record levels [5]. By 2010, 104 nuclear reactors were producing a fifth of the USA’s

total electric output.

“Nuclear power supplies a sixth of the world’s electricity. Along with hydro-

power (which supplies slightly more than a sixth), it is the major source of ‘carbon-

free’ energy today” [4]. “Nuclear power now accounts for 73% of the emission-free

generation in the USA and is the only technologically mature, non-emitting source

of power that is positioned to deliver large-scale CO2 reduction in the decades

ahead” [6].

Growing concern about global warming – and the associated likelihood that

greenhouse gas emissions will be regulated in some fashion – has led power providers

in the USA and elsewhere, and their governments [4], to recognize that nuclear

reactors produce electricity without atmospheric discharge of carbon dioxide,

pollutants such as nitrogen oxides, and smog-causing sulfur compounds [5]. With

the world demand for energy projected to rise by about 50% by 2030 and to nearly

double by 2050, building nuclear power plants appears to be increasingly viable and

attractive.
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The fossil-fuel alternatives have their drawbacks. Oil and natural-gas supplies

are shrinking and their use can have unwanted political consequences [3]. Natural

gas – attractive because it has the lowest carbon content of the fossil fuels and

advanced power plants have low capital costs – has electricity costs which are very

price-sensitive and can be volatile. Although abundant, coal is difficult to recover,

deliver, and burn [3, 4]. As the most carbon-intensive source of electricity, coal’s

long-term viability will depend on capture and sequestration of carbon dioxide –

which is both costly and yet to be demonstrated and introduced on a large scale [4].

Solar, geothermal, wind, and tidal power, while attractive, cannot be expected to

supply energy in the vast amounts required in the immediate future. Conservation

and tight management of energy consumption are necessary, but not sufficient,

parts of the equation [3].

With the future uncertain, energy realists see nuclear power as indispensable for

electric generation well past the mid twenty-first century. It can fill uniquely a gap in

the spectrum of electricity generation methods.

Designers are adopting novel approaches for new nuclear systems. They are

evaluating systems in terms of their sustainability – meeting present needs without

jeopardizing the future generations. “It is a strategy that helps to illuminate the

relation between energy supplies and the needs of the environment and society.

This emphasis on sustainability can lead to the development of nuclear energy-

derived products besides electric power, such as hydrogen fuel for transportation.

It also promotes the exploration of alternative reactor designs and nuclear fuel-

recycling processes that could yield significant reductions in waste while recovering

more of the energy contained in uranium” [5].

There are indications of a possible nuclear revival. More than 20,000 megawatts

of nuclear capacity have come on-line globally in the early years of the twenty-first

century, mostly in the Far East. Nuclear plants have demonstrated remarkable

reliability and efficiency recently. The world’s ample supply of uranium could

fuel a much larger fleet of reactors than exists today throughout their 40- to 50-year

life span [4]. The nuclear power industry has been developing and improving

reactor technology for more than five decades and is starting to build the next

generation of nuclear power reactors to fill orders now materializing [2]. The first

firm order for new reactors in the USA was placed in 2009. Nearly 20 more

considered “firmly planned” are expected to follow. There are even more prospects

worldwide, most notably in pacific-basin countries [7].

Wide-scale deployment of nuclear power technology would seem to offer

substantial advantages over other energy sources. However, there also are challeng-

ing questions to be addressed regarding the best way to make it fit into the future.

These include achievement of economic viability, improved operating safety,

efficient waste management and resource utilization, as well as weapons nonprolif-

eration, all of which are influenced by the design of the nuclear reactor system that

is chosen and the fuel cycle followed [4, 5].
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Introduction

The current nuclear power reactors produce electricity using a steam cycle in much

the same way as conventional fossil-fuel power plants. However, special design and

operating features are required to address the unique characteristics of the fission-

energy source and its associated radiation environment. A wide variety of reactor

concepts have been developed to this purpose [8]. (The other major nuclear reaction

for energy production, fusion, offers the prospect as a future energy source. See

Nuclear Fusion).

Fission

Fission reactions occur when a neutron strikes a nucleus of specific heavy-metal

isotopes of uranium and plutonium – most notably 235U or 239Pu – and causes

splitting into two or more fission fragments, emits additional neutrons and other

radiations, and releases a relatively large amount of energy. The energy release

from a single fission is between five and six orders of magnitude greater than that

from a single chemical reaction (e.g., combustion of carbon and oxygen). This large

amount of energy per unit mass of fuel is a major advantage of fission as an energy

source. The emission of extra neutrons is a necessary feature to support a sustained

chain reaction with steady or accelerated energy release.

The fission reaction also has unique problems in the form of particulate and

electromagnetic radiations emitted at the time of fission and from the long-lingering

radioactivity (i.e., emission of radiations over time) of the fission fragments and

their products. Protection against the effects of these radiations requires shielding

and removal of the associated heat.

The fission process produces several hundred different fission fragments, each of

which is radioactive and undergoes successive decays prior to reaching stability.

Each species has a different characteristic lifetime, described in terms of its unique

half-life – the average time required for one half of a mass of the radioactive

material to decay. The resulting overall radiation levels are substantial, having an

energy equivalent to about 7.5% of the total fission output at the time a reactor is

shut down, and decreasing roughly inversely as the one-fifth power with time (i.e.,

t�1/5). Handling this lingering decay heat load is a principal consideration in the

safe operation of nuclear reactors. Containment of the radioactive material requires

both near-term and long-term nuclear waste management strategies. (See Health

Physics, Fission Reactor Physics, and Radioactive Waste Management: Storage,

Transport, Disposal.)
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Fission Chain Reaction

When the chain reaction exactly balances the rates of neutron production from

fission with non-fission absorption and leakage from the system boundaries, it is

steady and said to be critical. When production exceeds losses, it is supercritical
and power increases. When losses exceed production, the chain reaction is subcriti-
cal and power decreases, down to and including being shut down. All three states of
criticality are necessary to nuclear power reactor operation. These states are

quantified with an effective multiplication factor keff or k, defined as

keff ¼ k ¼ production=½absorption þ leakage�

or by the change in multiplication, reactivity r, defined as

r ¼ ðk � 1Þ=k:

Thus, k = 1 and r = 0 constitute the critical condition; k > 1 and r > 0

supercritical; and k < 1 and r < 0 subcritical.

The mathematical equations associated with the neutron balance are quite

complex since the reaction rates are a strong function of both material (composi-

tion, location, and irradiation history) and neutron population (position, direction,

and energy) characteristics. Neutron energy is a particularly important parameter.

Neutrons emitted in fission are in the 0.1–10 MeV range with an average energy of

about 2 MeV. The probability for fission increases dramatically if the neutron

energy falls below 1 eV.

For this reason, a moderator material of low mass may be added to enhance the

slowing down. (The closer the mass of the moderator nuclei to that of the neutron,

the larger the potential energy loss in a single collision; thus, hydrogen with

essentially the same mass is best in this regard, although it may not be selected

for other reasons.) (See Nuclear Reactor Materials and Fuels.)

Fissionable Materials

The heavy metals uranium and plutonium each have isotopes that can be caused to

fission by neutrons, i.e., that are fissionable. Fission occurs under different

circumstances among the isotopes.

Fissile nuclides can fission with neutrons of energy, all the way down to

essentially zero. The principal fissile materials are those containing significant

quantities of 233U, 235U, 239Pu, and/or 241Pu. A fission reactor core contains fissile

as well as non-fissile and other materials.

Other isotopes of U, Pu, and Th can be fissioned by neutrons, but only by

neutrons with kinetic energy above a minimum threshold. Particularly important
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examples of such fissionable nuclides are 238U, 232Th, and 240Pu. The latter nuclides

also have the unique characteristic that upon absorbing a neutron in a non-fission

reaction, they will convert to fissile nuclides either directly or via a multi-step

process. These fertile nuclides produce the new fissile as follows:

238U !239 Pu :
232Th !233 U : and
240Pu !241 Pu:

(See Fission Reactor Physics)

Reactor Classifications

Nuclear power reactors are designed to achieve a self-sustained chain reaction with

a combination of fissile, fertile, and structural materials. The current generation of

reactors uses the heat produced by fissions in the core to produce steam and then

electricity, employing a variety of fuel forms, coolants, moderators, and other

materials.

Common characteristics useful for classifying reactors are:

1. Coolant – principal heat-removal medium.

2. Steam cycle – number and configuration of separate coolant “loops” for produc-

ing steam to turn a turbine generator and produce electricity.

3. Moderator – material (if any) used to “slow down” the neutrons produced by

fission.

4. Neutron energy – general energy range (typically fast [fission-energy] or ther-

mal) for the neutrons that cause most of the fissions.

5. Fuel production – system is referred to as a breeder if it produces (i.e., changes
from fertile to fissile) more fuel than it consumes; it is said to be a converter
otherwise.

The first two features relate to the current practice of converting fission energy

first to heat and then to electric energy by employing a steam cycle. Coolants

include water, heavy water, gases (e.g., CO2 or helium), and liquid metal (e.g.,

sodium). The steam cycles may employ from one to three separate loops, including

one for primary coolant circulation and one (not necessarily separate from the first)

for steam generation. It may be noted that next-generation reactors could bypass

steam in favor of direct use of a coolant for electricity, process heat, or hydrogen

production.

As mentioned earlier, neutrons emitted from fission are of high energy. How-

ever, very low energy neutrons have a higher likelihood of causing fission reactions.

Thus, many systems employ a moderator to “slow down” these neutrons. The best

moderators are of low mass, allowing maximum energy transfer through neutron
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collisions (e.g., the limiting case of potentially total energy transfer between

a moving cue ball and a stationary billiard ball of equal mass). Typical materials

used for this purpose are hydrogen, deuterium (heavy hydrogen), and carbon/

graphite. The moderator and coolant may be the same (e.g., water or heavy water)

or may be separate (e.g., water, heavy water, or a gas coolant with heavy water or

solid graphite moderator). Neutrons with low enough energies to be roughly in

thermal equilibrium (<1 eV) with the surrounding materials are said to be thermal
neutrons. Neutrons at or near fission energies (averaging �2 MeV) are fast
neutrons. Fast reactors avoid the use of moderators, such as with a metal coolant

like sodium, instead of one of the moderating materials identified above.

All nuclear power reactors contain fertile 238U or 232Th and, thus, produce some

amount of new fissile fuel. The ubiquitous light-water reactors (LWR) have slightly

enriched uranium fuel which is up to 5 wt% 235U with the remaining 95 wt% 238U.

Thus, they produce plutonium during routine operation. Producing about 60% as

much new fuel as used for operation, the LWR units are considered to be converter
reactors. By contrast, a reactor producing more new fuel than it uses is called

a breeder.
The world’s six principal types in the current generation of nuclear power

reactors are:

1. Boiling-water reactor (BWR)

2. Pressurized-water reactor (PWR)

3. Heavy-water-moderated reactor (HWR)

4. Gas-cooled reactor (GCR)

5. Light-water-cooled graphite-moderated reactor (LWGR)

6. Fast breeder reactor (FBR)

The section labeled “General” in Table 4.1 classifies one or more versions of

each of these six reactor types in terms of the five categories identified at the

beginning of this section [8]. For example, the GCR variation known as the high-

temperature gas-cooled reactor (HTGR) is a double-loop, helium-cooled, graphite-

moderated, thermal, converter reactor.

Principles for Design and Operation

Nuclear power reactors are complex systems whose design represents a balance

among conflicting requirements. Principal among these requirements are nuclear

design, materials, thermal design, economics, and control and safety [8, 9].

The nuclear (physics) design seeks to match fissile and fertile constituents with

appropriate coolants and moderators (if any) to optimize specific (per unit mass of

fuel) fission-energy output and production of new fuel or meet alternative design

goals. Materials concern focus on chemical compatibility of components, thermal

and radiation stability, and overall mechanical strength. One especially important
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requirement for reactors that refuel only while shutdown – which is the majority – is

that the fuel maintains its general structural integrity throughout up to 4 years or

more of in-core residence; unlike other energy production cycles, the fuel is not

literally “burned up” with wastes discarded along the way.

Thermal design is concerned with heat removal for effective energy production

and maintaining the integrity of the fuel, cladding, and other materials for opera-

tional and safety purposes. Reactor thermal operating limits are determined by the

most extreme postulated local conditions – to avoid damage anywhere in the reactor

core. Temperature limits are established to prevent fuel melting and/or clad damage

during power excursions and loss of cooling. Other limits address avoiding coolant-

clad temperature mismatch that could lead to local loss of fuel integrity. Both types

of limits are established in terms of peak (local)-to-average core conditions. Such

factors vary with power level, time in core life, and other parameters.

The primary economic consideration is to minimize overall costs, i.e., initial

capital outlay, operating and maintenance costs, and fuel charges. Increasing elec-

tric-generation reliability and thermal conversion efficiency are particularly impor-

tant throughout lifetime.

Power reactor controls must be capable of maintaining the critical condition,

increasing and decreasing power, and adjusting to long-term changes such as the

conflicting effects from breeding new fuel, depleting existing fuel and burnable

neutron poisons, and building in radioactive fission- and transuranic-product neu-

tron poisons. The desired neutron balance is maintained predominately by adjusting

neutron absorption using materials designed to remove neutrons from, or “poison,”

the chain reaction. Methods may include a combination of solid moveable control

rods, soluble poisons in the coolant or moderator (PWR), and fixed burnable

poisons designed to deplete or be “burned out” by the continuing neutron popula-

tion. Some reactor designs also change neutron production by on-line fuel

exchange. Fission products whose poisoning effects are sensitive to operating

conditions also must be subject to control.

Routine control strives to make the power density as uniform as possible

throughout the core, while allowing for power changes. In most designs, control-

rod movement is used with groups selected for symmetry to maintain uniform, i.e.,

avoid highly asymmetric, power distribution. Measures are instituted to restrict the

speed of movement and reactivity effect of individual rods or groups of rods to

prevent excessively rapid power increase. Similarly, the design intends to minimize

the likelihood of inadvertent control-rod withdrawal which could lead to unplanned

supercritical conditions.

Safety concerns are addressed through a protective system whereby the control

rods may be inserted into the core – dropped down or pushed up – into the core

quickly; i.e., they “scram” or “trip” the reactor through gravity drop or gas pressure,

respectively, when certain predetermined parameter limits (e.g., on pressure, tem-

perature, flow, or power levels) are exceeded.

Reactor safety is enhanced with inherent negative feedback mechanisms, where

a power increase tends to be self-limiting. Fuels are designed to have such feed-

back, with their reactivity decreasing with escalating temperature. Expansion of the
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coolant and/or moderator (such as with increased temperature) provides negative

reactivity feedback in light-water reactors. Reactors with positive reactivity feed-

back in certain operating regimes may be difficult to control. The essentially

instantaneous feedback contributions, along with some long-term ones (such as

from time-dependent changes in concentrations of xenon and samarium fission-

product poisons), affect the stability of the chain reaction, may limit the ability to

change the power level, and are a major consideration in overall reactor safety

design.

A fundamental safety feature for all power rectors is multiple-barrier contain-

ment of fission products. As may be observed for each reactor type described in the

remainder of this article, these barriers include the fuel particles, surrounding

cladding, the coolant system boundary, and a containment structure.

An important example of tradeoffs among the design goals is seen in thermal-

reactor fuel assemblies (e.g., subsequent Figs. 4.3 and 4.8) whose pin arrangement

determines the characteristics of the chain reaction, economics, and heat removal

[9]. The chain reaction is enhanced by optimum spacing of the fuel in “lumps” with

moderator interspersed so that neutrons from fission will undergo a number of

scattering collisions for slowing down prior to reentering the fuel; too little and too

much spacing can both be detrimental. The extent of slowing down also determines

the amount of conversion of fertile to fissile material and the overall energy

production possible from a given amount of fuel. Spacing and coolant flow rate

establish heat-removal characteristics (including temperature feedback effects on

the fuel’s reactivity). Final dimensions generally represent a best-estimate balance

among these and other competing concerns.

Reactor Systems

The major nuclear power reactor types were identified at the end of the section

“Introduction” noting that characterization of each is provided in the “General”

section of Table 4.1. More detailed descriptions of each of these systems as

implemented in the present generation of reactors follow. (As explained in detail

in the section “Advanced Reactors,” several generations of reactors are commonly

distinguished. Of interest here, Generation I (GEN-I) reactors were developed in the

1950s–1960s, while Generation II (GEN-II) reactors are typified by the present US

fleet and most in operation elsewhere.) Parameters for selected specific present

reactor designs are detailed in the remainder of Table 4.1.

The main focus of these nuclear power plant descriptions is on the steam cycle,

fuel assemblies, reactivity control, and the protective system [8]. General safety-

related functions are summarized separately in the section “Nuclear Reactor Safety

Features.”
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Light-Water Reactors

Two light-water reactor (LWR) systems – boiling-water reactor (BWR) and

pressurized-water reactor (PWR) – employ ordinary (“light”) water as coolant

and moderator. The former design produces steam through a direct cycle

(Fig. 4.1), while the latter uses an intermediate steam-generator heat exchanger to

maintain an all-liquid primary loop and produce steam in a separate secondary loop

(Fig. 4.2).

The nature of the water coolant/moderator results in similarities between the two

LWR designs. The fuel is uranium dioxide pellets enriched to 2–5 wt% 235U; initial

core loadings typically span this range with reload cores distinctly at the upper end

of the enrichment range. The pellets are clad in sealed zirconium-alloy tubes. Fuel

assemblies consist of rectangular arrays of fuel pins with regular spacing (see also

Modern Nuclear Fuel Cycles).

Since the LWR designs rely on liquid water for moderating neutrons, maximum

operating temperatures must remain well below the 706�F (374�C) critical temper-

ature at which pressure increases dramatically and liquid cannot exist regardless of

pressure. They, thus, cannot operate at the “modern steam conditions” – nominally

1,000�F (540�C) – typical of fossil-fueled plants. The LWR’s saturated

steam–water mixture requires a special, more costly “wet steam” turbine.

Containment
structure

Pressure
vessel

Isolation
valves

Pump

Water

Turbine
generator

Condenser
cooling water

Steam lineMixed water/
steam

Control rods

Fig. 4.1 Steam cycle for boiling-water reactor (BWR) (Courtesy of Atomic Industrial Forum/

Nuclear Energy Institute)
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Boiling-Water Reactors

The direct-cycle boiling-water reactor (BWR) was developed in the USA by

General Electric and was followed by designs in Western Europe and Japan. It

may be noted that the current designs for BWR and other reactors are increasingly

characterized by multinational joint ventures. See also the section “Advanced

Reactors.” For details on historical, current, and proposed units of this and the

other designs, see Refs. [7, 8, 10, 11].

Employing the cycle shown in concept by Fig. 4.1 and in more detail in Fig. 4.3,

feedwater enters the steel reactor vessel, is heated by the fission chain reaction

occurring in the fuel pins, and leaves the vessel as steam. The high- and low-

pressure turbine stages are employed in concert with the multiple heaters and

condensers to enhance energy-conversion efficiency. The more recent BWR

designs use jet pumps to recirculate a fraction of the feedwater flow for better

control.

Fuel assemblies for the BWR appear as shown in Fig. 4.4. The 7 � 7 to 9 � 9

square arrays of fuel pins is surrounded by a metal fuel channel, which prevents the

water–steam mixture from moving between assemblies (and potentially resulting in

inadequate cooling (steam–water mixture) in some assemblies). Fuel assemblies

may contain pins of several different enrichments (Fig. 4.5). The reactor fuel core

consists of up to 800 fuel assemblies.

Water

Turbine
generator

Condenser
cooling water

Containment
structure

Steam
generator

Control rods

Pressure
vessel

Pump

Pump

Steam lineSteam

Fig. 4.2 Steam cycle for pressurized-water reactor (PWR) (Courtesy of Atomic Industrial Forum/

Nuclear Energy Institute)
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Fig. 4.3 Representative steam cycle schematic diagram for a boiling-water reactor (BWR)

(Courtesy of General Electric Company)
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Fig. 4.4 Representative fuel assembly for boiling-water reactor (Courtesy of General Electric

Company)
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Reactivity control for routine operation is implemented through a combination

of control rods and coolant flow adjustment. The bottom-mounted control rods

(indicated below the reactor vessel in Fig. 4.3) are made of long boron

carbide–filled pins in a cruciform (“cross”) shape that fits between four fuel

assemblies as shown in Fig. 4.5.

Flow adjustment can provide another effective control method, since the water

density changes with temperature. At low temperature, the dense water is very

effective at moderating neutrons, and thereby encourages fission. With increased

temperature, the density decreases (or, equivalently, void content increases as steam

is being produced), causing a reduction in moderation and fission rate. Thus, if flow

rate is increased, energy removal can be increased without a net change in coolant

temperature with a resulting increase in power generation. In practice, power-level

changes of up to 40% may be accomplished by flow control. (BWR operational

practices are described further in the section “Boiling-Water Reactor.”)

Longer-term reactivity control is accomplished using burnable poisons (e.g.,

“curtains” containing boron placed between fuel assemblies or gadolinium poisons

fabricated into the fuel itself) and gradually withdrawing inserted control rods over

core lifetime. Reactor shutdown – scram or trip – is accomplished by using gas

pressure to insert all of the bottom-mounted control rods into the core.

Table 4.1 contains parameters for a large BWR and other reactor types.

Advanced BWRs are addressed in the section “Advanced Reactors.”

Pressurized-Water Reactor

The two-loop pressurized-water reactor (PWR) was developed in the USA by

Westinghouse Electric Corporation. Other somewhat similar designs have been

FUEL RODS WATER RODS TIE RODS
CONTROL ROD

IN-CORE MONITOR

MODULE
IN (a)

a b

Fig. 4.5 Core fuel module (a) and control-rod pattern (b) for representative boiling-water reactor

(Courtesy of General Electric Company)
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developed by a pair of US organizations, as well as by others in Western Europe,

Japan, and South Korea. A particular unique version has come from the Soviet

Union (now by Russia). Water in the primary loop (Fig. 4.2) is maintained as liquid

by using high pressure. The water enters the reactor vessel (Fig. 4.6) at the inlet

nozzle, flows downward along the inner vessel wall, is distributed at the lower

vessel plate, flows up through the fuel assemblies removing heat energy, and exits

at the outlet nozzle – still as a liquid.

Energy from the primary loop is extracted and converted to steam by two to four

U-tube (Fig. 4.7), once-through, or horizontal (Russian design) steam generators.

CONTROL ROD
DRIVE SHAFT

LIFTING LUG

UPPER
SUPPORT PLATE

INTERNALS
SUPPORT LEDGE

CORE BARREL

OUTLET NOZZLE

UPPER CORE PLATE

REACTOR VESSEL

LOWER INSTRUMENTATION
GUIDE TUBE

BOTTOM SUPPORT
FORGING

RADIAL SUPPORT

TIE PLATES

CONTROL ROD DRIVE
MECHANISM

THERMAL SLEEVE

CLOSURE HEAD
ASSEMBLY

HOLD-DOWN SHARING

INLET NOZZLE

FUEL ASSEMBLIES

BAFFLE

FORMER

LOWER CORE PLATE

IRRADIATION
SPECIMEN GUIDE

NEUTRON SHIELD PAD

CORE SUPPORT
COLUMNS

Fig. 4.6 Reactor pressure vessel for a representative pressurized-water reactor (Courtesy of

Westinghouse Electric Company)
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Multiple turbine stages, heaters, and a condenser are employed as for the BWR

(Fig. 4.3). A pressurizer with a steam–water interface is used to maintain the

sensitive pressure/temperature balance in the primary system by using heaters to

boil water, increase the amount steam, and thus raise the pressure; conversely

spraying “cooler” (“less hot”) water condenses steam and reduces the pressure.

Fuel assemblies for the PWR are of 14 � 14 to 17 � 17 square fuel pin arrays

(Fig. 4.8) or a hexagonal array of up to 331 pins (Russian VVER). They are not

enclosed in a fuel channel (in part because the single-phase primary fluid is better

behaved than the BWR’s boiling coolant). These assemblies also have unoccupied

pin locations, which can accommodate control rods, burnable poisons, or

instruments. The large PWR reactor cores consist of 150–200 or more fuel

assemblies.

Like the BWR, the PWR uses control and burnable-poison rods for reactivity

control. Uniquely, it also uses the soluble neutron poison, boric acid, for long-term

control. The boric acid concentration is adjusted to match general changes from fuel

burnup, conversion of fertile material into fissile, and depletion of burnable poisons.

Insertion of control-rod assemblies from the top of the core (by contrast with

the bottom-mounted BWR control rods) provides short-term, routine reactivity

control. These assemblies consist of 5–24 “fingers,” made of boron carbide or of

a silver–indium–cadmium mixture, which move in channels within the fuel

assemblies (e.g., as shown in Fig. 4.8). A small group of rods in a symmetric

STEAM OUTLET
(TO TURBINE)

FEEDWATER INLET
(FROM CONDENSER)

STEAM OUTLET (TO TURBINE)

FEEDWATER INLET
(FROM CONDENSER)

MAIN
COOLANT PUMP

CORE

REACTOR  VESSEL

PRESSURIZER

STEAM GENERATOR

Fig. 4.7 Four U-tube steam-generator primary loop configuration for a pressurized-water reactor

(Courtesy of Westinghouse Electric Company)
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pattern is inserted partially into the fuel (typically >25%) and then moved as

needed to compensate for routine power fluctuations. Significant power changes

up to an including startup and shutdown invoke other, larger groups of control

rods. (PWR operational practices are described further in the section

“Pressurized-Water Reactor.”)

Scram/trip is accomplished in the PWR by dropping the top-mounted control rods

(Figs. 4.6 and 4.8) into the core under the influence of gravity. The rods are

mounted to their drives by electromagnets so that interruption of the current

(from power failure or indication that a specific parameter is outside of a

predetermined range) causes the rods to fall.

Fig. 4.9 is a cutaway drawing (wallchart) of a representative PWR unit. Other

than for the reactor “nuclear island” – also known as the nuclear steam-supply

system (NSSS) – the drawing shows features common to the other reactor units, all

of which have turbine generator(s), and containment, auxiliary, and support

buildings. (Reference [12] contains a Web link to this wallchart, as well as to charts

for over 100 other reactors.)

Table 4.1 contains parameters for a representative PWR and other reactor types.

Advanced PWRs are addressed in the section “Advanced Reactors.”

ROD CLUSTER CONTROL
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CONTROL ROD

BULGE JOINTS

GRID
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FUEL ROD

HOLD DOWN SPRING

Fig. 4.8 Representative fuel

assembly for a pressurized-

water reactor (Courtesy of

Westinghouse Electric

Corporation)
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Heavy-Water Reactors

Ordinary hydrogen in the form of water is the most effective material for reducing

neutron energy, but it also absorbs some of the neutrons that could otherwise

participate in the chain reaction. Thus, deuterium as heavy water, which requires

more collisions for a given energy change but exhibits much less absorption, is

a better moderator in some ways, e.g., allowing use of natural- or other low-

enrichment uranium fuel. Deuterium, existing in nature in a ratio of 1:400 with

ordinary hydrogen, requires isotopic enrichment prior to use (as does 235U in

uranium for many of the reactor applications).

Heavy-water reactors (HWR) have been developed in Canada – their signature

CANDU (for Canadian deuterium-uranium) – the UK,West Germany, India, Japan,

and South Korea. Pressure-vessel designs (with similar hardware configurations to

the PWR) employ the same heavy water volume as coolant and moderator. Pres-

sure-tube designs use heavy water in a separate moderating volume generally with

pressurized heavy-water (PHW) coolant, sometimes boiling light-water coolant,

and potentially with an organic liquid. The example of a CANDU-PHW is consid-

ered further below.

The CANDU-PHW steam cycle has two loops (Fig. 4.10), like the PWR, with

the primary pressurized heavy-water loop transferring heat energy to a loop of

ordinary water for steam production. A major difference, however, is that the

primary fluid is distributed among several hundred pressure tubes which pass

through a large calandria vessel (Fig. 4.11) containing the separate heavy-water

moderator. The coolant is actually collected in two separate loops, with the fluid in

adjacent tubes flowing in opposite directions.

The fuel assemblies consist of natural (i.e., 0.711 wt% 235U) uranium dioxide

fuel pellets in zirconium clad, similar to LWR fuel. However, short, cylindrical

bundles of fuel pins (Fig. 4.12) allow a unique on-line fueling scheme whereby

a machine attaches to each end of a single coolant tube and inserts one fuel

assembly while in effect pushing out another.

A major portion of the reactivity control is accomplished by on-line fueling,

which is required to compensate for the low reactivity inherent in the natural

uranium fuel. Routine operating adjustments and power shaping are accomplished

with neutron-poison control rods, or by introduction of ordinary water (which

absorbs more neutrons than heavy water) into special chambers. Other control

rods are available for reactor scram/trip. The separation of the coolant and modera-

tor volumes also provides the possibility for moderator “dumping” as an emergency

shutdown method.

Table 4.1 contains parameters for a large CANDU-PHW and other reactor types.

Advanced HWRs are addressed in the section “Advanced Reactors.”
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Gas-Cooled Reactors

The world’s first research reactor used natural uranium fuel, graphite moderator, and

natural-circulation air cooling. Subsequent systems have also used graphite moder-

ator with natural or enriched uranium and with carbon dioxide or helium coolant.

Various commercial gas-cooled reactors (GCR) have operated in France, the UK,

the USA, and Germany. Two versions of the helium-cooled high-temperature gas-

cooled reactor (HTGR) developed by the USA and Germany are described below.

(Both are prototypical designs at �1,000 MWe described for the purpose of com-

parison with other current large commercial reactors in this section. Evolutionary

units of this heritage are addressed in the section “Advanced Reactors”.)

The HTGR steam cycle (Fig. 4.13) employs a primary loop of helium, heat

exchangers, and pumps contained within a prestressed concrete reactor vessel

(PCRV) – two versions of which are shown in Fig. 4.14 – and a steam loop. Since

the coolant is a single-phase gas, no pressurizer is required (in contrast to the two-loop

water-cooled designs). The nature of the coolant also provides the prospect for direct

conversion through a gas turbine, e.g., employing a Brayton thermodynamic cycle.

Fuel for the HTGR consists of small microspheres of uranium or thorium carbide

(UC/ThC) with coatings of graphite and/or silicon carbide (Fig. 4.15a). The ura-

nium microspheres, enriched to 20–93 wt%, may be mixed with separate thorium

microspheres to an effective fissile enrichment of about 5 wt%.

containment structure

steam
generator

fuelcalandria
vessel

moderator
heat
exchanger

pump

pump

steam steam line

turbine
generator

condenser
cooling
water

Fig. 4.10 Steam cycle for CANDU pressurized heavy-water reactor (Courtesy of Atomic Indus-

trial Forum/Nuclear Energy Institute)
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Fig. 4.11 Calandria vessel and pressure tube of CANDU pressurized heavy-water reactor (Cour-

tesy of Atomic Energy of Canada Limited)
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In the US “prismatic” – hexagonal-block – HTGR system, the microsphere

mixture is formed into roughly finger-sized sticks with a carbon-resin binder. The

sticks are then loaded into large hexagonal graphite blocks with interspersed

coolant holes (Fig. 4.15b). The blocks are stacked several high and in a roughly

cylindrical arrangement to form the reactor core (Fig. 4.14a). Another version of the

HTGR – the thorium high-temperature reactor (THTR) – forms the microspheres

into a spherical shape and coats them with hard, thick graphite layers into

a 6-cm-diameter “pebble” (Fig. 4.15c). The reactor core is then formed by loading

these fuel units into a hopper in a PCRV (Fig. 4.14b), from which fueling and

defueling can be accomplished on-line. This THTR design feature leads to the

alternative designation of the reactor as “pebble bed.”

Reactivity control in the prismatic design depends on boron control rods for

routine and shutdown functions. Burnable poisons may be used for long-term

reactivity control. A reserve shutdown system consisting of small boron-carbide

balls backs up the primary systems.

The THTR requires minimal excess reactivity due to its ability to change fuel

on-line. Control rods inserted into the pool of pebbles provide the means for routine

operational adjustments.

END VIEW

INTERELEMENT SPACERS

PRESSURE
TUBE

ZIRCALOY
BEARING PADS

ZIRCALOY END
SUPPORT PLATE

URANIUM DIOXIDE PELLETS

ZIRCALOY FUEL SHEATH

Fig. 4.12 Fuel assembly for CANDU pressurized heavy-water reactor (Courtesy of Atomic

Energy of Canada Limited)
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Table 4.1 contains parameters for a large prismatic HTGR and other reactor

types. Advanced GCRs – prismatic and pebble bed – are addressed in the section

“Advanced Reactors.”

Light-Water Graphite Reactors

Light-water-cooled graphite-moderated reactors (LWGR)/pressure-tube graphite

reactors (PTGR) were among the first systems used for purposes of research,

plutonium production, and electric power generation. The Soviet Union credits

a small unit of this type with generating the first commercial electricity. Current

commercial use is limited to the Soviet RBMK pressure-tube graphite reactors

(PTGR). The Chernobyl reactor – the site of the catastrophic 1986 accident – was of

this type.

The RBMK uses a direct steam cycle (Fig. 4.16) with boiling-water coolant like

the BWR (Fig. 4.1). However, its complex pressure-tube design with separate

coolant and moderator also has similarities to the CANDU-HWR (Fig. 4.11).

The RBMK reactor (Fig. 4.17) consists of nearly 1,900 vertical pressure tubes –

each accommodating a pair of fuel assemblies or a control rod. The pressure tubes

containment structure

helium circulator
steam
generator

control
rods

core

steam line

pump

prestressed concrete reactor vessel

condenser
cooling
water

turbine
generator

Fig. 4.13 Steam cycle for high-temperature gas-cooled reactor (HTGR) (Courtesy of Atomic

Industrial Forum/Nuclear Energy Institute)
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are surrounded by an array of long, square graphite blocks – which serve as the

system’s neutron moderator – set together, side-by-side vertically approximating

a cylinder of roughly 12 m diameter and 7 m height. Water introduced at the bottom

of the core enters pressure tubes, and then boils in the process of removing fission

heat from the fuel pins. Steam is drawn from each tube through a stainless-steel pipe

for use in one of two turbine generators.

A steel reactor vessel serves primarily as structural support for the graphite-

moderator blocks. This vessel with the pressure tubes and piping constitute the

primary-system boundary.

The RBMK fuel assemblies (Fig. 4.18) each contain two stacked subassemblies

of 18 zirconium-clad fuel pins of UO2 enriched to 1.8 wt% in 235U. Stacked one

atop the other, a pair fills a pressure tube to facilitate the on-line refueling paradigm

that adjusts reactivity and facilitates plutonium production. Various groups of

control rods are moved for routine power adjustment and for full-insertion core

shutdown.

a b

Fig. 4.14 Prestressed concrete reactor vessels (PCRV) for (a) prismatic high-temperature gas-

cooled reactor and (b) thorium high-temperature (“pebble-bed”) reactor (Courtesy of Oak Ridge

National Laboratory)
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Fig. 4.15 Fuel-assembly components for high-temperature gas-cooled reactors: (a) microspheres,

(b) prismatic fuel block (Courtesy of GA Technologies), and (c) fuel sphere (“pebble”) [8]
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Fig. 4.16 Steam cycle for pressure-tube graphite reactor (PTGR) (Courtesy of Atomic Industrial

Forum/Nuclear Energy Institute)

  1. Reactor
  2. Working channel routes
  3. Steam-to-water pipes
  4. Drum separator
  5. Steam headers
  6. Downcomers
  7. Main circulation pumps (MCP)
  8. Group dispensing headers (GDH)
  9. Water pipelines
10. Fuel element cladding control system
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Fig. 4.17 Sectional view of a Soviet pressure-tube graphite reactor (PTGR) (From [23])



Table 4.1 contains parameters for a large PTGR/RBMK unit and other reactor

types. Advanced LWGR/PTGRs, if any, will be of totally different design.

Fast Breeder Reactors

The fast-neutron-spectrum breeder reactor (FBR) design concepts are predicated on

breeding more new fuel than that used to sustain the neutron chain reaction (section

“Reactor Classifications”). For this purpose, fissile plutonium (239Pu and 241Pu)

and fertile 238U (natural or depleted uranium with, respectively, 0.711 wt% and

2–3.5 wt% in 235U) fuel with a fast-neutron spectrum are most effective. An FBR

optimized for breeding, thus, can utilize uranium at least 60 times more efficiently

than a normal LWR reactor. (Note that some fast-spectrum reactors – see the

section “Advanced Reactors” – may not have actual breeding as a design

specification.)

The liquid-metal fast breeder reactor (LMFBR) keeps neutron energy high (in

the upper keV to MeV range) by using (non-moderating) liquid sodium as a coolant.

1 - Suspension
2 - Pin
3 - Adapter
4 - Shank
5 - Fuel Element
6 - Carrier Rod
7 - Sleeve
8 - End Cap
9 - Nuts

1

2

3

4

5

6

8
9

7

B
B

20

B

B

Fig. 4.18 Fuel assembly for

a Soviet RBMK pressure-tube

graphite reactor (PTGR)

(From NUREG-1250 [1987])
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The liquid sodium, although not the heaviest coolant available is not too light, has

favorable heat transfer properties, and is not an excessively strong absorber of

neutrons compared to other choices.

Although experimental fast breeder reactors have operated in the USA since the

late 1950s, and subsequently as prototypes in Western Europe, most recent activity

has been in Russia, Japan, and India.

The steam cycle has three loops (Fig. 4.19) with the first two of sodium and the

third of water. The intermediate sodium loop is present to isolate the primary from

possible direct contact with water in the steam generator. The primary sodium

becomes radioactive from neutron absorption and also can pick up fission-product

radionuclides from the fuel. If this sodium were to come in contact with water, it

would not only precipitate an exothermic reaction but also spread radioactive

contamination.

LMFBRs have been implemented in two main configurations – loop-type and

pool-type. The former is essentially as shown in Fig. 4.19 and similar paradigm to

LWR and HTGR. The pool-type LMFBR has the reactor vessel, heat exchanger,

and associated piping – entire primary loop – immersed in a large pool of sodium.

The now shutdown SuperPhenix was a pool-type LMFBR of similar capacity to the

current large commercial reactors. The SuperPhenix reactor vessel and layout are

shown in Fig. 4.20.

Fuel for the LMFBR consists of mixed-oxide (PuO2-UO2) fuel pellets, which

typically combine about 10–30 wt% fissile plutonium with natural or depleted

uranium – the remnants of the enrichment process. As shown in Fig. 4.21a, for
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Fig. 4.19 Steam cycle for liquid-metal fast breeder reactor (LMFBR) (Courtesy of Atomic

Industrial Forum/Nuclear Energy Institute)
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a reactor other than SuperPhenix, pellets are loaded into thin stainless-steel clad-

ding tubes, and hence into hexagonal-array subassemblies. Breeding is optimized

by surrounding the mixed-oxide core with a blanket of depleted uranium. The axial

blankets above and below the core are created by loading pellets of natural or

depleted uranium at either end of the core fuel pins. The surrounding radial blanket

consists of separate subassemblies (Fig. 4.21b) of natural or depleted uranium,

where the pins may be of larger diameter because the power density in the blanket is

much lower than it is in the core.

LMFBR reactivity control is accomplished through use of neutron-poison

control rods. Since the breeder produces more fuel than it uses, however, the core

reactivity does not decrease with fissile burnup and fission-product buildup as

dramatically as in the in thermal-neutron-energy converter reactors described

previously. This is fortunate, because the traditional neutron poisons are not very

effective for fast neutrons.

Rapid shutdown may be implemented with either of two independent sets of

control rods. It is typical for one set to consist of solid neutron-poison rods, top-

mounted and inserted by gravity – the traditional approach for most of the world’s

reactors. The second system – providing full redundancy should the first fail – often

has features allowing for operation even if core distortion has occurred, e.g.,
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Fig. 4.21 Fuel assembly for

a representative liquid-metal

fast breeder reactor. (a) Fuel

assembly: 1, pin cladding; 2,
slugs of depleted uranium; 3,
fuel pellets; 4, wire-wrapped
pin; 5, fuel assembly head; 6,
fuel-pin assembly; 7, stem.

(b) Radial blanket assembly:

1, pin cladding; 2, wire-
wrapped fin; 3, depleted
uranium; 4, blanket assembly

stem; 5, blanket pin assembly;

6, blanket assembly head

(Courtesy of Nuclear
Engineering International)
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through use of oversized channels and segmented rods. Table 4.1 contains

parameters for a large LMFBR and other reactor types. Advanced fast-neutron

reactors are addressed in the section “Advanced Reactors.”

Worldwide Perspective

Worldwide nuclear power reactor status is shown in Table 4.2 as a snapshot circa

2009 of the ever-changing landscape. Reactor data are from Ref. [7], which also

provides significant information on essentially each nuclear reactor ever built or

even ordered.

The table also shows nuclear generation performance – as both TWe-hr

generated and percentage of total national electric energy production – for

2009 and, as a comparison, a decade and a year earlier. It is apparent, e.g., that

the USA and many other countries experienced a decade of stagnation at the same

as the Pacific-basin nations produced impressive growth.

Other Reactor Concepts

In addition to the nuclear power reactor designs described above, a wide variety of

other possibilities have been built for power production or research purposes. Still

others have been researched “on paper.” The major approach is to look at viable

combinations of fuel, coolant, and moderator. A few examples are identified here

and in the section “Advanced Reactors.”

CANDU reactors could also be operated with fuel assemblies of enriched

uranium, plutonium, 233U/thorium, or a mixture thereof. Potential coolants other

than heavy water include light water and organic liquid.

The gas-cooled fast breeder reactor (GCFBR) uses helium coolant and pluto-

nium fuel in a concept similar to the HTGR, except with no graphite moderator. The

molten-salt breeder reactor (MSBR) concept includes liquid fuel that circulates

through a graphite-block core region in a closed primary loop. The fuel is processed

on-line to remove fission products and 233U bred from thorium in the salt.

Many other novel designs that stress enhanced safety and/or compact size also

have been proposed. A wide variety of such concepts are identified in the section

“Advanced Reactors.”
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Operation, Maintenance, and Control Practices

Specific characteristics of the fission process and the design of reactors and their

fuel result in unique features which affect operations, maintenance, and plant

control. With over 50 years of experience for nuclear reactors in general and 30

or more years of experience with the more mature system technologies, an increas-

ingly solid basis for good operating practices is becoming available [13]. Uniformly

excellent nuclear plant availability is a key indication of this.

Operation

Routine power operations reflect characteristics of the reactor design – fuel,

moderator, coolant, geometry. The BWR, with water boiling in the core, and

PWR, with pressurized liquid water in the core – the two plant types dominating

the world circa 2010 – show quite different operational characteristics.

Boiling-Water Reactor

Startup of a boiling-water reactor begins with running the coolant pumps at mini-

mum speed. The control rods are withdrawn from their initial fully inserted position

one at a time in a preset sequence that keeps the power distribution reasonably

uniform. The reactor is brought to critical, and then made slightly supercritical to

heat the coolant slowly to the boiling point where steam formation begins to

pressurize the vessel. Initially, the steam is dumped to the main condenser

(Figs. 4.1 and 4.3). When operating temperature and pressure are reached and the

steam flow is about 20% of full capacity, the turbine is started and the generator

synchronized to the electric power grid. Power level is increased by control-rod

withdrawal, flow increase, or a combination (e.g., with flow set for 20% power, rod

withdrawal takes the power to 50% and then the pumps are used to achieve full

power).

Once at power, an automatic control system is used to change coolant flow for

the reactor to load follow the turbine steam demand. The control rods are still under

operator control. For continued steady power operation, control-rod withdrawal or

coolant flow changes can be made manually within predetermined power-to-flow

limits. Control rods are withdrawn systematically to match fuel-assembly burnup.

Tripping – initiating a scram – of the control rods to shutdown a reactor causes

thermal-mechanical stress. Thus, the preferred method for shutdown is essentially

the reverse of the startup process. When the power drops too low for production of

electricity, the steam is again dumped to the condenser. This is continued until the

fission-product-decay heat load is small enough to be handled by a specifically

designed residual-decay-heat-removal system.
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BWR refueling is similar to that for the PWR – as described in the next subsection.

One important difference is that the control rods do not need to be removed with the

vessel head (because they are bottom mounted).

Pressurized-Water Reactor

Startup of a pressurized-water reactor begins with alignment of support systems and

pressurization of the primary reactor coolant system (Figs. 4.6 and 4.7). All

shutdown (or “safety”) rods are “cocked” (i.e., withdrawn fully) to be available

for reactor trip if necessary. Designated regulating rods remain fully inserted. The

main reactor coolant pumps are started with their inherent heat generation produc-

ing a slow heat-up of the reactor coolant system that minimizes mechanical stress.

As operating temperatures are approached, a “bubble” (i.e., steam volume) is drawn

in the pressurizer, volume control is established, steam may be drawn to warm the

steam generators, and final adjustments are made to the reactor coolant system

chemistry and the soluble boron concentration. Steady withdrawal of the regulating

control rods first takes the core critical and then supercritical to increase the power

level at a predetermined rate. The turbine is started and the generator is

synchronized to the grid. Manual control of the reactor, turbine, and steam-

generator feedwater is maintained until about 15% power when transfer is made

to an automatic mode for escalation to full power. In general, the turbine is matched

to the reactor’s (or actually steam generator’s) steaming rate, a reactor following
mode of operation. (Note: In practice for a PWR the reactor leads turbine, while for

a BWR the reactor follows the turbine.)

During routine full-power operation, small movements of the first regulating

group balance normal power fluctuations. Larger insertions change the power level.

Boric acid concentration is adjusted to match fuel burnup and allow control-rod

positions to remain consistent with the power-dependent insertion limits. This

concentration may be as high as 2,000 ppm (parts-per-million) in a fresh core and

be reduced to 100 ppm or less by the end of the core’s lifetime.

Planned shutdown involves insertion of the rods (with additional boration if cold

shutdown, e.g., for defueling, is desired). Decay heat is removed initially by one-

pump or natural-circulation operation of the steam generators with the steam

dumped to the condenser. When the bulk coolant temperature falls sufficiently,

cooling is shifted to a dedicated residual-decay-heat-removal system and the

pressurizer bubble is collapsed.

Within a day or two of reactor shutdown, the decay-heat load decreases suffi-

ciently for reactor coolant system depressurization and refueling. The reactor cavity

is flooded with highly borated water to a height of 10 m or more so that the vessel

head (with all control rods attached) and the fuel assemblies can be removed while

still having enough water above them to provide radiation shielding for operating

personnel. Individual spent-fuel assemblies are extracted remotely from the core

and moved to a spent-fuel storage rack, usually in a separate building. Fuel not
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discharged is “shuffled” to new locations. Fresh assemblies are brought in from

a fuel handling building.

Refueling itself for an LWR requires only about 4 days. However, “refueling

outages” often last up to a month or more when including cool-down and advance

preparations, maintenance (corrective and preventive), minor plant modifications,

vessel reassembly, and preoperational testing.

Operation Features

Four key goals of operations for nuclear power plants – the first two unique and the

other two common to all power plants – relate to: (1) nuclear safety, (2) communi-

cations, (3) technical results, and (4) operating and fuel costs. Nuclear safety,

i.e., prevention of accidents, underlies both technical and economic performance.

Good, reliable communications with the public, staff, and company are necessary to

counterbalance unfounded fears that may be associated with nuclear energy.

Technical results are judged according to performance indicators, an important

one being availability. As for any power plant, availability is enhanced by reducing

the length of planned shutdowns and the frequency of unplanned shutdowns.

Because reactor fuel assemblies are added and replaced as units, adjustment of

cycle length (typically between 1 and 2 years) can affect both availability and

reasonable operating and fuel costs.

Where possible, nuclear units run base-loaded due to both high plant capital

costs and difficulties in making rapid power-level changes (based on the behavior of

certain fission products that poison the chain reaction). France, however, with its

large fraction of nuclear electricity (e.g., see Table 4.2) has developed technical

ability to facilitate daily load following variations. The latter is also a valued

attribute in a number of advanced reactors (e.g., units considered in the section

“Advanced Reactors.”)

The hazard of nuclear power associated with the large fission-product inventory

and the potential severe accident consequences leads to special attention to operator

training and to emergency response capabilities. Operators are provided with

extensive technical training including substantial use of high-fidelity, plant-

referenced control-room simulators which allow practice on routine, anticipated

upset, and emergency operating scenarios. Emergency preparedness includes

developing procedures, establishing communications, preparing equipment and

facilities, and designating an emergency response team personnel.

Maintenance

Due to the presence of fission products and other indirect sources of radioactivity

from the neutron chain reaction, many important maintenance and other activities
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must be conducted in a manner that minimizes the hazards associated with radia-

tion. This has led to the development of remote and other sophisticated radiological

control methods. In performing hands-on work, it is challenging to hold radiation

exposures of personnel within specified limits on quarterly, annual, and lifetime

doses. Overall, however, the requirement that all exposures be kept “as low as

reasonably achievable” (ALARA) has resulted in extensive preplanning of all

radiological work activities.

Gaseous and liquid wastes are held for as long as practicable to allow maximum

radioactive decay. Then, they may be diluted and dispersed to the environment so

long as applicable limits for liquid and airborne discharges are not exceeded.

Otherwise, solidification, containment, and disposal are required.

Nuclear reactors, like all power plants, require corrective and preventive main-

tenance that balance the conflicting goals of maximizing short-term profits by

deferring work and reducing intervals between regular maintenance activities to

assure top performance. The amount of corrective maintenance depends primarily

on the initial quality of components and systems, control of operating conditions,

and the effectiveness of the preventive maintenance program.

Preventive maintenance for the reactor coolant system (including reactor vessel,

reactor coolant pumps, control rod drive mechanisms, instrumentation, and in

applicable systems pressurizer and steam generators) must account for neutron

irradiation effects on components and systems. The nuclear industry is using

methods of reliability-centered maintenance increasingly as sufficient operating

experience and data are collected to provide useful statistical reference. In France,

where a single utility operates a sizeable number of each of several standardized

units, maintenance is considered a lifetime project with integrated goals to guaran-

tee safety, ensure efficiency, assess impact of changes in operating conditions,

minimize maintenance cost increases, and establish an optimum decommissioning

policy (i.e., definition of the end of a reactor’s safe and economic lifetime).

Plant Control Systems

Plant instrumentation and control systems are divided among those for normal

operation, regulation of parameters through analog or digital technologies, and

protection of personnel and equipment by reactor trip and safety feature actuation.

Examples of control requirements in the first category may be inferred from

discussions earlier in this subsection of operation of boiling- and pressurized-

water systems. Specific safety features are described in the next subsection.

Reactors in the USA have tended to continue use of older analog systems for

routine reactor control, lacking incentive – and, in some sense, having a disincen-
tive associated with time and costs associated with being among the first to develop,

test, and license a process – to upgrade to state-of-the-art digital systems. However,
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significant government-sponsored research and development support in the first

decade of the twenty-first century offers the prospect of near-term progress.

Data acquisition and display technology, by contrast, has been upgraded sub-

stantially, especially in the aftermath of the accident at the Three Mile Island, Unit

2 reactor. Should the control room become uninhabitable, a remote shutdown panel

will allow operators to implement the emergency response functions necessary for

safe shutdown of the plant.

France, with its large, dynamic development program, has upgraded controls in

early units and developed new systems. Their current and near-future reactor

generations have particularly sophisticated reactor operating consoles with state-

of-the-art digital systems for control, data acquisition, operator support, and

emergency response. Control systems facilitate process monitoring, exchange of

information, and self-monitoring and self-diagnosis. Automatic protection systems

are designed for reliability with redundancy and diversity (e.g., one of which

includes four redundant data acquisition and processing units coupled with two

independent safeguard logic units for automatic actuation of the engineered safety

features) and include testing and simulation capabilities. Data processing systems

are designed to give operators full information on the present state of the reactor,

monitor data, store event scenarios and other data changes in memory, and perform

calculations. Advanced reactor controls may facilitate functions such as automatic

turbine load shedding, steam level control, (nonreactor, non-safety-related) and trip

avoidance – and the consequent thermal-mechanical disruption, and postaccident

monitoring and control.

Nuclear Reactor Safety Features

An operating nuclear power reactor accumulates an enormous inventory of radio-

active products. Each reactor system has been designed with a multiple-barrier

approach to retention of this radioactivity [8]. The first three of these barriers – fuel

pellet, metal cladding, and reactor-primary-system – were described in the section

“Reactor Systems.” The fourth barrier is a containment building supported by

safety systems.

A “defense-in-depth” design approach to maintaining the effectiveness of barriers

seeks first of all to prevent accidents. But absent this, protective actions – identifica-

tion and correction – and mitigative actions – long-term response to and control of

consequences are provided. Safety analyses address the variety of reactor-related

energy sources and their roles in operational abnormalities and in design-basis and

more severe accidents. The results of the analyses also define requirements for the

engineered safety systems.
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Energy Sources

Five distinct energy sources may contribute to an accident in a nuclear power

reactor:

1. Stored energy – fuel, coolant, and structures store thermal energy at all times

during reactor power operation; redistribution may result in immediate damage

and/or prolonged problems.

2. Nuclear transients – positive insertion of reactivity, from configuration or

material changes, may add a transient energy source resulting in from an

increased power level to a large power pulse.

3. Decay heat – heat from fission-product decay, as high as 7.5% of operating

power at the time of shutdown from a lengthy run, dies out slowly, and can be

a large energy contribution after dissipation of stored energy and shutdown of

the neutron chain reaction; with inadequate heat removal, it may be sufficient to

cause fuel melting or other damage.

4. Chemical reactions – fuel, cladding, and coolant materials selected to be essen-

tially unreactive with each other under normal operating conditions at elevated

temperatures that may be produced by nuclear transients and/or decay heat may

experience energetic chemical reactions.

5. External events – natural (floods, hurricanes, tornadoes, and earthquakes) and

man-made (aircraft impacts and industrial explosions) events external to the

reactor system have the potential to initiate or otherwise contribute to accidents.

The magnitude and timing of contributions from each category are important to

accident progression. Understanding each is necessary to accident prevention and

mitigation.

Nearly 98% of all radioactive products are retained by the fuel assemblies when

sufficient cooling is provided to prevent fuel melting. Thus, major objectives of

nuclear reactor operation and safety are to provide adequate heat removal and

control of the energy released in the system to prevent overheating and, in the

most severe case, melting of the fuel.

Design-Basis Accidents

Design-basis accidents involve the postulated failure of one or more important

systems and an analysis based on conservative assumptions (e.g., pessimistic

estimates of fission-product release). The radiological consequences must be

shown to be within preestablished limits. In this sense, the accidents serve as the

basis for assessing the overall acceptability of a particular reactor design. Design-
basis accidents for light-water reactors (and, by extension, other reactor types) are

often classified according to the following general characteristics:
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1. Overcooling – excessive heat removal from steam withdrawal, perhaps through

a steam-line break or steam-generator overfeeding (PWR and other multi-loop

systems).

2. Undercooling – inadequate heat removal occurring when steam flow is

decreased, e.g., following a turbine trip or reduction in feedwater flow; a

complete loss of heat-sink accident (LOHA) – up to and including total loss of

heat-removal capability – is the most extreme case of undercooling.

3. Overfilling – increase in reactor coolant inventory, e.g., from malfunction of the

volume control system or inadvertent emergency core cooling system (ECCS) –

see the section “Safety Systems” – actuation during power operation.

4. Loss of flow (accident (LOFA)) – decrease in reactor coolant system (RCS) flow

rate, e.g., follow failure of main reactor coolant pump(s).

5. Loss of coolant (accident (LOCA)) – decrease in reactor coolant inventory

resulting from breaches in the reactor coolant pressure boundary; the “classic”

LOCA involves rupture of major primary piping, but steam-generator tube
rupture and inadvertent opening of a relief or safety valve – the proximate

cause of the reactor accident at Three Mile Island – are also included.

6. Reactivity-core reactivity and power distribution anomalies – unplanned control-

rod withdrawal, other maloperation, and ejection (in a PWR) or drop (in a BWR)

of one ormore control-rod assemblies; also increased BWR coolant flow rate, and

decreased PWR boron concentration, or misleading of a fuel assembly.

7. Anticipated transient without scram (ATWS) – failure to trip (or shutdown) the

reactor following a transient such as inadvertent control-rod withdrawal, turbine

trip, or loss of feedwater.

8. Spent-fuel and waste system-radioactivity release from a spent-fuel assembly or

reactor subsystem or component – events outside of the reactor-primary system.

9. External events-natural or human-caused events that can effect plant operating

and safety systems – sequence initiated by an “external event” as identified in the

section “Energy Sources.”

More severe accidents, sometimes referred to as beyond-design-basis accidents,

where multiple safety systems fail to function (or, as in the Chernobyl accident, are

disabled), are sometimes considered to evaluate overall responses.

Safety Systems

Safety systems for accident mitigation are highly design-dependent (e.g., based on

design and operational differences among fuel form: coolant – water, gas, liquid

metal; neutron energy; and other features. The common goals, however, are to

prevent overheating, fuel melting and other damage, and subsequent large-scale

dispersal of fission products. Reliability is enhanced through redundancy in subsys-

tem function and location.
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Reactor safety systems – for the dominant loss-of-coolant accident, but with

more general applicability as well – may be classified according to function as:

1. Reactor trip (RT)

2. Emergency core cooling (ECC)

3. Postaccident heat removal (PAHR)

4. Postaccident radioactivity removal (PARR)

5. Containment integrity (CI)

Their basic functions are summarized by Fig. 4.22 for light-water reactors. The

same basic functions apply to all reactor systems, even if in somewhat different form.

Reactor trip for each of the reactor types described in the section “Reactor

Systems” includes neutron poison control rods, which can be inserted rapidly into

the fuel core to shut down the fission chain reaction. These rods are supplemented

by alternative shutdown means including injection of soluble boric acid poison

(LWRs); moderator dump (CANDU-PHWR); reserve shutdown spheres (HTGR);

and a redundant, independent set of rods (LMFBR).

Emergency core cooling for the light-water, and most other water-cooled, reactors

is implemented by injection of borated water – the same medium that provides for

emergency reactor trip – into the coolant-starved core region following a LOCAevent.
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Fig. 4.22 Functions of safety systems for light-water reactors (Adapted from WASH-1400 [14],

courtesy of US Nuclear Regulatory Commission)
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Multiple trains of separate systems typically can inject water at high, intermediate, or

low pressure to coincide with various needs during the time-history and/or magnitude

of the event. The recirculation of coolant that collects in the reactor building sump

provides a long-term coolant supply after the initial inventories have been exhausted.

The CANDU-PHWR system also has a unique safety-related design feature with

two separate flow circuits configured so that adjacent pressure tubes (Fig. 4.11)

receive coolant from a different source. Thus, a break in a specific pressure tube can

affect no more than half of the fuel and no large core volumes are left uncooled.

Additionally, the separate moderator volume provided by the calandria vessel

provides a huge heat sink for energy removal.

Emergency cooling for the HTGR design is predicated largely on the very high

heat capacity of the graphite fuel, supported by auxiliary helium circulation and

containment afforded by a steel-lined prestressed concrete reactor vessel (PCRV).

The LMFBR, by contrast with the water-cooled reactors, has low-pressure, high-

boiling liquid-sodium coolant which would not be voided even during a serious

primary-system breach. Thus, long-term, natural-circulation cooling capability is

uniquely available. Postaccident heat removal has two components – coolant

temperature reduction and containment-building pressure control. The first is

accomplished through heat exchangers for ECC water recirculation in the water

reactors. For the gas- and liquid-sodium-cooled reactors, continued use of the steam

generators can serve a similar function in the primary coolant loops. Pressure

control may be accomplished with containment-atmosphere coolers. In water

reactors this may be supplemented with steam-condensing water sprays.

Postaccident radioactivity removal of chemically active iodine and aerosol/

particulate constituents is accomplished with filtration. The nonreactive noble-gas

constituents can only be contained – or released in a controlled manner.

Water-cooled reactors also have provision for containment sprays to remove

radioactivity. Although the water sprays used for pressure reduction naturally

remove much of the chemically reactive radioactive material, additives such as

sodium hydroxide or thiosulfate increase removal, especially of elemental iodine.

Containment integrity is the last line of defense against fission-product release.

Common features of water reactor containments are a leak-tight steel liner

surrounded by thick reinforced concrete, including, e.g., that for the pressurized-

water and boiling-water reactors in Figs. 4.23 and 4.24, respectively. The structure

of the HTGR’s prestressed concrete vessel (Fig. 4.14) serves a similar purpose.

Another major element of containment integrity is the ability to isolate penetrations

using remotely operated valves or other means. These typically actuate on the

predetermined indication of excessive pressure, radiation level, or other related

parameters.

Integrity of even the most robust containment, however, depends on having

all – or at least a reasonable subset – of the other safety features function as

intended. Otherwise there can be excessive pressure buildup and/or severe fuel

melting with subsequent dire consequences. The complete lack of a leak-tight

containment structure at the Chernobyl PTGR (Fig. 4.17) was a major contributor

to the consequences of the 1986 accident there.
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Fig. 4.23 Containment structure for a representative pressurized-water reactor (From NUREG-

1150 [15], courtesy of US Nuclear Regulatory Commission)
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Defense-in-Depth

The previous descriptions of the defense-in-depth approach to nuclear safety have

a strong technical emphasis. However, nuclear safety also depends on preventive

measures, only a few of which include testing and inspection, safety assessment,

deficiency analysis and correction, training, and quality assurance. Protection and

mitigation require transient operating guidelines and procedures and detailed emer-

gency planning.

Increasingly important is free and open international exchange of knowledge

and experience with proper feedback to reactor design, maintenance, and operation

– the need for which was highlighted dramatically by the TMI-2, Chernobyl-4, and

other accidents. Regulatory controls and voluntary peer oversight – e.g., by the US
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Fig. 4.24 Containment structure for a representative boiling-water reactor (From NUREG-1150

[15], courtesy of US Nuclear Regulatory Commission)
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Institute for Nuclear Power Operations (INPO) and the World Organization of

Nuclear Operators (WANO) – provide independent verification of safety aspects,

but do not replace responsibility of the owner/operators.

Nuclear-Power Regulation

The inherent hazard associated with the radioactive material in reactor systems has

led to the nuclear industry being the most regulated in the world [8, 13, 16].

Regulatory bodies include: the US Nuclear Regulatory Commission (NRC); French

Commissariat à l’Énergie Atomique et aux Énergies Alternatives (CEA) – up until

late 2009, Commissariat à l’Energie Atomique, now with added regulation of

alternative energies; Canadian Nuclear Safety Commission (CNSC) – known as

Atomic Energy Control Board (AECB) prior to 2000; and the UK Nuclear

Installations Inspectorate (NII). Every other nation that operates nuclear-fission

reactors also has established a regulatory authority. Requirements for reactor design

and operation are established and their implementation is evaluated and monitored.

Regulations with the force of law, licenses, or other methods are developed for

reactor operation by such bodies, often with significant political and/or public input

to the process.

The somewhat recent advent of advanced nuclear power reactors (section

“Advanced Reactors”) has led to changes in the NRC licensing process. Newly

instituted generic certifications are valid for 15 years. Using an exhaustive public

process, safety issues within the scope of the certified designs are fully resolved

and, hence, will not be open to legal challenge during licensing for specific plants.

US utilities will be able to obtain a single NRC reactor license to both construct and

operate – as opposed to separate ones previously – before construction begins.

A number of reactor types have received design certification [2].

Overall, certification of designs is on a national basis, and is safety based.

In Europe, there are moves toward harmonized requirements for licensing.

Reactors there may also be certified according to compliance with European

Utilities Requirements (EUR) [2].

Quality assurance (QA) requirements focus on methods and procedures to assure

proper design, construction, and operation of safety-related components and

subsystems. Other requirements address issues from acceptable personnel radiation

exposures to analysis methods and acceptance criteria for consequences of design-

basis accidents and, in some cases beyond-design-basis accidents.

The accident at the Three Mile Island Unit 2 (TMI-2) PWR in 1979 led to seminal

changes in the regulatory process – and nuclear industry as a whole – in the USA

and elsewhere in the world. Some of these changes relate to the design, quality

assurance, and inspection of modifications to plant safety systems; development

and use of preapproved procedures for operation, maintenance, and other activities;

administration, including staffing, training, and documentation; emergency
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planning; technical support, including accident and root-cause analysis; and support

services such as radiological controls, chemistry, and maintenance [8, 17].

Training and qualification, in particular, permeates essentially all of the changes.

Content for control-room operators and other specialties is developed systemati-

cally and formally beginning with intensive job-analysis and moving on through

feedback of operating experience. It also represents collaboration among training

specialists, incumbents, supervision, management, and subject-matter expertise.

Of special significance, operator training is augmented greatly by availability for

each reactor of a high-fidelity, replica control-room simulator.

The disastrous 1986 accident at the Chernobyl Unit 4 in the former Soviet Union

occurred with a reactor system not used elsewhere in the world. However, it

did serve to reinforce many of the designs, operations, and management lessons

from the earlier TMI-2 accident. It also provided unprecedented insights into

severe-accident behavior and served as a catalyst for completion of post-TMI-2

“action plans,” significantly enhanced international cooperation and collaboration

in research initiatives and nuclear-power-plant operation and management [8].

Advanced Reactors

The nuclear power industry has been developing and improving reactor technology

for more than five decades. Some of the advanced – next generation – reactors,

which provide hope for revitalizing the nuclear-power option, are starting to be

built [2, 3].

Four generations of reactors are commonly distinguished. GEN-I reactors were
developed in the 1950s–1960s with only a few in the UK still running today. GEN-
II reactors are typified by the present US fleet and most operated elsewhere

worldwide (including those described the section “Reactor Systems” with examples

in Table 4.1). The second-generation nuclear power units have been found to be

safe and reliable, but they are being superseded by better designs [2].

GEN-III are the initial “advanced reactors” – the first are in operation in Japan

and others are under construction or ready to be ordered. The more cutting-edge

units may be termed GEN-III+. Safety-based certification of designs is on a national

basis. Many are now under licensing review at the US Nuclear Regulatory Com-

mission with some having received Design Certification. In Europe there is some

movement toward harmonized requirements for licensing.

GEN-IV reactors are “still on the drawing board.” They will not be operational

before 2020 at the earliest [2]. (See the section “Generation IV Nuclear Reactors”).

GEN-III reactors include, conceptually [2]:

• A standardized design for each type which is intended to expedite licensing,

reduce capital cost and reduce construction time, and ultimately compete eco-

nomically with coal-fired and other generation alternatives
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• A simpler and more rugged design, making them easier to operate and less

vulnerable to operational upsets

• Higher availability and longer operating life – typically 60 years

• Further reduced risk of serious reactor accidents

• Resistance to serious damage that would allow radiological release from an

aircraft impact

• Higher fuel burnup lifetime, reduced outage time, and reduced amount of

radioactive waste

The signature difference for GEN-III plants is a strong focus on passive, inherent

safety features – e.g., gravity, natural convection, or resistance to high temperatures

– which require no active controls or operational intervention to avoid accidents in

the aftermath of a serious malfunction. This is in contrast to the more traditional

(GEN-II, e.g., in the section “Reactor Systems”) reactor safety systems which are

“active” in the sense of involving electric or mechanical operation on command.

Certainly some current features of GEN-II reactors are passive, e.g., negative

reactivity feedback and mechanical pressure relief valves which function absent

operator action or auxiliary power. However, parallel redundant systems are also

necessary. The advanced reactors emphasize inherent or full passive safety

depending only on physical phenomena, not on electric power and functioning

engineered components. This emphasis is to the extent that some are referred to,

probably inappropriately, as inherently safe. (See the next section “Conceptual

Advanced Reactors” for three distinctly different examples).

Conceptual Advanced Reactors

Since the early 1990s, advanced reactor concepts using light-water, helium, and

liquid-sodium coolants have been under development from the experience base of

the current “parent” reactors. An early, conceptual version of each is described

here. All include enhanced negative power feedback mechanisms to assist in

obtaining shutdown and passive postaccident/post-shutdown cooling mechanisms.

Advanced Light-Water Reactor

The conceptual advanced light-water reactors differ from the traditional ones

(section “Light-Water Reactors) primarily through reduction or elimination of

active emergency system components, including large pumps and diesel generators,

and implementation of passive features, from reactor control to emergency core

cooling functions [18].

Both GEN-III PWR and BWR versions (section “Light-Water Reactor”) use

conventional uranium-oxide fuel assemblies with negative temperature feedback

mechanisms. All combat core damage in the aftermath of a loss-of-coolant accident
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(LOCA) by flooding the core with sufficient water to last for at least several days –

as compared to the current tens of minutes – without further operator action.

An advanced PWR concept (Fig. 4.25) features passive emergency core cooling

systems (ECCS) with water stored in large tanks above the core. During a large

LOCA, injection of water into the core from two of the tanks is initiated by

pressurized nitrogen even before the reactor coolant system has a chance to depres-

surize. Subsequent to depressurization, more water from a massive tank inside the

containment structure can flow downward into the core under the influence of

gravity alone. Neither of these two ECCS options requires pumps or emergency

electric power. If the steam generators are not operable, however, natural circulation

of water transfers core thermal energy to a large water storage tank located above the

reactor vessel.

Post shutdown, decay heat is ordinarily removed through the steam generators.

Heat removal from the steel containment shell is facilitated by a gravity-fed water
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Fig. 4.25 Conceptual advanced PWR (Electric Power Research Institute)
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spray. Natural circulation of air, directed by large baffles, provides passive flow,

i.e., without using the large fans and coolers typical of current PWRs.

The passive safety systems also simplify overall plant design. Compared with

the active safety systems of a current plant, e.g., there are only half as many large

pumps and 40% as much in terms of building volume designed to nuclear-grade

seismic standards, number of valves, and amount of piping.

Gas-Cooled Reactors

The reference HTGR (section “Gas-Cooled Reactors”) combines helium coolant,

microsphere fuel, and graphite-moderator blocks to provide uniquely robust safety

characteristics. A smaller modular high-temperature gas-cooled reactor (MHTGR)

design was built upon these same features. The basic MHTGR (Fig. 4.26) is

a 400–600 MWe module intended to be used in groups of four with a pair of turbine

generators.

The graphite and fuel core operates at low power density, has a large inherent

heat sink, and is very slow to overheat. Even with depressurization of the primary

system, fuel failure would be unlikely. Operator response time, thus, is essentially

unlimited.

The helium coolant is circulated through the steel – rather than HTGR’s

prestressed concrete – reactor vessel by an electric blower. It operates at high

temperature for high steam cycle electric-generation efficiency or, potentially,

a variety of industrial processes including coal gasification, chemical

manufacturing, petroleum refining, or desalination of sea water.

Each reactor vessel and steam generator is enclosed in an underground silo

(Fig. 4.26). Natural air circulation is sufficient to provide passive silo cooling.

Even if said circulation were blocked, direct heat loss to the surrounding earth

would keep fuel temperatures well below the melting point. Thus, as with the

classic HTGR, an LWR-type containment is unnecessary.

Liquid-Metal Reactor

Traditionally, liquid-metal reactors have focused on LMFR-like features (section

“Light-Water Graphite Reactors”). The power reactor inherently safe module

(PRISM) is a small liquid-metal-cooled module (Fig. 4.27) which could be used

in groups of three connected to a common steam turbine.

Each PRISM module has a pool-type configuration with the liquid-sodium

coolant circulated through the core to an intermediate heat exchanger by a pair of

pumps. As in an LMFBR, a secondary sodium loop connects to a steam generator.

If pumps fail, sodium flows through the PRISM core by natural convection.

If the secondary flow is interrupted, the primary sodium continues to cool the core

by carrying heat to the containment vessel.
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Fuel assemblies are made of a pyrometallurgical alloy. Reactor experiments

have demonstrated that with loss of liquid-sodium flow, temperature feedback will

shut down the neutron chain reaction core and natural circulation of the coolant can

remove the decay heat sufficiently to prevent fuel melting.

The PRISM reactor vessel is surrounded by a guard vessel to catch leaking

sodium. Both vessels are placed in an underground concrete silo. Air, allowed to

circulate freely between the silo wall and guard vessel, can remove core decay heat

passively to the outside environment, if necessary. Due to PRISM’s passive stabil-

ity, LWR-type containment is not included in the design.

Generation-III Reactors

The nuclear industry is developing a full product line touted as of clean, safe, secure

carbon-free energy sources. Several advanced designs can be ready to meet USA’s
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Fig. 4.26 Conceptual advanced reactor MHTGR (Electric Power Research Institute)
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generating needs by 2015. These fall into the category of “evolutionary,” i.e.,

modifications of existing systems building directly on the experience of operating

reactors in the USA, Japan, and Western Europe. These reactors tend to be as large

as, or larger than, their predecessors [2, 10].

The industry also is developing more highly advanced nuclear reactors based on

new technologies, ready for commercial use by 2020 or later. A revolutionary

generation of smaller, passively stable reactors is envisioned [19]. Some could

replace older fossil-fired power stations of similar size – and their associated carbon

emissions. The infrastructure, cooling water, rail, and transmission facilities

already exist at such facilities.

Alternatively, these same small reactors can be a “right size” match for utilities

or countries entering the nuclear arena for the first time. They also could be used to

generate electricity for remote locations and/or provide process heat for diverse

industrial applications. The designs are poised to capitalize on the benefits of

modular construction, ease of transportation, and reduced financing. Modules can
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Fig. 4.27 Conceptual advanced reactor LMR (Electric Power Research Institute)
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be added as needed. Units could operate anywhere from 2 to 10 years on an initial

fuel load, depending on the design.

Whether the advanced reactor designs are evolutionary or revolutionary, or

something in between, almost all involve multi-organizational, multinational col-

laboration. By the end of 2006, e.g., three major Western-Japanese alliances had

formed to dominate much of the world reactor supply market. Subsequently there

have been a number of other international collaborative arrangements initiated

among reactor vendors and designers. Circa 2010, reactor suppliers in North

America, Japan, Europe, Russia, and elsewhere are marketing a dozen new ther-

mal-neutron reactor designs as summarized in Table 4.3. Others designs, including

a number of them based on fast-neutron chain reactions, are, respectively, in

advanced planning stages or still in research and development.

Light-Water Reactors

Many of the advanced reactors are light-water reactor designs [2]. (See, e.g.,

Table 4.3) In the USA, two advanced light-water reactors fall into the category of

large “evolutionary” designs, building directly on operating experience in USA,

Japan, and Western Europe. Advanced boiling-water reactors (ABWR) derived

from a general electric design (section “Boiling-Water Reactors”) are in commer-

cial operation and/or under construction in Japan and Taiwan, with others planned

in Japan and the USA. It, and the System 80+ advanced PWR, received final design

certification from US-NRC in May 1997, noting that they exceeded NRC “safety

goals by several orders of magnitude.” The ABWR has also been certified as

meeting European requirements for advanced reactors. Although the System 80+

itself is not now being promoted for sale, eight System 80 reactors in South Korea

incorporate many of its design features and are the basis of the Korean’s APR-1400

which has enhanced safety and seismic robustness, and is expected to be in

operation by 2013 and is being marketed worldwide.

Another, more innovative US advanced reactor is the smaller AP600 (AP =

Advanced Passive) at 600 MWe with highly evolved passive safety features

compared to those described in concept in the section “Advanced Light-Water

Reactor” (and in concert with Fig. 4.25). Projected core-damage frequency is nearly

1,000 times less than today’s NRC requirements. In 1999, it was the first to gain

NRC generic final design certification. Said certifications are valid for 15 years and

will allow US utilities to obtain a single NRC license to both construct and operate

a reactor before construction begins.

The scaled-up AP1000 was the first GEN-III+ type reactor to receive NRC final

design certification from the NRC in December 2005. It also is under active

consideration for building in Europe and USA. In comparison to current plants

for the same size, AP1000 is about one quarter the size with concrete and steel

requirements are less by a factor of five. It is designed for unique modular

construction. A single unit has 149 structural modules of five kinds, and 198

mechanical modules of four kinds – equipment, piping and valve, commodity,
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and standard service modules. These comprise one third of all construction and can

be built off site in parallel with the on-site construction. China has four AP-1000

units under construction, with many more to follow.

GE Hitachi Nuclear Energy’s ESBWR is a GEN-III+ BWR technology that

utilizes passive safety features and natural-circulation principles. It is essentially

a larger evolution from a predecessor SBWR.

Mitsubishi’s large – advanced – APWR was developed in collaboration with

four utilities. It is a simpler four-loop design which combines both active and

passive cooling systems. The first two are planned for Japan to come on-line

from 2016 and will be the basis for the next generation of Japanese PWRs. US-

APWR and EU-APWR versions, respectively, are being developed for USA and

European markets.

In Europe, several designs are being developed to meet the European Utility

Requirements (EUR) of French and German utilities, which have stringent safety

criteria. European pressurized-water reactor (EPR) developed from French and

German designs has four separate, redundant safety systems rather than passive

safety. The first EPR unit is being built in Finland, with two other slated for France,

and another for China. US-EPR – now known as the Evolutionary PWR (EPR) –

was submitted for US design certification.

Another evolutionary design, the SWR 1000, is a Siemens BWR now known as

Kerena. It is simpler overall and has many passive safety features.

In Russia, several advanced PWR designs with passive safety features have been

developed. Late-model VVER-1000 units (see the section “Pressurized-Water

Reactor”) – one considered GEN-III with enhanced safety – are being built in

India and China with two more planned for Bulgaria. A third-generation

standardized VVER-1200 reactor is an evolutionary development from the

VVER-1000 with longer life, greater power, and greater efficiency. They have

enhanced safety including that related to earthquakes and aircraft impact with some

passive safety features, double containment, and low core-damage frequency.

A Europe-tailored reactor design, MIR-1200 – Modernized International Reactor

– has some Czech involvement.

Russia also has a number of other novel small reactor designs [2, 19]. Several

VBER PWR variations developed from naval power plants may be floating or land-

based, modular construction, and/or provide cogeneration. VK-300 – with fuel

elements similar to the VVER – have been developed specifically for cogeneration

of both power and district heating or heat for desalination. Cooling (by convection)

and all safety systems are passive. It has been announced that six would be built in

Russia’s far east.

Heavy-Water Reactors

A pair of GEN-III HWRs are under development based directly on CANDU

reactors. Each is to be configured for flexible fuel requirements including standard
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natural uranium, slightly enriched LWR-like uranium, and mixed-oxide (U and Pu)

fuel and from a variety of potential sources, e.g., PWR spent-fuel or even military

down-sizing.

Such fuel innovations, combined with the experiences of South Korea and

China, suggest that an Enhanced CANDU-6 (EC6) could have a 4.5-year construc-

tion and 60-year plant life. This design is under consideration for new build in

Canada.

The Advanced CANDU Reactor (ACR) is a more innovative concept using

a low-pressure heavy-water moderator with PWR-like light-water cooling for

higher thermal efficiency. The resulting compact core would reduce capital cost –

an ACR-700 is physically much smaller, simpler, and more efficient as well as 40%

cheaper. A larger ACR-1000 – the current focus of attention – has more fuel

channels; is designed to run on low-enriched uranium (� 1.5–2.0 wt% 235U) with

high burnup, MOX fuel, thorium-233U fuels; and extends the fuel life by about three

times reducing high-level waste volumes accordingly. Other features include small

negative reactivity feedback, other passive safety features, two independent and fast

shutdown systems; and prefabricated modules to cut construction time to 3.5 years.

The CANDU X or SCWR – a GEN-IV ACR variant with supercritical light-water

coolant – would operate at very high pressure and temperature, and, thus, high

thermal efficiency. (See the section “Generation IV Nuclear Reactors”.)

Table 4.3 summarizes key characteristics for the advance HWRs and other

advanced reactor types.

For the longer term, India is developing the Advanced Heavy Water Reactor

(AHWR) to utilize its plentiful reserves of thorium. The AHWR is a 300-MWe

reactor moderated by heavy water in a calandria vessel with about 450 vertical
pressure tubes. The coolant is boiling light water circulated by convection.

A “gravity-driven water pool” near the top of the reactor building with 7,000

cubic meters of water is proposed as a novel heat sink. A unique fuel paradigm

calls initially for fuel assemblies each consisting of a mixture of oxide pins of

Th-233U and Pu-Th, respectively, with resulting very high net fuel utilization. Once

fully operational, the fuel pins would be arranged in three concentric rings each

“zoned” with a specific equivalent fissile content based on adjusting Th, 233U, and

Pu fractions. The content of 233U – with inherent 232U and its unique high-gamma-

active daughter products – is considered to confer a substantial proliferation

resistance (i.e., high-capacity fabrication of 233U fuel must be done remotely,

a feature not necessary for either 235U or plutonium). (See also the chapter on

Modern Nuclear Fuel Cycles.)

In 2009, an export version named AHWR-LEU was announced. The major

difference is use of low-enriched uranium (LEU) – in lieu of Pu – plus thorium as

a fuel. Plutonium production will differ from that in light-water reactors – the fissile

proportion will be less and the 238Pu (non-fissile with high radioactivity and

associated heat) portion three times as high – giving inherent proliferation resistance.

The net result is described as a reactor “manageable with modest industrial infra-

structure within the reach of developing countries.”

4 Nuclear Fission Power Plants 139

http://dx.doi.org/


High-Temperature Gas-Cooled Reactors

The advanced high-temperature gas-cooled reactors (HTGR) use helium as

a coolant at up to 950�C, which for electric generation either makes steam conven-

tionally or directly drives a gas turbine for electricity and a compressor to return the

gas to the reactor core. They also are especially well-suited for providing process

heat for industrial applications, including hydrogen production and could be used in

the development of tar sands, oil shale, and coal-to-liquid applications, reducing the

life cycle carbon footprint of all these activities.

The fuel is in the conventional HTGR form of microsphere particles arranged

in blocks as hexagonal “prisms” of graphite, or in billiard ball-sized “pebbles”

of graphite encased in silicon carbide (Fig. 4.15) each providing containment for

fission products which is stable to 1,600�C or more. Other features are similar to

those in Fig. 4.26.

China’s HTR-PM is to have two reactor modules of 105 MWe each and use

a steam cycle to drive a single steam cycle turbine at about 40% thermal efficiency.

It is expected to pave the way for an 18-unit full-scale power plant also using the

steam cycle.

A larger US design, the Gas Turbine–Modular Helium Reactor (GT-MHR), is

planned as modules of 285 MWe each directly driving a gas turbine (Brayton cycle)

at 48% thermal efficiency. The cylindrical core consists of 102 prism blocks

(Fig. 4.15b) with channels for helium and control rods. It is being developed by

General Atomics in partnership with Russia, and supported by Japan. Initially it was

to be used to burn pure ex-weapons plutonium in Russia. The preliminary design

stage was completed in 2001, but the program has stalled since. Areva’s Antares

also is based on the GT-MHR.

Table 4.3 summarizes key characteristics for the first two of the advanced

HTGRs and for other advanced reactor types.

South Africa’s Pebble Bed Modular Reactor (PBMR) draws on German THTR

(section “Gas-Cooled Reactor” and Fig. 4.14b) expertise. Production units would

be 165 MWe, ultimately using a direct-(Brayton) cycle gas-turbine generator with

thermal efficiency of about 41%. Power would be adjusted by changing the pressure

in the system.

Up to 450,000 fuel pebbles (Fig. 4.15a and c) recycle through the reactor

continuously (about six times each) until they are expended. The reactor will use

about 13 fuel loads in a 40-year lifetime. The on-line refueling can facilitate

operational cycles with as long as 6 years between shutdowns.

Fast-Neutron Reactors

The classic fast-neutron reactor has been the fast breeder reactor (FBR). Current

interest centers on their ability to provide unique nuclear fuel-cycle services, such

as breeding new fuel, consuming recycled nuclear waste as fuel, and supporting

140 R.A. Knief



government-sponsored nonproliferation efforts by consuming material from former

nuclear weapons [10].

About 20 liquid-metal fast breed reactors (LMFBR), mainly research units, have

accumulated some significant operating experience. Several countries have research

and development programs for improving their current designs, but generally less as

GEN-III efforts and more as a bridge to new GEN-IV reactors [2, 20].

The consummate LMFBR, France’s SuperPhenix (section “Light-Water Graph-

ite Reactors”), was optimized to run on plutonium fuel and to “breed” even more

plutonium fuel with a depleted uranium blanket around the core. The LMFBRs,

however, are expensive to build and could only be justified economically if uranium

prices were to rise dramatically above market price circa 2010. For this reason,

research work almost ceased for some years. Closure of the SuperPhenix after very

little operation over 13 years especially set back developments.

Primarily to address nonproliferation concerns, there apparently are no plans to

build any more plutonium-fueled fast reactors with blanket assemblies. Fast-reactor

concepts slated for the GEN-IV program simply have a core where both plutonium

production and consumption occur [20].

In Russia, the BN-600 – a fast breeder reactor with a conventional core-blanket

configuration – has supplied electricity to the grid since 1981 (and has had the best

operating and production record of all of the nation’s nuclear power units). Its

evolutionary BN-800 counterpart originally was fueled with uranium-oxide fuel,

but reconfigured to burn the plutonium from military stockpiles. Two BN-800 units

have been sold to China with construction slated to start in 2012. Further develop-

ment of the BN-series is slated to be with an integrated core to meet GEN-IV

nonproliferation goals. Russia also has interest in developing lead- and lead-

bismuth fast-neutron-reactor designs, having used these coolants in submarines.

Japan is continuing with development of the FBR. The Japan Standard Fast

Reactor (JSFR) is a breeder-like concept, but having a breeding ratio less than

unity.

Meanwhile in the USA, the modular liquid-metal-cooled inherently safe reactor

– PRISM (See the section “Liquid-Metal Reactors” and Fig. 4.27) – is continuing to

receive attention. It is a compact modular pool-type reactor with passive cooling for

decay heat removal. PRISM is considered a potential GEN-IV solution to closing

the fuel cycle in the USA.

Korea’s KALIMER (Korea Advanced LIquid MEtal Reactor) also is pool-type

sodium-cooled fast reactor. Having evolved from a smaller unit, it has a core

designed to transmute transuranic species and no breeding blanket. Future develop-

ment of KALIMER for GEN-IV is envisaged.

Research continues in India including on the unique track of using thorium –

which it has in abundance – in a breeding scheme with fissile 233U. The Kalpakkam

reactor is fueled with uranium-plutonium carbide and has a thorium blanket to

breed the 233U.
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Generation IV Nuclear Reactors

The GEN-IV International Forum (GIF) was initiated in 2000 as an international

collective committed to joint development of the next generation of nuclear tech-

nology. Currently six nuclear reactor technologies are under development for

deployment between 2020 and 2030 [21, 22].

All six technologies represent advances in sustainability, economics, safety,

reliability, and proliferation resistance. Most employ a closed fuel cycle to maxi-

mize the resource base and minimize high-level wastes that will need to be sent to

a repository.

Collectively, the reactors include thermal-, epithermal-, or fast-neutron spectra.

Coolants are light water, helium, sodium, lead-bismuth, and fluoride salt.

Temperatures range from 510�C to 1,000�C – compared with less than 330�C for

today’s LWRs. At the higher temperatures, thermochemical hydrogen production is

envisioned. Power ratings range all the way from 20 to 1,500 MWe (or equivalent

thermal).

At least four of the systems already have significant operating experience in

most respects of their design. This provides a good basis for further research and

development and prospects for commercial operation well before 2030.

Table 4.4 provides a comparison. (See also the following section “Future

Directions”.) Although six technologies were chosen, development on one of

them has gone in two different directions resulting in seven being listed in the

table. Summary descriptions of each are provided in the remainder of this section.

Supercritical water-cooled reactors (SWCR) use water coolant at extremely

high temperatures and pressures – thermodynamically in the “supercritical” fluid

regime. Such fluids are those above the thermodynamic critical point, defined as the

highest temperature and pressure at which gas and liquid phases can coexist in

equilibrium. They have properties between those of gas and liquid. For water the

critical point is at 374�C and 22 MPa, giving it a “steam” density one third that of

the liquid so that it can drive a turbine in a similar way to normal steam. A fleet of

over 400 supercritical coal-fired plants operating worldwide provides a solid expe-

rience base for reactor application [21].

Supercritical water obviates the need for a secondary steam system and drives

a turbine generator directly at 44% (and potentially up to 50%) efficiency. Designs

call for a high power level and include BWR-like pressure-vessel and CANDU-

variant pressure-tube options. Each will have passive safety features with fewer

components (e.g., none related to steam separator/driers) and relatively low capital

cost. Neutron-spectrum and fuel-cycle options combine in an interesting manner to

provide the potential for:

1. Thermal reactors with enriched uranium-oxide fuel and an open fuel cycle

2. Fast reactors with full actinide-element recycle and conventional reprocessing
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Very high-temperature gas reactors (VHTR) are thermal-neutron systems with

graphite moderator and helium coolant. Fuel can be (1) stacks of prism blocks or

(2) a pebble bed (section “Gas-Cooled Reactors” and Fig. 4.15). The “very high”

temperatures result in high thermodynamic efficiency which can be applied for

thermochemical hydrogen production with electricity cogeneration or direct high-

efficiency driving of a gas turbine (Brayton cycle). Essentially complete passive

safety, low operation and maintenance costs, and modular construction are

envisioned based on the HTGR (section “Gas-Cooled Reactors”) and PBR (section

“High-Temperature Gas-Cooled Reactors”) heritage.

Gas-cooled fast reactors (GFR) are the fast-neutron counterparts of the VHTR –

absent graphite moderator – described above. The design includes a thick steel

reactor pressure vessel and helium coolant. It is well suited for conventional

steam-electric generation, helium direct-drive gas turbine (Brayton cycle), and

thermochemical hydrogen production or other process heat. With the fast-neutron

spectrum, fuel of Pu, 238U, and Th can support a blanket-less breeding paradigm.

Sodium-cooled fast reactors (SFR), using liquid-sodium coolant, are progeny of

the LMFBR (section “Light-Water Graphite Reactors”). Configurations could be

loop-type or pool-type. Passive safety features are augmented by the coolant’s low

pressure and inherent natural-convection tendency. An initial core plus blanket

configuration is likely to be displaced by new core-only breeding designs with

depleted uranium integral to the fuel matrix. High-temperature operation is consis-

tent with electricity generation or a supercritical CO2 turbine. Fuel-related variants

include: (1) U-Pu metal fuel with actinide retention and on-site pyrometallurgical

processing and (2) conventional mixed Pu-U “mixed-oxide” (MOX) fuel and

advanced aqueous reprocessing elsewhere in central facilities.

Lead-cooled fast reactors (LFR) have similarity to the SCFR in terms of fast-

neutron spectrum, as well as liquid-metal coolant – here Pb or Pb-Bi eutectic – with

low pressure and natural convection. Russia has had multi-decade experience

with this technology in its nuclear submarine program. Design power levels range

from relatively small for modular units to large for single plants. A novel concept is

for a factory-built “battery” unit of 20–180 MWe with 15–20 year life for small

grids or developing countries. Operating temperatures are slated to be sufficient for

thermochemical hydrogen production. Fuel would be Pu and depleted uranium –

with an option to introduce thorium – in metal or nitride form.

Molten-salt reactors (MSR) – the most novel of the technologies – use uranium

dissolved in sodium (or zirconium) fluoride salt which serves as both the fuel and

the coolant. When the salt circulates through graphite core channels, the neutrons

are moderated to epithermal (i.e., average above, or faster than, thermal) energies

and can support a critical chain reaction. Outside of the core and absent proximity to

moderator, the salt is very highly subcritical. Similar to the metal-cooled reactors,

the molten salt has the inherent safety feature of operating at very low pressure.

An appropriately designed secondary loop can provide for electricity generation or

thermochemical hydrogen production.
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The MSR fuel requires no fabrication per se. Fissile inventory can be kept to

a minimal level as the plutonium, depleted uranium, and/or thorium fuel

constituents can be inserted at any time as needed. Actinides from outside sources,

e.g., to be transmuted by neutron irradiation to less hazardous form, can also be

added. Simultaneously, on-line and continuous removal of fission products and

recycle of self-generated actinides can be implemented.

There are two separate baseline MSR concepts. One is the (Molten Salt)

Advanced High-Temperature Reactor (AHTR) which has a graphite core similar

to that of the VHTR (and HTGR Fig. 4.15b). Use of a neutron-moderating, molten-

salt coolant, instead of helium, supports a much higher power density The other

version is the Molten Salt Fast Neutron Reactor (MSFR) with a graphite-free “core

tank with no internals” and molten-salt compositions which provide less moderation.

Future Directions

The future of nuclear power as a world energy source is a complex part of an overall

energy picture, a few aspects of which were summarized in the section “Definition

of the Subject.” Two recent studies – sponsored, respectively, by the Massachusetts

Institute of Technology (MIT) and the Electric Power Research Institute (EPRI) –

shed light on both future prospects and problems.

The Future of Nuclear Power

The MIT study, The Future of Nuclear Power (2003 report and 2009 update) – in its
own words – was “the most comprehensive, interdisciplinary study ever conducted

on the future of nuclear energy,” and concluded that “The nuclear option should be

retained precisely because it is an important carbon-free source of power” [4].

The study examines a growth scenario – characterized as “not a prediction, but

rather a study case in which nuclear power would make a significant contribution to

reducing CO2 emissions” – with the current deployment of 360 GWe of nuclear

capacity worldwide expanded to 1,000 GWe (1 Terawatt) of “carbon-free” power

by mid-century, keeping nuclear’s fraction of the electricity market about constant.

Correspondingly, the USA would triple its nuclear deployment from about 100

GWe to 300 GWe. (See also the subsequent section “New Nuclear Installations”.)

The credibility of such a scenario – and nuclear energy as an option – will be

largely determined in the forthcoming decade by the extent to which significant

progress is made on four unresolved problems:

1. High relative construction costs

2. Perceived adverse safety, environmental, and health effects
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3. Potential security risks stemming from proliferation

4. Unresolved challenges in long-term management of nuclear wastes

The up-front costs associated with nuclear power are higher than those for fossil-

fueled plants. However, the study was optimistic about ways to mitigate the costs,

and noted that, over time, the societal and environmental price of carbon emissions

could dramatically improve the competitiveness of nuclear power. The goal of 1

terawatt of “carbon-free” nuclear power by 2050 is certainly challenging, requiring

deployment of about 2,000 MW a month with an associated capital investment of

$2 trillion over several decades.

One key economic incentive has been a limited production tax credit –

a provision in the 2005 Energy Policy Act – to “first mover” private sector investors

who successfully build new nuclear plants. This tax credit is extendable to other

carbon-free electricity technologies and is not paid unless the plant operates. The

study also suggested the industry-wide cost-reduction options of placing near-term

emphasis on the once-through fuel cycle and delaying expensive development

projects pending progress on near-term deployments.

Public acceptance turns on the perception of safety, environmental, health

effects. Thus, performance, cost, and environmental acceptability of the technology

must be demonstrated to the public, political leaders, and investors. Having the

government develop enhanced capabilities to analyze life-cycle health and safety

impacts of fuel-cycle facilities is also recommended. It also is essential that NRC

regulations are developed and enforced diligently.

Security risks can be addressed by encouraging countries to forego the prolifer-

ation-risky nuclear technologies – enrichment and reprocessing – by offering

“a preferred position to receive nuclear fuel and waste management services from

nations that operate the entire fuel cycle.” Near-term emphasis on the once-through

fuel cycle also supports this scenario.

Long-term management of nuclear wastes is a huge problem, the solution for

which is key to public acceptance. Key to the resolution of this task is the capability

of the government to start moving spent fuel from reactor sites and to develop long-

term waste management research and development programs. (See also the follow-

ing section “New Nuclear Installations” with respect to spent-fuel management.)

According to a 2009 MIT update report [4], the initial 2003 study in the years

following its publication was credited with a significant impact on the public debate

both in the USA and abroad, including influence on the US Department of Energy’s

(DOE) nuclear energy research and development (R&D) program. Unfortunately,

in this same time frame, the challenges to greater nuclear-power deployment were

found to have remained largely the same – especially with no new US plants under

construction and insufficient progress on waste management – leading to: “The

sober warning. . .that if more is not done, nuclear power will diminish as a practical

and timely option for deployment at a scale that would constitute a material

contribution to climate change risk mitigation.”
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New Nuclear Installations

An EPRI summer seminar in 2007 entitled “Electricity Solutions for a Carbon-

Constrained Future” addressed “New Nuclear Installations” [6]. Whereas the MIT

study [4] focused primarily on policy, the EPRI nuclear effort provides a valuable

counterpoint on implementation.

At the time, nuclear power accounted for 73% of the emission-free generation in

the USA and was described as the only technologically mature, non-emitting

source of power that positioned to deliver large-scale CO2 reduction in the

upcoming decades. Employing a study target of 64 GW of new nuclear by

2030 – considered ambitious but achievable – key challenges were identified so

as to:

1. Keep the current nuclear power plants running safely and reliably for

60–80 years.

2. Build out the next generation of plants starting around 2015.

The existing fleet of light-water reactor (LWR) technology – generating approx-

imately 20% of the nation’s electricity and operating at an average capacity of

90% – establishes a platform of confidence for the nation to proceed with further

life extension of existing plants and to considerably expand the fleet using

advanced LWR designs.

3. Achieve consensus on a long-term strategy for spent fuel.

Almost all of the US operating plants have had, or are in the process of having,

their operating licenses extended from the initial 40–60 years. It is a reasonable

assumption that all units will be granted a 20-year life extension by about 2016.

Even while these life extensions are being finalized, the technical basis must be

laid for an additional 20-year extension – from 60 to 80 years – by confirming that

“. . .with sufficient maintenance, refurbishment, and upgrades, today’s plants could

[continue to] operate quite safely . . ..” “Ultimately, extending the life of our current

fleet an additional 20 years will be a business decision, which means that both

continued high safety performance and continued economic competitiveness must

be addressed.” Key among a wide variety of important milestones are assessing the

ability of passive components to continue safe performance, upgrading instrumen-

tation and controls to modern digital technology, and developing of higher-

performance fuels to extend the time between refueling outages and reduce

spent-fuel volumes.

Design development and prelicensing have produced advanced light-water reac-

tor (ALWR) designs (section “Advanced Reactors”) that are approaching the

“essentially complete design” status which will enable new plant orders to be

based on detailed cost and schedule estimates. ALWRs are already in operation

today or under construction around the world. At least fifteen US companies stated

their intent to file for NRC combined construction and operating licenses. Of a total
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of 30 reactors under consideration, most were slated for sites that have existing

units and were developed with such expansion in mind.

The first commercial operation of ALWRs in the USA could begin shortly after

2015. “The first new plants out of the box must be done very, very well. . .. They
must be executed thoughtfully, deliberately, and with the highest level of skill.” The

challenge is daunting. Then, the industry must sustain a much higher build rate out

to 2050 and beyond. The research, development, and demonstration (RD&D) –

with particular emphasis on the latter – focus for new advanced reactors should/

must include:

• Completing, in the short term, engineering work necessary for detailed cost and

schedule estimates for plant construction, and resolution of any remaining

regulatory issues

• Beginning now to lay the foundation for the high build rates, including bringing

capital costs and construction times down, addressing shortfalls in both physical

and workforce infrastructure, and dealing with a plethora of other issues

• Helping the US federal government advance the capabilities of the high-

temperature gas-cooled reactor (HTGR) from construction of an operational

prototype to enabling commercially available units, e.g., to take advantage of

the ability to produce electricity, provide process heat for industrial applications,

and – especially – cost-effectively generate hydrogen by emission-free methods

Finally, sustained expansion of nuclear generation ultimately requires the reso-

lution of spent-fuel management concerns. Although on-site interim storage in

concrete silos has been effective and safe for over two decades, imperatives of

economics, security, and sustainability will require establishing an integrated fuel

management system for the longer term, i.e., including centralized interim storage,

long-term geologic storage, and eventually, a closed fuel cycle. A well-thought-out,

deliberate consensus strategy on nuclear fuel storage is needed. Such a consensus

will allow for advanced reprocessing and separation technologies, reconditioning,

fuel manufacturing facilities, and effective application of GEN-IV fast-reactor

technologies.

Notes

Sandia National Laboratories is a multi-program laboratory managed and operated

by Sandia Corporation, a wholly owned subsidiary of Lockheed Martin Corpora-

tion, for the U.S. Department of Energy’s National Nuclear Security Administration

under contract DE-AC04-94AL85000.
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Chapter 5

Nuclear Fuel, Reprocessing of

Michael F. Simpson and Jack D. Law

Glossary

Actinides All elements including and beyond actininium

(Z> 89) in the periodic table. In spent fuel, the

major actinides of interest are uranium, pluto-

nium, neptunium, americium, and curium.

Cathode processor A high-temperature vacuum distillation fur-

nace used to separate salt from metallic

actinides deposited on an electrorefiner

cathode.

Centrifugal contactors Liquid–liquid extraction equipment used for

aqueous solvent extraction that consists of

a spinning rotor to intensely mix the different

phases.

Ceramic waste The glass-bonded sodalite matrix used to encap-

sulate waste salt from electrorefiner operation.

COEX™ French process for coextracting uranium and

plutonium using extraction methods similar to

PUREX.

Electrorefiner An electrochemical system used to separate

actinides from spent fuel using a molten salt

electrolyte.
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Experimental Breeder Reactor-II A sodium-cooled, fast test reactor operational

at Argonne National Laboratory-West from

1963 to 1994.

Geologic repository A permanent nuclear waste disposal site

located deep within a geological formation.

Metal waste The stainless steel–zirconium matrix used to

encapsulate cladding hulls and noble metals

left in anode baskets after U electrorefining is

completed.

Mixer-settler Liquid–liquid extraction equipment used for

aqueous solvent extraction requiring a rela-

tively large footprint.

Minor actinides Actinide elements other than U and Pu.

In spent fuel, the primary minor actinides of

concern are Np, Am, and Cm.

Noble metals Elements found in spent nuclear fuel that have

chloride forms that are thermodynamically less

stable than uranium chloride.

Pulsed columns Liquid–liquid extraction equipment used for

aqueous solvent extraction involving a single

column consisting of trays of perforated plates

to promote interphase mass transport.

Pyroprocessing Nuclear fuel treatment technology that uses

electrochemical reactors with molten salt

electrolytes to separate actinides from fission

products.

PUREX Nuclear reprocessing technology that separates

actinides from the spent fuel via liquid–liquid

extraction involving acidic aqueous and

organic liquid phases.

Spent fuel Nuclear fuel that has gone through at least one

irradiation cycle in a nuclear reactor. It con-

tains a mixture of actinides and fission

products.

Solvent extraction A separations method for extracting species

from a liquid phase. In this entry, it refers to

a process for removing uranium from spent

fuel that utilizes dissolution in acid followed

by liquid–liquid extraction between aqueous

and organic liquid phases.

UREX A variant of the PUREX process that separates

uranium from spent fuel without recovering

pure plutonium
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V-blender A v-shaped vessel that is designed to

efficiently blend two or more different kinds

of powders with or without applied heat.

Objective

The objective of this entry is to give a basic overview of the technology elements

behind nuclear fuel reprocessing. It should serve as a starting point for more

detailed study with the aid of the Bibliography section to obtain more technical

details on this subject. Several more process concepts have been proposed, tested,

and demonstrated other than those listed in this entry. For the sake of conciseness,

only two fundamentally different technologies have been described here – aqueous

and pyrochemical fuel reprocessing. In the case of pyrochemical fuel reprocessing,

focus has been placed on the LiCl-KCl electrorefining technology developed

originally at Argonne National Laboratory. The overall scope of nuclear fuel

reprocessing technology is too broad to cover in this entry.

Introduction

Nuclear reprocessing is the chemical treatment of spent fuel involving separation of

its various constituents. Principally, it is used to recover useful actinides from the

spent fuel. Radioactive waste that cannot be reused is separated into streams for

consolidation into waste forms. The first known application of nuclear reprocessing

was within the Manhattan Project to recover material for nuclear weapons. Cur-

rently, reprocessing has a peaceful application in the nuclear fuel cycle. A variety of

chemical methods have been proposed and demonstrated for reprocessing of nuclear

fuel. The two most widely investigated and implemented methods are generally

referred to as aqueous reprocessing and pyroprocessing. Each of these technologies

is described in detail in Sect. 3 with numerous references to published articles.

Reprocessing of nuclear fuel as part of a fuel cycle can be used both to recover

fissionable actinides (primarily U and Pu isotopes) and to stabilize radioactive

fission products into durable waste forms. It can also be used as part of a breeder

reactor fuel cycle that could result in an almost 70-fold increase in energy utiliza-

tion per unit of natural uranium [1]. Reprocessing can also impact the need for

geologic repositories for spent fuel. The volume of waste that needs to be sent to

such a repository can be reduced by first subjecting the spent fuel to reprocessing.

The extent to which volume reduction can occur is currently under study by the US

Department of Energy via research at various national laboratories and universities.

Reprocessing can also separate fissile and nonfissile radioactive elements for

transmutation.
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The current known reserves of uranium that can be economically harvested are

5.5 million metric tons U at a maximummarket price of about $80/lb. At the current

usage rate of 65,000 metric tons U/year, this quantity of uranium will last for about

85 years [2]. However, nuclear power expansion in India, China, and other

countries will soon lead to a substantial increase in the global usage rate for

uranium. Increased investment in uranium exploration will undoubtedly reveal

additional recoverable resources. And the inevitable increase in cost of uranium

will lead to a higher fraction of economically recoverable resources. Reprocessing

of spent fuel and use in light water reactors can also serve to improve efficiency of

uranium resource utilization. Estimates range from about 10% to 30% for reduction

of natural uranium usage as a result of reprocessing spent fuel and reuse in

nonbreeding reactors.

Reprocessing Technology

Aqueous Reprocessing

General Description

With this technology, nuclear fuel is dissolved into an acidic solution. The resulting

solution is then chemically processed to separate the metals of interest, typically

uranium and/or plutonium. Minor actinides as well as other fission products may

also be separated using advanced aqueous processes. Specific unit operations

utilized in the past primarily consist of precipitation and liquid–liquid extraction.

Precipitation was the primary method used in the defense industry initially for the

production of plutonium. Liquid–liquid extraction was later developed as an

improved method for reprocessing in the defense industry and also became the

primary method of reprocessing of commercial nuclear fuel internationally. Since

the vast majority of aqueous reprocessing applications continue to utilize

liquid–liquid extraction, this will be the primary focus of discussion in this entry.

Liquid–liquid extraction (also called solvent extraction) was initially utilized

in the petroleum industry beginning in the 1930s. It has since been utilized in

numerous applications including petroleum, hydrometallurgical, pharmaceutical,

and nuclear industries. Liquid–liquid extraction describes a method for separating

components of a solution by exploiting an unequal distribution of the component(s)

between two immiscible liquid phases. In most cases, this process is carried out by

intimately mixing the two immiscible phases, allowing for the selective transfer of

solute(s) from one phase to the other, then allowing the two phases to separate.

Typically, one phase will be an aqueous solution, usually containing the component

(s) to be separated, and the other phase will be an organic solvent, which has a high

affinity for some specific components of the solution. The process is reversible by

contacting the solvent loaded with solute(s) with another immiscible phase that has

156 M.F. Simpson and J.D. Law



a higher affinity for the solute than the organic phase. The transfer of solute from

one phase into the solvent phase is referred to as extraction and the transfer of the

solute from the solvent back to the second (aqueous) phase is referred to as back-

extraction or stripping. The two immiscible fluids must be capable of rapidly

separating after being mixed together, and this is primarily a function of the

difference in densities between the two phases.

While limited mass transfer can be completed in a single, batch equilibrium contact

of the two phases, one of the primary advantages of liquid–liquid extraction processes

is the ability to operate in a continuous, multistage countercurrent mode. This allows

for very high separation factors while operating at high processing rates. Countercur-

rent operation is achieved by repeating single-stage contacts, with the aqueous and

organic streams moving in opposite directions as shown in Fig. 5.1.

In this flow diagram, the aqueous feed stream containing the solute(s) to be

extracted enters at one end of the process (AN+1), and the fresh solvent (organic)

stream enters at the other end (O0). The aqueous and organic streams flow counter-

currently from stage to stage, and the final products are the solvent loaded with the

solute(s), ON, leaving stage N and the aqueous raffinate, A1, depleted in solute(s)

and leaving stage 1. In this manner, the concentration gradient in the process

remains relatively constant. The organic at stage O0 contains no solute(s), while

the raffinate stream is depleted of solute(s). Streams AN+1 and ON contain the

highest concentration of the solute(s).

For the process to be economical, the solvent must be recycled. In order to

recycle the solvent, the solute is subsequently stripped from the solvent, and the

solvent is then recycled back to the countercurrent extraction process. This allows

the solvent to be recycled indefinitely, until it has degraded (due to acid hydrolysis

or radiolytic degradation) or the solvent composition has changed due to solubility

in the aqueous phase and/or evaporation.

History of Aqueous Separation Technology

Aqueous separations processes for nuclear reprocessing evolved from early US

defense programs for the separation of Pu for weapons manufacture. The bismuth

phosphate process began operation at the Hanford Nuclear Reservation in 1944 for

the separation of Pu from irradiated slugs from the B reactor [3]. The first continu-

ous solvent extraction reprocessing plant replaced the bismuth phosphate process at

Hanford in 1952. This facility used the reduction oxidation (REDOX) process to

separate Pu. The REDOX process utilized methyl isobutyl ketone as an extractant.

1 2 N

FeedRaffinate

Fresh
solvent

A1

Loaded
solvent

O0 O1

A2

O2

A3 AN AN+1

ON–1 ON

Fig. 5.1 Countercurrent

multistage extraction process

flow diagram
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In the REDOX process, uranium and plutonium nitrate is preferentially extracted

from the fission products in a high salting strength aqueous solution [4, 5]. The

uranium and plutonium are then selectively stripped from the solvent by adjusting

the valence state of the Pu to back-extract it and use a low salting strength strip

solution to back-extract U. Additional cycles of extraction were used to decontam-

inate the products. General Electric’s Knolls Atomic Power Laboratory developed

the PUREX process in the 1950s. PUREX-based operations at Savannah River

F Canyon began in 1954 and replaced the REDOX process at Hanford in 1956 [3].

The PUREX process became the standard method of reprocessing used nuclear fuel

throughout the world.

PUREX Process Technology

PUREX-based reprocessing consists of leaching the spent fuel from the cladding

using a nitric acid solution, chemical adjustment and filtration of the resulting feed

solution, several cycles of solvent extraction to separate and purify the uranium and

plutonium, solidification of the resulting uranium and/or plutonium product, as well

as the waste solutions. The plutonium oxide product, with or without uranium, is

then recycled as mixed oxide (MOX) fuel. This resultingMOX fuel can be used as an

alternative to low-enriched uranium in light water reactors. MOX fuel is widely used in

Europe, and there are plans for use in Japan. About 40 reactors in Europe (Belgium,

Switzerland, Germany, and France) are licensed to useMOX fuel [6]. Existing aqueous

commercial reprocessing facilities throughout the world utilize, primarily, the PUREX

solvent extraction process or a variant of this process to accomplish the separation of

U and Pu. Pure plutonium can also be separated with this process and used to make

nuclear weapons.

The front end of the PUREX process involves mechanical chopping of the spent

nuclear fuel assemblies into small pieces (1 cm long) followed by leaching of the spent

fuel in a nitric acid solution. The chopped pieces of the pins, as well as spacers and

other fittings, must then be separated from the leached fuel solution. This has been

performed through the use of perforated baskets that hold the hardware, such as in the

batch operations performed at the THORP facility in the UK, or through the use of

a continuous dissolver, such as the wheel dissolver at the UP2 and UP3 plants in France

which holds the hardware in buckets formed in sections of the wheel as the wheel

rotates through the nitric acid solution [7]. The dissolver solution, after further

clarification and feed adjustment, is then processed through the use of the PUREX

technology to separate and purify the uranium and plutonium from the dissolver

product solution.

The PUREX process utilizes 20–40 vol% tributyl phosphate in a hydrocarbon

diluent to extract uranium and plutonium from the acidic solution resulting from

the dissolution of spent nuclear fuel. In general, metals in the +4 and +6 oxidation

state are extracted in the PUREX process. The chemical equilibria for U (VI) in

a nitrate media is
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UO2
2þ þ 2NO3

� þ 2TBP , UO2ðNO3Þ2 � 2TBP (5.1)

The chemical equilibria for the actinides in the +4 oxidation state is

An4þ þ 4NO3
� þ 2TBP Ð AnðNO3Þ4 � 2TBP (5.2)

Plutoniummaintained in the +4 oxidation state is, therefore, coextracted with the

U. Pu (III) and other actinides and lanthanides in the +3 or lower oxidation state are

not extracted in the PUREX Process. Neptunium, if maintained in the +6 oxidation

state, can be coextracted with the U and Pu. The strong extraction of the +4 and +6

oxidations states, along with the weak extraction of the other oxidations states,

results in the effective use of the PUREX process for separation of uranium and

plutonium from nearly all of the other metals present in the spent nuclear fuel.

A typical PUREX process first extraction cycle is provided in Fig. 5.2. The

solution resulting from the dissolution of the spent nuclear fuel is the feed to

the coextraction section of the flowsheet. The aqueous feed flows countercurrent

to the PUREX solvent, and the U and Pu are extracted by the TBP into the normal

paraffin hydrocarbon (NPH) organic phase. The loaded organic phase enters the

fission product (FP) scrub section in which a nitric acid scrub solution (approx. 2 M

HNO3) is used to remove coextracted fission products, such as Zr and Ru, from the

solvent. The scrub solution containing the Zr and Ru combines with the feed solution

entering the extraction section. The solvent then enters a Pu strip section in which the

Pu is back-extracted from the organic phase. This is accomplished by reducing the Pu

from the extractable +4 oxidation state to the inextractable +3 state. A strip solution

containing a reductant, such as hydroxylamine nitrate, U (IV), or ferrous sulfamate, is

typically used [8].

Reduction and back-extraction of the Pu also results in back-extraction of

a portion of the uranium. The strip product from the Pu strip section therefore

enters a uranium scrub section in which the Pu strip solution is contacted with a fresh

solvent feed to reextract this uranium into the organic phase. The organic phase

containing the reextracted U combines with the loaded solvent from the extraction

section which enters the Pu strip section. Once the Pu has been back-extracted from

the PUREX solvent, the solvent enters the uranium strip section, which utilizes dilute

nitric acid (typically 0.01 M HNO3) at elevated temperature to back-extract the U into

the aqueous phase.
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Fig. 5.2 Typical PUREX first cycle flowsheet
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The resulting solutions from the first cycle PUREX extraction process include

a solvent solution that is washed with a carbonate or hydroxide solution to remove

degradation products and recycled back to the extraction section, a raffinate stream

which is depleted of the U and Pu and disposed of as waste, and the Pu and

U product streams. The U and Pu product streams are typically further processed

with additional PUREX cycles to purify these streams [9].

PUREX Process Waste Treatment

The separation of the Pu and U from spent nuclear fuel results in a high-level waste

(HLW) requiring immobilization and storage. The immobilization technology

currently in use in the UK, France, and Japan is vitrification of the waste to form

a stable borosilicate glass waste form suitable for long-term storage [10]. The glass

waste produced is poured into canisters and are stored until long-term geological

storage is available. Appropriate geological repositories are currently being pursued

in these countries. Low (LLW) and intermediate-level wastes (ILW) are also

generated from aqueous reprocessing and require treatment and disposal.

Advanced Aqueous Separations Process Technology

Advanced aqueous separations processes are being developed throughout the world

including the USA, France, UK, Japan, Russia, and China. The goals of the devel-

opment of advanced aqueous processes include closing the nuclear fuel cycle and

reducing the proliferation risk of the technologies. Reduction in proliferation risk is

being addressed through development of modified PUREX processes which do not

separate pure plutonium. In addition, advanced separation processes are being

developed to separate the actinides for reactor recycle to close the fuel cycle.

Advanced Aqueous Reprocessing Strategies

Numerous strategies are being developed internationally for advanced aqueous

reprocessing processes. The goals of these processes typically are to accomplish

separations beyond the Pu and U that is separated with the PUREX process in order

to reduce the volume, radiotoxicity, and heat generation of the spent nuclear fuel. The

components targeted include the minor actinides as a group, the short-lived fission

products (Cs and Sr), and/or individual actinides, such as Am. The minor actinides or

Am separated from the spent fuel would be recycled for burning in a fast reactor.

If separated, the Cs and Sr could be placed into decay storage.

A wide variety of advanced processes are currently being developed to accom-

plish these advanced separations. Major research efforts on advanced processing

are ongoing in France, Japan, UK, USA, China, and Russia [11–17]. These

technologies are at various stages of maturity, and none have been implemented

into full-scale reprocessing facilities to date.
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Advanced aqueous processing has the potential to significantly reduce the

volume, heat load (long and short-term), and radiotoxicity of HLW requiring

disposal in a geological repository [18]. These processes, however, will result in

the generation of a significant quantity of LLW requiring treatment and disposal.

These wastes include spent solvent, solvent treatment solutions, and decontamina-

tion solutions, among others. Additionally, solid waste is generated from facility

operations (e.g., gloves, shoe covers, cleaning supplies, filters) and will require

treatment and disposal.

The primary focus of recent development of advanced PUREX processes is to

prevent the separation of pure Pu, thus reducing proliferation risk, as well as

controlling Np and Tc chemistry to allow for the extraction of these metals.

In France, the COEX™ process is being developed which coextracts the U and

Pu and produces a Pu/U product instead of a pure Pu product [19]. This is

accomplished by adjusting the chemistry of the PUREX process to allow some

U to be back-extracted from the solvent with the Pu. The process also uses

a coconversion process to produce a (Pu, U) oxide product. Coextraction of Np is

also being evaluated with the COEX™ process to produce a (Pu, U, Np) oxide

product [19]. The Rokkasho reprocessing plant in Japan, which has been

constructed and is currently undergoing operational testing, also uses a PUREX

process that has been modified to combine uranium with the separated plutonium in

a 50/50 mix prior to denitration [20]. In the USA, the uranium extraction (UREX)

process has been developed which separates the uranium from spent nuclear fuel.

The UREX process is a modification of the PUREX process in which the Pu

is prevented from extracting with the U by adding acetohydroxamic acid as

a reductant/complexant [21, 22].

Aqueous Reprocessing Equipment

The solvent extraction equipment utilized for industrial-scale aqueous reprocessing

must enable continuous processing at high throughputs while efficiently mixing and

separating the two phases. In the nuclear industry, specific constraints, such as remote

operation and maintenance, must be considered, since the solutions processed

are highly radioactive. There are three basic types of equipment used in industrial-

scale nuclear solvent extraction processes: mixer-settlers, columns, and centrifugal

contactors. A detailed description of the three types of equipment follows.

Mixer-Settlers. This equipment consists of a small mixing chamber followed by

a larger gravity-settling chamber as shown in Fig. 5.3. Each mixer-settler unit

provides a single stage of extraction. The two phases enter the mixing section

where they are mixed using an impeller. The two-phase solution flows into the

settling section where the phases are allowed to separate by gravity due to their

density differences. Typical mixer settlers have mixing times on the order of a few

minutes and settling times of several minutes. The separate phases exit the settling

section by flowing over a weir (less dense phase – typically organic) or through

an underflow then over a weir (more dense phase – typically aqueous). The
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separation interface is controlled by the height of the weirs on the outlets of

the settler section. Only minimal instrumentation is required, and mechanical

maintenance is limited to occasional mixing motor replacement. In a countercurrent

process, multiple mixer settlers are installed with mixing and settling chambers

located at alternating ends for each stage (since the outlet of the settling sections

feed the inlets of the adjacent stage’s mixing sections).

Mixer-settlers are best suited for usewhen a process requires longer residence times

and when the solutions are easily separated by gravity. They require a large facility

footprint, but do not require much headspace and need limited remote maintenance

capability for occasional replacement of mixing motors [23, 24].

Columns. There are two basic types of columns employed industrially, packed

columns and pulse columns with plates or trays. Packed columns are filled with

some type of packing material, such as Raschig rings, to create a tortuous path for

the two solutions as they flow through the column (typically aqueous feed down-

ward and solvent upward), ensuring that the two phases are in constant contact.

Packed columns have no moving parts and are relatively simple to operate, but they

are not very efficient. Since columns do not have discrete stages, such as mixer-

settlers or centrifugal contactors, the number of stages is determined by the height

equivalent of a theoretical stage (HETS) [25]. For most packed columns, this HETS

of extraction is usually several feet, meaning that a countercurrent process utilizing

several stages to effect a given separation factor would require very tall columns.

To reduce the height of a theoretical stage in the column, other packing (trays or

perforated plates) is used and mechanical energy is applied to force the dispersed

phase into smaller droplets, improving mass transfer. The most common type of

column used today, particularly in the nuclear industry, is the pulse column.

In a pulse column, liquids are continuously fed to the column and flow counter –

currently, as is done with a packed column; but mechanical energy is applied to

pulse the liquids in the column up and down. This is normally done by injecting

Aqueous out

Organic out
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section
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Fig. 5.3 Diagram of a mixer-

settler
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pressurized air into a pulse leg that pushes liquid into the column, then venting the

pulse leg to fill the pulse leg with solution from the column. The pulse action lifts

and lowers the solution in the column, usually only a few inches. The column is

filled with perforated plates or other plates to promote droplet formation as the

dispersed phase is pushed through the plates. This pulsing action reduces droplet

size of the dispersed phase and improves mass transfer. A perforated plate pulse

column is shown in Fig. 5.4. There are a number of plate designs used. Early

pulse columns used sieve plates, which are flat plates with holes drilled into them.

A more effective plate is the nozzle plate, which has different contours on the top

and bottom of the plate (making it directional, in that, it must be configured

according to the continuous phase in the column). The French and Japanese pulse

columns employ a disk and doughnut configuration, where the plates are solid (no

openings) but the alternating plates enable effective contacting of the phases [25].

The separation interface is controlled during column operation using bubble

probes in the disengaging section. The probes are interfaced to a controller that

drains heavy phase from the bottom of the column. The bubble probes allow

operators to monitor the weight of the column, which gives them a good indication

of column performance, by determining the ratio of heavy and light phases in the

column. In addition, pulsing devices and pulse speed controllers are required as
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pulse frequency and amplitude must be controlled during operation. Periodic

maintenance is required only for the pulsing equipment, which is located out of

cell, above the columns. Pulse columns are used when a process requires interme-

diate residence times, as adjusting flow rate easily varies residence time. They

require a small facility footprint, but do require much headspace (typically 40–50

ft). Pulse columns do not need remote maintenance capability, as all moving parts

(pulser equipment) are located outside the shielded cell. Extensive literature has

been published on pulse columns [9, 27–29]. Pulse columns are the primary type of

aqueous separation equipment utilized in the nuclear industry today.

Centrifugal Contactors. Centrifugal contactors, like mixer-settlers, are discrete-

stage units, providing one stage of extraction per unit and are readily linked

together as each rotor pumps separated fluids to the next stage inlet in each

direction. The primary difference between a centrifugal contactor and a mixer-

settler is the separation of the two-phase mixture. Centrifugal contactors employ

a spinning rotor that intensely mixes the two phases and separates the two phases

inside the rotor where the centrifugal forces can be as high as 300 g. This results in
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Fig. 5.5 Cutaway view of an operating centrifugal contactor
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efficient and fast phase separation. The separated phases exit the contactor by

overflow and underflow weirs, similar to a mixer-settler. A cutaway view of an

operating centrifugal contactor is shown in Fig. 5.5.

Centrifugal contactors have high single-stage efficiency (routinely greater than

95% of theoretical for chemical processes with rapid kinetics). Process flow

interruptions cause no loss of process concentration profiles if centrifugal contactor

rotors are kept spinning. Thus centrifugal contactor-based processes can be paused

for a period of time sufficient to reestablish flow or even replace a motor without

significant loss of product or rework. Centrifugal contactors require minimal

instrumentation for process operation. Computer control via commercial software

allows monitoring of motor amperage, rotor rpm, inlet flow rates, temperatures, and

many other process parameters. Centrifugal contactors are used when a process

requires short residence times, on the order of several seconds. They require a small

facility footprint and minimal headspace, but they do require remote maintenance

capability for periodic removal of the motor and/or rotor.

Centrifugal contactors have been the subject of much recent development work

over the past 40 years, while the designs of pulse column and mixer-settlers has

changed little over the same time period [30–32]. Early designs included a paddle

wheel to mix the phases below the spinning rotor [33]. This precluded removal of

the rotor assembly. The annular centrifugal contactor was subsequently developed,

which allowed the motor and rotor assembly to be easily removed [34]. Other

designs included multistage units, units for low-mix applications (higher phase

separation), and clean-in-place units that have an array of internal spray nozzles to

facilitate solids removal as necessary [35–37]. Design of remote operation and

maintenance capabilities has also continued, resulting in more efficient remote

handling [38, 39].

Pyroprocessing

General Description

Pyroprocessing is currently considered an alternative reprocessing technology to

the more commonly used aqueous processing technology. Pyroprocessing

accomplishes separations by way of high-temperature electrorefining. It is yet to

be implemented on a large scale, limited to date to laboratory-scale and engineer-

ing-scale experimentation and demonstration. Much of the current state of the art

for pyroprocessing was developed during the Integral Fast Reactor (IFR) program,

which was carried out at Argonne National Laboratory from about 1984 to 1995

[40, 41]. With the shutdown of Experimental Breeder Reactor-II in 1995, the IFR

program was converted into a spent fuel treatment program to safely treat the 25

metric tons of heavy metal from that reactor [42]. Pyroprocessing utilizes molten

salt electrolytes as the media rather than acidic aqueous solutions and organic

solvents [43]. These electrolytes are principally used to support electrochemical

separations such as uranium electrorefining and electrolytic reduction of oxide fuel.
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The process includes vacuum furnaces that accomplish salt/metal separations and

melt metal deposits into ingots for either waste disposal or fuel fabrication. Ceramic

and metal waste streams are generated that immobilize fission products and,

optionally, plutonium and minor actinides into high-level waste forms. For eventual

commercial implementation, it is expected that plutonium and minor actinides will

be recycled and used for fast reactor fuel fabrication. While this technology is yet to

reach the commercialization stage, it has been the subject of extensive, govern-

ment-funded research and development worldwide in addition to the EBR-II spent

fuel treatment work in the USA. For example, the Republic of Korea is currently

pursuing a strategy of developing pyroprocessing technology for treatment of spent

fuel from their commercial light water reactors to minimize volume of HLW and

possibly extract fissile actinides for eventual fabrication of fast reactor fuel [44, 45].

Russia has already demonstrated production of MOX based on pyroprocessing and

plans to develop a closed fuel cycle using the technology by 2020.

While PUREXand related aqueous reprocessing technology has superiormaturity,

pyroprocessing does have unique benefits that make it a credible alternative and in

some cases a preferred alternative. This includes use of process liquids that are more

stable than organics in the presence of high radiation fields, improved criticality safety

due to the lack of neutron moderators in the process, and waste processing that is

integrated with the separations flowsheet.

Process Technology

There are many variants of the pyroprocessing flowsheet, but the IFR scheme

shown in Fig. 5.6 can be used as a reference, as it contains all of the key unit

operations.

The electrorefiner is at the center of the flowsheet and is used to perform the

primary separation of actinides from fission products [46, 47]. It contains a molten

salt electrolyte – typically LiCl-KCl-UCl3 maintained at 450–500�C. The eutectic
composition of LiCl-KCl (44.2 wt% LiCl, 55.8 wt% KCl) is maintained to keep the

melting point at approximately 350�C. The UCl3 content varies depending on

desired operating conditions from about 0.5–10 wt%. It is used as a charge carrier

for electrotransport through the electrolyte. After the spent fuel is chopped into

segments, it is loaded into anode baskets, and the baskets are lowered into the

electrorefiner. As current is passed between the anode and cathode, U metal is

oxidized to U3+ at the anode and reduced back to metallic form at the steel cathode.

The deposit contains high purity uranium and is typically dendritic. An example of

a U cathode deposit is shown in Fig. 5.7.

Transuranic (TRU) elements and active metal fission products are oxidized

electrochemically or via reaction with uranium chloride in the salt and enter the

electrolyte. Under normal conditions, Pu and minor actinides cannot deposit at

the cathode, because their back-reaction with UCl3 is thermodynamically sponta-

neous. However, codeposition of U and TRU can be achieved via a combination of

elevating the TRU to U ratio in the salt and utilizing a liquid cadmium cathode

(LCC). In the molten cadmium phase, TRU elements have a very low activity
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coefficient compared to U. This allows for TRU metals to be present in quantities

comparable to that of uranium in the cadmium. Alternative methods are currently

being investigated to corecover U and TRU without the need for an LCC.

Fission product elements segregate between the anode basket and the molten salt

during the electrorefining process. Noble metals such as Tc, Ru, and Rh remain with

the cladding hulls in the anode basket. Active metals that typically include Group

I and II elements in addition to lanthanides are oxidized to chloride form and

accumulate in the salt. If sodium metal is used as a bonding agent, as in the case

of EBR-II fuel, this sodium is oxidized to sodium chloride, which accumulates in

the ER electrolyte.

Note in Fig. 5.6 that both metal fuel and oxide fuel can be treated via

pyroprocessing. Treatment of metallic fuel is relatively straightforward due to the

fact that it is already in a state compatible with the ER. Oxide fuel must first be

converted to metallic form. This can be accomplished in an oxide reduction step.

Various methods have been investigated for reducing spent oxide fuel. Early efforts

were focused on chemical reduction via lithium. Similar to electrorefining, a molten

salt is used for carrying out this reaction. In this case, it is LiCl saturated with lithium

metal at 650�C. The lithium reduction reaction is as follows [47].

4Liþ UO2 ! 2Li2O (3)

high level
ceramic
waste

ceramic
waste

furnace

zeolite and
fission products zeolite

columns

salt and
fission products

Actinides
for recycle

cathode
processor

U and actinides

salt

electrorefiner

cladding and noble metals

metal

oxide

oxide reduction

salt recycle

spent fuel

saltmetal waste
furnace

high level
metal
waste

glass frit

Fig. 5.6 Fuel Processing Flowsheet for the Integral Fast Reactor Program
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More recently, a similar process based on electrochemical reactions has been

favored for development. It also uses a vessel containing molten LiCl at 650�C, but
it contains lithium oxide in the salt rather than lithium metal. The reactions for the

electrolytic process are shown below [49].

UO2 þ 4e� ! U þ 2O2�2O2� ! O2 þ 4e� (5.4)

The generated oxygen bubbles out of the salt as a gas and can be sent to an off-

gas treatment system to remove any entrained or volatile contaminants. The

advantages of the electrolytic method based on the above reactions are that lithium

oxide concentration in the molten salt can be kept low (1 wt%), and there is no need

for a separate vessel to regenerate lithium metal from lithium oxide.

U or U/TRU product deposited on the cathode in the electrorefiner is transferred

to a cathode processor, which is essentially a vacuum distillation furnace. The salt is

separated from the metals and recycled to the electrorefiner. The purified metals can

be fed into a process for fabricating metallic fuel for fast reactors. For the case of the

EBR-II Spent Fuel Treatment process, the cathode processor operates at a tempera-

ture up to 1200�C and achieves pressures less than 1 torr.

After an electrorefining run, the anode basket contains the cladding hulls, undis-

solved actinides, inert fuel matrix material such as zirconium, adhering salt, and noble

metal fission products such as Tc, Mo, Rh, and Ru. All of this material is removed from

Fig. 5.7 Dendritic uranium

deposit on electrorefiner

cathode
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the anode baskets and loaded into an inductively heated vacuum distillation furnace

that is used to distill adhering salt and consolidate the metals into an ingot. The metal

ingot becomes a waste form that has been tested and shown to be suitable for disposal

in an HLW repository [50, 51].

Electrorefiner salt becomes progressively more contaminated with fission

product chlorides as well as sodium chloride in the process of treating fuel. Once

the contamination level has exceeded a predetermined limit, the salt must be

removed from the electrorefiner and either disposed or processed through

a purification step and returned to the electrorefiner. The basis for that limit can

be fission product decay heat, salt melting point, or criticality limits. Another

potential limiting factor is contamination of the metallic actinide products recov-

ered in the cathode processor. High concentrations of rare earth fission products in

the salt, for example, have been shown to lead to high rare earth contamination

levels in the actinide product. The process flow sheet shown in Fig. 5.6 includes

zeolite ion exchange columns for achieving this salt purification. Zeolite-A has

been shown to exhibit selectivity for the fission product ions when in contact with

molten chloride salt [52–55]. Other alternatives that have been considered for

treating the salt to remove fission products and other contaminants include selective

precipitation, zone freeze refining, and adsorption by nonzeolitic materials [56].

The current baseline technology for dealing with the salt waste from

electrorefining EBR-II spent fuel is to nonselectively immobilize the salt into

a ceramic waste form consisting of glass-bonded sodalite [57, 58]. In this process,

salt is removed from the electrorefiner, sized via crushing and milling to a fine

particulate, and absorbed into zeolite-4A in a high-temperature blending operation.

A V-blender capable of heating and mixing particulate material to 500�C is used for

this absorption step. Prior to being loaded into the V-blender, it is necessary to dry

the zeolite to less than 1 wt% water. This drying is used to maximize salt absorption

in the zeolite while minimizing evolution of water vapor in a high-temperature,

corrosive environment. Drying the zeolite should also minimize pores in the final

ceramic waste form. Zeolite drying is accomplished via mechanically fluidizing the

zeolite under vacuum at temperatures up to 550oC [57, 58]. Heating the zeolite-4A

to temperatures of 600�C or higher has been determined to cause structural damage

that inhibits its ability to absorb salt [59]. Final consolidation into the ceramic waste

form occurs after borosilicate glass binder has been mixed with the salt-loaded

zeolite, loaded into a steel canister, and heated to a maximum temperature of

915–950�C. During the process of consolidation, the zeolite-A phase converts to

sodalite. In the glass-bonded sodalite waste form, the fission products are

distributed between the glass and sodalite phases [60].

If an ion exchange process with zeolite-A has been used to selectively remove

fission products from the salt, the resulting fission product-loaded zeolite-A can be

similarly converted into a glass-bonded sodalite ceramic waste form. Zeolite-A used

for ion exchange is typically in pelletized form and must be milled to a fine particulate

prior to blending with additional dried zeolite-4A and borosilicate glass. The flowsheet

shown in Fig. 5.6 includes zeolite ion exchange followed by conversion of this zeolite

into the ceramic waste form.
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Future Directions

In the USA, the current focus is on research and development into both aqueous

reprocessing and pyroprocessing technology to support a future decision on closing

the fuel cycle. The US Department of Energy (2009) has established the Fuel Cycle

Research and Development program for carrying out this research in national

laboratories and universities. At this time, there are no large-scale demonstration

projects planned. Meanwhile, plans to open a geologic repository for spent nuclear

fuel and waste in Nevada’s Yucca Mountain have been suspended. The government

has commissioned a study to evaluate alternative options for disposal of the spent fuel

and waste.

In Japan, the main option for reprocessing spent nuclear fuel is based on aqueous

process technology. The Rokkasho plant based on such technology is currently

operational with a design capacity of 800 tons of spent light water reactor fuel per

year, extracting up to 8 tons of plutonium per year for MOX fuel production.

Pyroprocessing is considered an option for fast reactors once they have been

included in the Japanese energy fleet. A commercial fast reactor is not planned

for completion in Japan until about 2050.

In France, advanced aqueous processing technologies are being developed and

assessed to support future recycling of Am and Cm or the minor actinides together

with U and Pu to fast reactors. Pilot-scale demonstration is planned within the next

decade with a goal of industrial deployment to support the deployment of Generation

IV fast reactors. France is also in the process of selecting a site for a geological

repository for disposal of HLW with a goal to open the repository in 2025. Research

related to the study of geological formations and the capacity as a deep geological

repository for HLW is being conducted at the Meuse/Haute Marne Underground

Research Laboratory located in Bure, France.

Russia is currently reprocessing spent fuel from civilian power reactors as well

as spent HEU fuel from naval and other reactors at Mayak’s RT-1 aqueous

reprocessing plant. The Experimental-Demonstration Center (EDC), which will

be a 100 metric tons/year pilot facility for evaluation of the fuel cycle based on

modified PUREX extraction technology, is currently being designed. This facility

will also be used to develop other advanced processing technologies for processing

used fuel from thermal reactors. The current goal is to support completion of a new

aqueous reprocessing facility around 2025. Research is also actively being

performed relative to pyroprocessing technologies for the processing of spent fuel

from future fast reactors. To this end, the Multipurpose Pyroprocessing Complex

(MPC) is being designed at the Research Institute of Atomic Reactors (RIAR) to

support molten salt processing development at a capacity of up to 2,500 kg fast

reactor used fuel per year.

In South Korea (Republic of Korea), on-site wet storage capacity for spent

nuclear fuel at its twenty operating nuclear power plants is rapidly approaching

current limits. In December 2008, Atomic Energy Commission of South Korea

decided to develop a closed fuel cycle associated with pyroprocessing and sodium
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fast reactors (SFR) with metallic fuels. A demonstration SFR is planned to operate

from 2030 initially with U-Zr metal fuels and later with recycled U/TRU/Zr metal

fuels produced from pressurized water reactor (PWR) spent nuclear fuel in

a pyroprocessing facility that is planned to be operated from 2025. Pyroprocessing

technology research and development continues at Korea Atomic Energy Research

Institute with plans to build an engineering scale facility by 2016. Aqueous

reprocessing technology is currently not being actively studied and is not consid-

ered a candidate for commercialization in the Republic of Korea. The lack of

a high-level waste repository is another problem faced by the country due to

severely limited land resources. Waste minimization is, thus, a major objective

with pyroprocessing technology research and development in South Korea.
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Chapter 6

GEN-IV Reactors

Taek K. Kim

Glossary

Breeding ratio Ratio of fission atom production to fissile atom destruction

during a certain time interval in a nuclear system.

Closed fuel cycle

(full recycle)

One of the nuclear fuel cycle options, in which all actinides

in the used nuclear fuel are separated and recycled to reduce

the radiotoxicity of a geological repository while enhancing

uranium utilization.

Energy

sustainability

Ability to meet the energy needs of the present generation

while enhancing the ability of the future generation. In

GEN-IV, the sustainability is measured by utilization of

uranium resource without creating any weakness in econom-

ics and environmental goals.

GFR Gas-cooled Fast Reactor, which features a fast reactor and

closed fuel cycle.

GIF Generation IV international forum, which is a cooperative

international endeavor organized to carry out the R&D

needed to establish the feasibility and performance

capabilities of GEN-IV nuclear systems.

LFR Lead-cooled Fast Reactor, which features a fast reactor and

closed fuel cycle.

MSR Molten Salt Reactor, which features thermal, epithermal, or

fast reactor and closed fuel cycle.
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Open fuel cycle

(once-through

cycle)

One of the nuclear fuel cycle options, in which the used

nuclear fuel discharged from a nuclear system is stored for

some period of time and disposed in a geological repository

isolating from environment.

Pyroprocessing The complete set of operations developed in USA. Integral

Fast Reactor program based on the pyrometallurgical and

electrochemical processes for recovering actinide elements

from the used nuclear fuel and recycling them.

SCWR Supercritical Water Reactor, which features either thermal

or fast reactor and open or closed fuel cycle.

SFR Sodium-cooled Fast Reactor, which features a fast reactor

and closed fuel cycle.

Uranium utilization Ratio of uranium mass used in a nuclear system for energy

generation to the uranium mass required by the nuclear

system in a nuclear fuel cycle option.

VHTR Very-High-Temperature Reactor, which features a thermal

reactor and open fuel cycle.

Definition of the Subject

Generation-IV reactors are a set of nuclear reactors currently being developed

under international collaborations targeting sustainability, safety and reliability,

high economics, proliferation resistance, and physical protection of nuclear energy.

Nuclear systems have been developed over a number of decades and have evolved

to the third generation from the first generation of prototypes constructed in 1950s

and 1960s, via the second generation of the commercial reactors operated world-

wide after 1970s. While the third generation nuclear systems are currently proposed

to the potential customers and under constructions with significant evolutionary in

economics and safety based on lessons learnt through plenty reactor operations,

nuclear experts from around the world began formulating the requirements for

a generation IV of nuclear systems concerning over energy resource availability,

climate change, air quality, and energy security. Six systems have been selected for

further R&D as generation IV nuclear systems by Generation IV International

Forum (GIF), which is a cooperative international endeavor organized to carry

out the R&D needed to establish the feasibility and performance capabilities of

Generation IV systems. The six systems are Gas-cooled Fast Reactor, Lead-cooled

Fast Reactor, Molten Salt Reactor, Sodium-cooled Fast Reactor, Supercritical-Water

Reactor, and Very-High-Temperature Reactor.
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Introduction

Nuclear energy systems have evolved up to the third generation: a first generation

of prototypes constructed in 1950 and 1960; a second generation of commercial

nuclear power plants built from 1970, most of which are in operation today; and

a third generation of advanced nuclear reactors, called Generation III/III+, which

incorporate technical progress based on lessons learnt through more than 10,000

reactor-years of operation. While the generation III/III+ nuclear systems are cur-

rently proposed to the potential customers and under constructions with significant

evolutionary in economics and safety, nuclear experts from around the world

indicated that further advances in nuclear energy systems are required to better

meet the rapid growth of environment friendly, highly economic, and secure

nuclear energy in both industrialized and developing countries. In particular, it is

now globally recognized that the nuclear energy is the practically available massive

energy source without greenhouse gas emission among numerous options. To meet

these needs, the international nuclear community has engaged in a wide-range

discussion on the development of next generation nuclear energy systems known

as Generation IV (GEN-IV) targeting the deployment around 2030. Figure 6.1

shows the evolution of the nuclear energy systems.

Nine countries, Argentina, Brazil, Canada, France, Japan, the Republic of Korea,

the Republic of South Africa, the UK, and the USA, have initially joined together to

form the Generation IV International Forum (GIF) [1] for developing GEN-IV

nuclear systems that can be licensed, constructed, and operated in a manner that will

provide competitively priced and reliable energy products while satisfactorily

addressing nuclear safety, waste, proliferation, and public perception concerns.

Now, the GIF consists of 13 membership countries added by China, Euratom,

Russia, and Switzerland, and two permanent observers of International Atomic

Energy Agency (IAEA) and the Organization for Economic Cooperation and

Development Nuclear Energy Agency (OECD/NEA).
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Fig. 6.1 Evolution of nuclear systems
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Beginning in 2000, more than 100 of nuclear experts from the countries

constituting the GIF began to discuss for development of the GEN-IV technology

roadmap in order to select the GEN-IV nuclear systems. As the first effort in the

technology roadmap project [2], eight goals for the GEN-IV were defined in

the four broad areas as shown in Table 6.1.

Since the eight goals are all equally important, the promising GEN-IV systems

should ideally advance each and not create a weakness in one goal to gain strength

in another. Under this central feature of the technical roadmap project, a series of

GIF meeting was held in 2002 to conduct the selection process of the GEN-IV

nuclear energy systems. The candidate systems were screened by the GIF expert

group and six nuclear systems were selected on a consensus of the GIF member-

ship countries such that the systems are the most promising and worthy of

collaborative developments. The selected six systems for further R&D are

alphabetically

– Gas-cooled Fast Reactor System (GFR),

– Lead-cooled Fast Reactor System (LFR),

– Molten Salt Reactor System (MSR),

– Sodium-cooled Fast Reactor System (SFR),

– Supercritical-water-cooled Reactor System (SCWR),

– Very-High-Temperature Reactor System (VHTR).

Table 6.1 Goal for generation IV nuclear energy systems

Sustainability 1 Generation IV nuclear energy systems will provide

sustainable energy generation that meets clean air

objectives and promotes long-term availability of

systems and effective fuel utilization for worldwide

energy production.

Sustainability 2 Generation IV nuclear energy systems will minimize

and manage their nuclear waste and notably reduce

the long-term stewardship burden, thereby improving

protection for the public health and the environment.

Economics 1 Generation IV nuclear energy systems will have a clear

life-cycle cost advantage over other energy sources.

Economics 2 Generation IV nuclear energy systems will have a level of

financial risk comparable to other energy projects.

Safety and Reliability 1 Generation IV nuclear energy systems operations will excel

in safety and reliability.

Safety and Reliability 2 Generation IV nuclear energy systems will have a very low

likelihood and degree of reactor core damage.

Safety and Reliability 3 Generation IV nuclear energy systems will eliminate the

need for off-site emergency response.

Proliferation Resistance

and Physical Protection 1

Generation IV nuclear energy systems will increase the

assurance that they are a very unattractive and the least

desirable route for diversion or theft of weapons-usable

materials, and provide increased physical protection

against acts of terrorism.
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GEN-IV Nuclear Systems

In Table 6.2, the primary characteristics of the GEN-IV nuclear systems are

summarized. In the roadmap project, it was recognized that the GIF countries

would have perspectives on their priority missions for GEN-IV nuclear systems,

which can be summarized as electricity generation, hydrogen production, and

high-level radioactive material management. All six GEN-IV nuclear systems

have electricity applications, while the high temperature and fast neutron spectrum

are required for the hydrogen generation and high-level radioactive material man-

agement, respectively. The high temperature systems such as VHTR, GFR, LFR,

and MSR have potential applications in hydrogen production. By reprocessing and

recycling of actinides, the fast reactor systems such as SFR, GFR, and LFR would

provide a significant reduction in radiotoxicity of all wastes.

GFR – Gas-cooled Fast Reactor

The Gas-cooled Fast Reactor system features a fast-spectrum helium-cooled reactor

and closed fuel cycle. Figure 6.2 shows the schematic of the GFR, which uses

a direct-cycle helium turbine for electricity. Like thermal-spectrum helium-cooled

reactors such as the Gas Turbine-Modular Helium Reactor (GT-MHR [3]) and the

Pebble Bed Modular Reactor (PBMR [4]), the high outlet temperature of the helium

coolant makes it possible to deliver not only electricity, but also process heat for

hydrogen production with a high conversion efficiency. Through the combination

of a fast-neutron spectrum and closed fuel cycle options, the GFR can manage the

high-level radioactive waste isotopes.

The technology base for the GFR includes a number of thermal-spectrum gas

reactor plants, as well as a few fast-spectrum gas-cooled reactor designs. Past pilot

and demonstration projects include decommissioned reactors such as the Dragon

Project [5] built and operated in the UK, the AVR [6] and the Thorium High-

Temperature Reactor (THTR [7]) built and operated in Germany, and Peach

Bottom and Fort St Vrain [8] built and operated in the USA. Ongoing

demonstrations include the High-Temperature engineering Test Reactor

Table 6.2 Summary of GEN-IV nuclear systems

Coolant Neutron spectrum Coolant exit temp. (�C) Fuel cycle Size (MWe)

GFR Helium Fast 850 Closed 1,200

LFR Lead Fast 480–800 Closed 50–1,200

MSR Fluoride salt Fast/thermal 700–800 Closed 1,000

SFR Sodium Fast 550 Closed 30–2,000

SCWR Water Thermal/fast 510–625 Open/closed 300–1,500

VHTR Helium Thermal 900–1,000 Open 250–300
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(HTTR [9]) in Japan, which reached full power (30 MWth) using prismatic fuel

compacts in 1999, and the High-Temperature Gas-cooled Reactor (HTR-10 [10]) in

China, which reached 10 MWth in 2002 using pebble fuel.

A 300-MWth pebble bed modular demonstration plant is being designed by

PBMR Pty for deployment in South Africa and a consortium of Russian institutes is

designing a 300-MWth GT-MHR in cooperation with General Atomics. The design

of the PBMR and GT-MHR reactor systems, fuel, and materials are evolutionary

advances of the demonstrated technology, except for the Brayton-cycle helium

turbine and implementation of modularity in the plant design. The GFR may benefit

from development of these technologies, as well as development of innovative fuel

and very-high-temperature materials for the VHTR.

Spent fuel treatment for the GFR can be accomplished with aqueous processes

similar to those of the SFR but qualified for the unique GFR fuel form. A composite

ceramic–ceramic fuel (CERCER) with closely packed, coated (U, Pu)C kernels or

Helium
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Heat sinkHeat sink
Reactor

Control
rods

Reactor
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Pro
cooler
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Compressor

Fig. 6.2 Gas-cooled fast reactor
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fibers is considered as the primary option for fuel development. Alternative fuel

options for development include fuel particles with large (U, Pu)C kernels and thin

coatings, or ceramic-clad, solid-solution metal (CERMET) fuels. The need for

a high density of heavy metal elements in the fuel leads to actinide-carbides as

the reference fuel and actinide-nitrides with 99.9% enriched nitrogen as the backup.

The reference material for the structure is reinforced ceramic comprising a silicon

carbide composite matrix ceramic. The fuel compound is made of pellets of mixed

uranium-plutonium-minor actinide carbide. A leaktight barrier made of a refractory

metal or of Si-based multilayer ceramics is added to prevent fission products’ diffusion

through the clad.

Neither experimental reactors nor prototypes of the GFR system have been

licensed or built; therefore, the construction and operation of a first experimental

reactor – 50 MWth Experimental Technology Demonstration Reactor (ETDR [11])

– is proposed with an extended performance phase to qualify key technologies.

A technology demonstration reactor would qualify key technologies and could be

put into operation by 2025.

Unlike the VHTR, which uses its considerable thermal mass to limit the rise of core

temperature during transients, the GFR requires the development of a number of

unique subsystems to provide defense in depth for its considerably higher power

density core. These include a robust decay heat removal system with added provisions

for natural circulation heat removal, such as a low-pressure-drop core. The secondary

circuit uses a He–N2 gas mixture with an indirect combined (Brayton and bottoming

steam) power cycle to achieve more than 45% thermal efficiency.

A gastight envelope acting as additional guard containment is provided to

maintain a backup pressure in case of large gas leak from the primary system.

It is a metallic vessel, initially filled with nitrogen slightly over the atmospheric

pressure to reduce air ingress potential. This unique component limits the

consequence of coincident first and second safety barrier rupture (i.e., the fuel

cladding and the primary system). Dedicated loops for decay heat removal (in

case of emergency) are directly connected to the primary circuit using cross duct

piping from the pressure vessel and are equipped with heat exchangers and blowers.

Many of the structural materials and methods are being adopted from the VHTR,

including the reactor pressure vessel, hot duct materials, and design approach. The

pressure vessel is a thick metallic structure of martensitic chromium steel, ensuring

negligible creep at operating temperature. The primary system is comprised of three

main loops of 800 MWth, each fitted with compact intermediate heat exchangers

and a gas blower enclosed in a single vessel.

As a high-temperature and high-power density system, the GFR gives special

attention to safety and materials management for both economics and nonprolifer-

ation. During the viability phase that is underway now, there is special interest in

examining the use of pin-type fuel with a small diameter, fuel and core performance

optimized for a simplified GFR having no minor actinide recycle, but with limited

Pu breeding and low fuel burnup, core outlet temperature optimized to balance

efficiency with materials limits, and the potential of prestressed concrete vessel

technology to replace the guard vessel.
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LFR – Lead-cooled Fast Reactor

The Lead-cooled Fast Reactor is similar to the sodium-cooled fast reactor in terms

of neutron spectrum, fuel cycles, and the missions, but the coolant materials are

changed to lead (Pb) or lead–bismuth (Pb–Bi). The lead coolant exhibits very low

parasitic neutron absorption in fast neutron spectral environment, and this enables

the sustainability and fuel cycle benefits traditionally associated with SFR. How-

ever, lead does not react readily with air, water, or carbon dioxide, which can

eliminate the concerns about vigorous exothermic reactions. It has a high boiling

temperature. The need to operate under high pressure and the prospect of boiling or

flashing in case of pressure reduction are eliminated. Figure 6.3 shows the schematic

of the LFR.

There are several potentials for advances compared to state-of-the-art liquid

metal fast reactors. Innovations in heat transport and energy conversion are

a central feature of the LFR options. Innovations in heat transport are afforded by

natural circulation, lift pumps, in-vessel steam generators, and other features.

Innovations in energy conversion are afforded by rising to higher temperatures
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than liquid sodium allows, and by reaching beyond the traditional superheated

Rankine cycle to supercritical Brayton cycle or process heat applications such as

hydrogen production and desalination. The favorable neutronics of coolant enable

low power density, natural circulation-cooled reactors with fissile self-sufficient

core designs that maintain criticality over 15-year refueling interval. For modular

and large units, more conventional higher power density, forced circulation, and

shorter refueling intervals are used, but these units benefit from the improved heat

transport and energy conversion technology. The favorable properties of lead

coolant and nitride fuel, combined with high-temperature structural materials can

extend the reactor coolant outlet temperature up to 800�C, which is potentially

suitable for hydrogen manufacture and other process heat applications.

Two types of LFR reactors were used in Russian submarines of the 1970s with the

155 MWth LFR reactors, OK-550 and BM-440. Recently, Russian joint venture

AKME Engineering announced to develop a commercial LFR called SBVR-100

[12]. The core is based on the former LFR reactors used in the submarines and will

produce 100MWe electricity fromgross thermal power of 280MWth, about twice that

of the submarine reactors. The coolant is 495�Cand 16.5%enriched uraniumoxide fuel

is used with the refueling schedule of 7–8 years. The small lead-cooled fast reactor

concept known as the small secure transportable autonomous reactor (SSTAR [13]) has

been under ongoing development as part of the US advanced nuclear energy systems

programs (see Fig. 6.4). It is a system designed to provide energy security to developing

nations while incorporating features to achieve nonproliferation goals. A 600 MWe

European Lead-cooled system (ELSY [14]) has been under development since 2006.

The ELSY project aims at the demonstration that it is possible to design a competitive

and safe fast power reactor using simple technical engineered features.

The LFR is mainly envisioned for electricity and hydrogen production and high-

level radioactive material management. The proposed LFR options include a long

refueling interval battery ranging from 50 to 150 MWe, a modular system from 300

to 400 MWe, and a large monolithic plant at 1,200 MWe. The LFR battery option

(like SSTAR) is a small factory-built turnkey plant operating on a closed fuel cycle

with very long refueling interval (15–20 years) cassette core or replaceable reactor

module. Its features are designed to meet market opportunities for electricity

production on small grids, and for developing countries that may not wish to deploy

an indigenous fuel cycle infrastructure to support their nuclear energy systems. Its

small size, reduced cost, and full support fuel cycle services can be attractive for

these markets. It had the highest evaluations to the GEN-IV goals among the LFR

options, but also the largest R&D needs and longest development time.

The options in the LFR class may provide a time-phased development path: the

nearer-term options focus on electricity production and rely on more easily devel-

oped fuel, clad, and coolant combinations and their associated fuel recycle and

refabrication technologies. The longer-term option seeks to further exploit the

inherently safe properties of lead and raise the coolant outlet temperature sufficiently

high to enter markets for hydrogen and process heat, possibly as merchant plants.

The technologies employed are extensions of those currently available from the

Russian submarine lead-bismuth alloy-cooled reactors, from the Integral Fast
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Reactor (IFR [15]) metal alloy fuel recycle and refabrication development, and

from the Advanced Liquid Metal Reactor (ALMR [16]) passive safety and modular

design approach. Existing ferritic stainless steel and metal alloy fuel, which are already

significantly developed for sodium fast reactors, are adaptable to lead-bismuth-cooled

reactors at reactor outlet temperatures of 550�C.
Corrosion of structural materials in lead is one of the main issues for the LFR.

Recent experiments confirm that corrosion of steels strongly depends on the

operating temperature and dissolved oxygen. Indeed, at relatively low oxygen

concentration, the corrosion mechanism changes from surface oxidation to dissolu-

tion of the structural steel. Moreover, relationships between oxidation rate, flow

velocity, temperature, and stress conditions of the structural material have been

observed as well. The compatibility of ferritic and austenitic steels with lead has

been extensively studied and it has been demonstrated that generally below 450�C,
and with an adequate oxygen activity in the liquid metal, both types of steels build

up an oxide layer which behaves as a corrosion barrier. However, above about

500�C, corrosion protection through the oxide barrier appears to fail and is being

addressed with various candidate materials. The prospects for extending much

above this temperature are not proven at this time.
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MSR – Molten Salt Reactor

TheMolten Salt Reactor uses a molten salt mixture as a primary coolant. Systematic

analysis of parameters such as reprocessing time, moderation ratio, core size, and

content of heavy nuclei in the salt has resulted in several attractive reactor

configurations, in thermal, epithermal, or fast neutron spectrum. The use of

a molten salt coolant in a solid-fuel system has been investigated, known as the

Advanced High-Temperature Reactor (AHTR [17]), which adapts VHTR fuel form

and heat exchanger technology. However, in most MSRs, the fuel is dissolved in the

molten salt coolant. Thus, the MSR has unique characteristic compared to other

GEN-IV systems: i.e., online refueling and reprocessing are allowed without reactor

shutdown because the fuel can move. In addition, the MSR have the following

characteristics, which may afford advances: good neutron economy and alternatives

for actinide burning or conversion, potential for hydrogen production with high

operating temperature, low stresses on the vessel and piping with a very low vapor

pressure, enhanced safety by fail-safe drainage, passive cooling, and a low inventory

of volatile fission products, etc. Fig. 6.5 shows the schematic of the MSR concept

with dissolved fuel.

The MSR was first developed in the late 1940s and 1950s for aircraft propulsion.

The Aircraft Reactor Experiment (ARE [18]) was a 2.5 MWth nuclear reactor experi-

ment designed to attain a high-power density for use as an engine in a nuclear powered
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bomber. One experiment used the molten fluoride salt NaF-ZrF4-UF4 (53-41-6 mol%)

as fuel, was moderated by beryllium oxide, used liquid sodium as a secondary coolant,

and had a peak temperature of 860�C. It operated for a 1,000 h cycle in 1954. The

8 MWth Molten Salt Reactor Experiment (MSRE [19]) was operated from 1965 to

1969 to demonstrate many features, including lithium/beryllium fluoride salt, graphite

moderator, stable performance, off-gas systems, and use of different fuels such as

U-233, U-235, and plutonium.

Recently, two MSRs were proposed: Thorium Molten Salt Reactor (TMSR

[12]), and FUJI mini-MSR [12]. Figure 6.6 shows the 1,000 MWe TMSR with

graphite moderator. Its operating temperature is 630�C and its thermodynamic effi-

ciency is 40%. The salt used is a binary salt, LiF-(HN)F4, with the (HN)F4 content set to

22%, corresponding to amelting temperature of 565�C. TheU-233 enrichment is about

3%.Agraphite radial blanket surrounds the core to improve breeding performance. The

reprocessing time of the total salt volume is specified to be 6 months, with external

storage of the Pa and complete extraction of the fission products andTRU. It is assumed

that theU-233 produced in the blanket is also extracted every 6months. The FUJImini-

MSR is a 100 MWe molten-salt-fueled thorium fuel cycle thermal breeder reactor

being developed internationally by Japanese, Russian and US consortium. Like all

molten salt reactors, the core is chemically inert under low pressures to prevent

explosions and toxic releases.

There are four fuel cycle options: (1) maximum breeding ratio (up to 1.07) using

a Th and U-233 fuel cycle, (2) denatured Th and U-233 converter with minimum

inventory of nuclear material suitable for weapons use, (3) denatured once-through

actinide burning (Pu and minor actinides) fuel cycle with minimum chemical

processing, and (4) actinide burning with continuous recycling. The fourth option

with electricity production is favored for the GEN-IV MSR. Fluoride salts with

higher solubility for actinides such as NaF/ZrF4 are preferred for this option. Salts

with lower potential for tritium production would be preferred if hydrogen produc-

tion was the objective. Lithium and beryllium fluorides would be preferred if high

conversion was the objective. On-line processing of the liquid fuel is only required

for high conversion to avoid parasitic neutron loses of Pa-233 that decays to U-233

fuel. Off-line fuel salt processing is acceptable for actinide management and

hydrogen or electricity generation missions.

The reactor can use U or Th as a fertile fuel dissolved as fluorides in the molten

salt. Due to the thermal or epithermal spectrum of the fluoride MSR, Th achieves

the highest conversion factors. However, before sufficient fissile is bred for

maintaining the criticality, the MSR requires low-enriched uranium or other fissile

materials. The operating temperature ranges from the melting point of eutectic

fluorine salts (about 450�C) to below the chemical compatibility temperature of

nickel-based alloys (about 800�C).
The R&D will focus on fuel salt cleanup, including pyrochemical separation

technologies, extraction of gaseous fission products and noble metals by gas bub-

bling, tritium speciation and control, and conversion of various waste streams into

final waste forms. The research will gradually advance from laboratory scale to

larger and more integrated demonstrations. MSR burner and breeder fuel cycles will
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be evaluated and comparedwith other nuclear systems. This includes examination of

the burning of actinides from other nuclear systems, startup of MSRs on various

actinides, avoidance of the generation of most actinides by use of thorium fuel

cycles, and alternative breeder reactor fuel cycles.

The MSR also addresses research related to the compatibility of fuel and coolant

salts with core and structural materials and challenging MSR subsystem integrity:

reactor components and reprocessing unit regarding mechanical and corrosion resis-

tance. The high temperature, salt reduction-oxidation potential, radiation fluence, and

energy spectrum pose a serious challenge for any structural alloy in an MSR. The

designof a practical systemdemands the selectionof salt constituents suchasLiF,NaF,

BeF2, UF4, ThF4, and PuF3 that are not appreciably reduced by available structural

metals and alloys whose component Fe, Ni, and Cr can be in near equilibriumwith the

salt. Small levels of impurities in the salt may also aggressively corrode the metallics.

Circulating fuel raises challenges within the core such as the loss of delayed

neutrons, temperature differences between the salt, reflectors, and moderator, which

requires the coupling between neutronics, thermal-hydraulics, salt composition, and

properties of the MSR.

SFR – Sodium-cooled Fast Reactor

The Sodium-cooled Fast Reactor features a fast-spectrum reactor and closed fuel-

recycle system. Including electricity generation, the primary mission for the SFR

could be either enhancement of the uranium resource utilization or high-level

radioactive material management, which depends on the SFR designs. Historically,

the enhancement of the uranium resource utilization was the primary mission of the

SFR by achieving a high breeding ratio, but the mission was recently shifted for

consuming transuranics (plutonium and other long-lived radioactive material) in

a very low breeding ratio core. The latter has been studied under the Global Nuclear

Energy Partnership (GNEP), which was initiated to seek worldwide consensus on

enabling expanded use of economical carbon-free nuclear energy to meet growing

electivity demand. The GNEP adopted a fully closed nuclear fuel cycle option that

enhances energy security while improving proliferation risk management. One of

the major goals of the GNEP is to design and demonstrate a SFR for actinide

management like the Advanced Burner Reactor (ABR, [20]).

Based on the arrangement of the primary coolant pump and intermediate heat

exchanger (IHX), there are two options for the SFR systems: pool type and loop

type (see Figs. 6.7 and 6.8). The primary pump and IHX are placed inside the

reactor vessel in the pool type, while these two components are located outside

reactor vessel by connecting them trough pipes. A hybrid option [21] of the pool

and loop types has also been proposed.

The experiences on design, construction, and operation provide important input

into the design process and have the potential to influence the maturity of the
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various fast reactor concepts. The greater the number of operating experience years,

the greater the opportunity to modify the design based on operating lessons learned.

The SFR relies on technologies already developed and demonstrated for sodium-

cooled reactors and associated fuel cycles that have successfully been built and

operated in worldwide fast reactor programs. Overall, approximately 300 reactor

years of operating experience have been logged on SFRs including 200 years on

smaller test reactors and 100 years on larger demonstration or prototype reactors.

Thus, the technical readiness level, which indicates how soon a system could be

deployed, of the SFR is most matured among the six GEN-IV systems.

In the USA, the SFR technology was employed in the 20 MW-electric Experi-

mental Breeder Reactor II (EBR-II [22]) that operated from 1963 to 1994. EBR-II

R&D included development and testing of metal fuel and passive safety tests. The

400 MWth Fast Flux Test Facility (FFTF [23]) was completed in 1980 (Fig. 6.9).

The FFTF operated successfully for 10 years with a full core of mixed oxide (MOX)

fuel and performed SFR materials, fuels, and component testing. The US SFR

development program stalled with cancellation of the Clinch River demonstration

reactor in 1983, although US-DOE research for advanced SFR technology

continued until 1994. The SFR experience also extends to the commercial sector

with the operation of Detroit Edison’s FERMI-1 plant from 1963 to 1972.

Significant SFR research and development programs are being conducted in

China, France, India, Japan, Russia, and Republic of Korea. The most modern fast

reactor construction project was the 280 MWe MONJU (Japan) that was completed

in 1990, which will be restarted soon. The construction of 20 MWe Chinese

Experimental Fast Reactor (CEFR) and coolant sodium loading was completed in

2009, and the full power operation is expected in 2010. India operates 40 MWth

Fast Breeder Test Reactor (FBTR) since 1985 and 500 MWe Prototype Fast

Breeder Reactor (PFBR) is under construction. The only current fast reactor for

electrical generation is the Russian BN-600 that has reliably operated since 1980,

and the BN-800 is under construction.

Fig. 6.9 Fast Flux

Test Facility
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A range of plant size options are available for the SFR, ranging from a battery

type systems of a hundred MW-thermal to large monolithic reactors of 3,500 MW-

thermal. The sodium coolant outlet temperature is limited by the material

properties. Coolant outlet temperatures are typically less than 550�C; however,
further increase is considered.

A large margin to coolant boiling is achieved by design, and is an important

safety feature of these systems. Another major safety feature is that the primary

system operates at essentially atmospheric pressure, pressurized only to the extent

needed to move fluid. Sodium reacts chemically with air, and with water, and

thus the design must limit the potential for such reactions and their consequences.

To improve safety, a secondary sodium system acts as a buffer between the

radioactive sodium in the primary system and the steam or water that is contained

in the conventional Rankine-cycle power plant.

Metallic and oxide fuel forms are available for the SFR. The metallic fuel was

originally chosen in the early fast reactor programs because of its high density,

compatibility with the liquid metal coolant, relative easiness to fabricate, and

excellent thermal conductivity. In the late 1960s, before the full potential of

metallic fuels were established, the interest worldwide for fast reactor fuel turned

toward the oxide fuel, because the achievable burnup is limited by a large irradia-

tion swelling. However, the development and irradiation test of metallic fuels

continued though the 1970s and it was discovered that the metallic fuel can achieve

a high burnup by allowing room for fuel to swell. In addition, the metallic fuel was

focused again in the recent fast reactor programs because of its potential passive

safety benefits.

The high burnup potential, rich experiences in commercial water-cooled

reactors, and the existence of established industry for manufacturing were the

critical factors that motivated interest in oxide fuel for the liquid-metal-cooled

fast reactors. However, the low heavy metal density and low thermal conductivity

are the principal disadvantages of the oxide fuel. The low density is unfavorable to

implement a compact core and increase the breeding ratio or cycle length. The low

thermal conductivity leads to high temperature gradient from fuel to coolant. As

a result, the oxide fuel stores significant amount of Doppler reactivity in the normal

operation condition and it provides the unfavorable positive reactivity feedback

during an unprotected severe accident.

Recently, the mixed carbide and nitride fuels have been given attention as the

alternative fuels for sodium-cooled fast reactor on the basis of their high density,

compatibility with sodium coolant, high melting temperature, and excellent thermal

conductivity although they are ceramic fuel like a mixed oxide fuel.

The SFR require a closed fuel cycle to enable their advantageous actinide

management and fuel utilization features. There are two primary fuel cycle technol-

ogy options: an advanced aqueous process and the pyroprocess [15] which derives

from the term, pyrometallurgical process. Both processes have similar objectives:

recovery and recycle of more than 99.9% of the actinides, inherently low decontam-

ination factor of the product, making it highly radioactive, and never separating

plutonium at any stage for nonproliferation. These fuel cycle technologies are
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adaptable to thermal spectrum fuels in addition to serving the needs of the SFR.

Thus, the reactor technology and the fuel cycle technology are strongly linked.

Due to the flexibility of the conversion ratio depending on the core design

options, the SFR can be operated in three distinct fuel cycle roles. A conversion

ratio less than 1 (“burner”) can reduce long-lived radioactive waste. A conversion

ratio near 1 can increase the uranium utilization without feeding additional enriched

uranium. A conversion ratio greater than 1 (“breeder”) affords a net creation of

fissile materials. An appropriately designed fast reactor has flexibility to shift

between these operating modes; the desired actinide management strategy will

depend on a balance of waste management and resource extension considerations.

Regarding economics, the reduction of the plant capital costs is crucial. A number of

innovative SFR design features have been proposed: configuration simplifications,

improved Operations &Maintenance (O&M) technology, advanced reactor materials,

advanced energy conversion systems, fuel handling, etc.

With regard to reactor safety, technology gaps center around two general areas:

assurance of passive safety response and techniques for evaluation of bounding

events. The advanced SFR designs exploit passive safety measures to increase

reliability. The system behavior will vary depending on system size, design

features, and fuel type. R&D for passive safety will investigate phenomena such

as axial fuel expansion and radial core expansion, and design features such as self-

actuated shutdown systems and passive decay heat removal systems. The ability to

measure and verify these passive features must be demonstrated. Associated R&D

will be required to identify bounding events for specific designs and investigate the

fundamental phenomena to mitigate severe accidents.

Finally, the development of SFR technology provides the opportunity to design

modern safeguards directly into the planning and building of new nuclear energy

systems and fuel cycle facilities. Incorporating safeguards into the design phase for

new facilities will facilitate nuclear inspections conducted by the International

Atomic Energy Agency (IAEA). The goal of this oversight is to always have an

accurate grasp of the current inventory through the utilization of advanced

technologies to verify the characteristics of the security system (accountancy,

detection, and promptness) and the physical protection characteristics (physical

protection measures, the monitoring level, and security measures) and for ensuring

robust design to guarantee these characteristics. It is also necessary to maintain

transparency and openness in terms of information to more effectively and effi-

ciently monitor and verify nuclear material inventories.

SCWR – Supercritical Water-cooled Reactor

The Supercritical Water-cooled Reactor is a water-cooled reactor like Light Water

Reactor (LWR) operated commercially, but the SCWR is operated above the

thermodynamic critical point of water (374�C, 22.1 MPa). Figure 6.10 shows the

SCWR system.
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The specific heat increases drastically and the water density decreases without

boiling of water around the thermodynamic critical point. As a result, the SCWR has

unique features that may offer advantages compared to state-of-the-art PWRs:

Higher plant thermal efficiency compared to LWRs due to the higher operating

temperature. Low density of water without boiling allows the direct cycle like

Boiling Water Reactor (BWR), but steam dryers, steam separators, recirculation

pumps, and steam generators are not necessary, and as a result, the SCWR can be

a simpler plant with fewer major components. Lower-coolant mass flow rate per unit

core thermal power results from the high heat capacity of the supercritical

water. This offers a reduction in the size of the reactor coolant pumps, piping, and

associated equipment, and a reduction in the pumping power. Lower-coolant mass

inventory results from the once-through coolant path in the reactor vessel and the

lower-coolant density. This opens the possibility of smaller containment buildings.

No boiling crisis (i.e., departure from nucleate boiling or dry out) exists due to the

lack of a second phase in the reactor, thereby avoiding discontinuous heat transfer

regimes within the core during normal operation.
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The SCWR systems may have a thermal [24], fast [25], or mixed-neutron

spectrum [26] depending on the core design. The Japanese supercritical light

water reactor (SCLWR) with a thermal spectrum has been the subject of the most

development work in the last 10–15 years. The SCLWR reactor vessel is similar in

design to a PWR vessel (although the primary coolant system is a direct-cycle,

BWR-type system). High-pressure (25.0 MPa) coolant enters the vessel at 280�C.
The inlet flow splits, partly to a downcomer and partly to a plenum at the top of the

core to flow down through the core in special water rods. This strategy provides

moderation in the core. The coolant is heated to about 510�C and delivered to

a power conversion cycle, which blends LWR and supercritical fossil plant tech-

nology; high-, intermediate-, and low-pressure turbines are employed with two

reheat cycles.

The SCWR can also be designed to operate as a fast reactor. The difference

between thermal and fast versions is primarily the amount of moderator material

in the SCWR core. The fast spectrum reactors use no additional moderator material,

while the thermal spectrum reactors need additional moderator material in the core.

The mixed-spectrum SCWR was proposed not only to achieve all advantages of

SCWR but also the actinide management. The core uses two coolant flow paths:

outer zone with high density water and inner zone with low density water (see

Fig. 6.11). Thus, the inner zone features fast neutron spectrum, while the outer zone

features thermal spectrum. By recycling TRU in the fast zone, the mixed-spectrum

SCWR is capable of keeping all TRU in the reactor.

Much of the technology base for the SCWR can be found in the existing LWRs

and in commercial supercritical-water-cooled fossil-fired power plants. However,

there are some relatively immature areas. There have been no prototype SCWRs

built and tested. For the reactor primary system, there has been very little in-pile

research done on potential SCWR materials or designs, although some SCWR

in-pile research has been done for defense programs in Russia and the United

States. Limited design analysis has been underway over the last decade in Japan,

Canada, and Russia. For the balance of plant, there has been development of turbine

generators, piping, and other equipment extensively used in supercritical-water-

cooled fossil-fired power plants.

The ability to use proven uranium oxide fuel greatly simplifies the application of

fuel and fuel cycle technology to the SCWR. However, the supercritical water is

known to challenge the corrosion/erosion performance of current cladding technol-

ogy, and R&D is focused on advanced cladding materials.

There are several unique components needed for the SCWR, including the reactor

pressure vessel or pressure tubes and its internal structural components, moderator

channels, control rods and drives, the condenser and high-pressure pumps, valves, and

seals. The reactor pressure boundary must operate above the high pressure (22.1MPa)

of supercriticalwater. Thismay be addressedwith thicker sections, and thermal stresses

can be avoided with a thermal sleeve for the outlet nozzle.

Zirconium-based alloys, common in water-cooled reactors, may not be a viable

material without thermal and/or corrosion-resistant barriers. Based on available

data for other alloy classes, there is no single alloy that has received enough study to
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unequivocally ensure its performance in an SCWR. Another key need of this system

will be an enhanced understanding of the chemistry of supercritical water. Water

above its critical point is accompanied by dramatic changes in chemical properties.

Its behavior and degradation of materials is further accelerated by in-core radioly-

sis, which preliminary studies suggest is markedly different than what would have

been predicted by simplistic extrapolations from conventional reactors.

The approach to development of materials and components will build on evalu-

ation of candidate materials with regard to corrosion and stress corrosion cracking,

strength, embrittlement and creep resistance, and dimensional and microstructural

stability; the potential for water chemistry control to minimize impacts as well as

rates of deposition on fuel cladding and turbine blades; and measurement of

performance data in an in-pile loop. All of these are critical to establishing viability

of the SCWR.

The SCWR leads the way among GEN-IV systems in the development of

advanced materials for water coolant. In fact, the diffusion of this technology into

current generation light and heavy water reactors seems assured. However, much

remains to be done: the thermal-hydraulic performance during normal and off-

normal operation, as well as postulated accidents, needs to be addressed both with

advances in the design and safety approach as well as the analysis tools. Issues to be

addressed include the basic thermal-hydraulic phenomenon of heat transfer and

fluid flow of supercritical water in various geometries, critical flow measurements,

the strong coupling of neutronic and thermal-hydraulic behavior, leading to

concerns about flow stability and transient behavior, validation of computer codes

that reflect these phenomena, and definition of the safety and licensing approach as

distinct from current water reactors, including the spectrum of postulated accidents,

flow instability, etc.

VHTR – Very-high-temperature Reactor

The Very-high-temperature Reactor is a graphite-moderated, helium-cooled reactor

like GT-MHR and PBMR capable of generating electricity, but the coolant output

temperature is significantly increased up to 1,000�C. In Fig. 6.12, the schematic of

the VHTR is depicted. The higher temperatures of this reactor open the door for

industrial heat processing opportunities, in particular, for hydrogen production.

The annual US demand for hydrogen is over 12 million tons, and expected to

grow to over 30 million tons by 2030. Industry uses hydrogen for fossil fuel

refining, treating metals, and food processing. Hydrogen is currently produced

primarily from steam methane reforming using fossil fuel as a heat source. Hydro-

gen can also be produced by various processes using a high-temperature gas-cooled

reactor as the primary energy source.

Use of nuclear energy as the heat source of a large-scale hydrogen production

operation would result in substantially lower carbon emissions over a natural
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gas-fired steam methane reforming operation. A 600 MWth VHTR dedicated to

hydrogen production can yield over 2 million normal cubic meters per day.

The VHTR can also generate electricity with high efficiency, over 50% at 1,000�C.
The VHTR has been evolved from gas-cooled reactor experiences and

extensive international databases that can support its development. The basic

technology for the VHTR has been well established in former gas-cooled reactors,

such as DRAGON, Peach Bottom, AVR, THTR, and Fort St Vrain, and is being

advanced in concepts such as the GT-MHR and PBMR. The ongoing 30-MWth

HTTR project in Japan is intended to demonstrate the feasibility of reaching outlet

temperatures up to 950�C coupled to a heat utilization process, and the HTR-10 in

China will demonstrate electricity generation at a power level of 10 MWth. The

former projects in Germany and Japan provide data relevant to the VHTR

development.

The VHTR core uses TRISO particles to form a pebble bed or prismatic fuel

element (see Fig. 6.13). The TRISO particle, which has a small diameter of less than

1.0 mm, has a fuel kernel in the form of uranium oxide. The enrichment of the

uranium is dependent on the core design purposes. The kernel is subsequently

coated with a porous carbon layer (to hold fission gases), a dense pyrolytic carbon

layer, a silicon carbide layer, and finally another pyrolytic carbon layer. The

coatings surrounding the kernel of TRISO particles produce a very robust fuel

form by acting as the containment boundary for the radioactive material. These

coatings work in much the same way as the massive reinforced concrete structure

surrounding the light water reactors currently in service.

Control
rods

Graphite
reactor
core

Graphite
reflector

Blower

Reactor Hellum
coolant

Heat
exchanger

Heat sink

Pump

Water

Oxygen

Hydrogen

Hydrogen production plant
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Fig. 6.12 Very-high-temperature reactor
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The reactor core type of the VHTR can be a prismatic block core such as

GT-MHR and Japanese HTTR, or a pebble-bed core such as PBMR and Chinese

HTR-10. Despite of the alternate fuel element designs (pebble bed versus prismatic),

the two baselines have many technologies in common that allow for a unified R&D

approach. The well-known TRISO particle fuel with a UO2 kernel and SiC/PyC

coatingmay be used in either, or it may be enhanced with a different fuel kernel form

such as UCO or an advanced ZrC coating through additional research. For electricity

generation, the helium gas turbine system can be directly set in the primary coolant

loop, which is called a direct cycle. For nuclear heat applications such as process

heat for refineries, petro-chemistry, metallurgy, and hydrogen production, the heat

application process is generally coupled with the reactor through an intermediate

heat exchanger (IHX), which is called an indirect cycle.

The fuel cycle will initially be a once-through fuel cycle specified for high

burnup (15–20 atom-%) using low enriched uranium. The operation with a closed

fuel cycle will be assessed and solutions to better manage the fuel cycle back end

will be developed. The possible use of TRU as a fuel will be studied conceptually

for actinide management [27].

The primary emphasis in fuel development is on its performance at high burnup,

power density, and temperature. The R&D broadly addresses its manufacture and

characterization, irradiation performance, and accident behavior. Irradiation tests

will provide data on coated particle fuel and fuel element performance under

irradiation as necessary to support fabrication process development, to qualify the

Pebble bed fuel element

Fuel kernal

Coated layers

TRISO fuel particle

Fuel rod Prismatic fuel element

Fig. 6.13 VHTR fuel elements
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fuel design, and to support development and validation of models and computer

codes on fission product transport. They will also provide irradiated fuel and

materials samples for postirradiation and safety testing. The performance expected

for the fuel must be verified for all normal, transient, or accident conditions as well

as certain severe accident conditions (beyond design basis). A key claim of the fuel

is its ability to retain fission products in the fuel particles under a range of postulated

accidents with temperatures up to 1,600�C.

Future Directions

The objective for Generation IV nuclear energy systems is to have them available

for wide-scale deployment before the year 2030. The anticipated deployment dates

for the six GEN-IV systems are provided in Table 6.3 in terms of R&D phases. The

deployment dates of the SFR and VHTR are expected to be earlier than other GEN-

IV systems because of their matured technical readiness level.

In the viability R&D phase, the feasibility of key technologies of the GEN-IV

systems will be examined. The performance R&D activities undertake the develop-

ment of performance data and optimization of the system. Assuming the successful

completion of viability and performance R&D, the demonstration R&D phase

activities involve the licensing, construction, and operation of a prototype or

demonstration system in partnership with industry and perhaps other countries.

Thus, the detailed design and licensing of the system will be performed during the

demonstration phase. The R&D projects and milestones anticipated in each phase

were defined in GEN-IV roadmap project [2].
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Chapter 7

Nuclear Reactor Materials and Fuels

James S. Tulenko

Glossary

Austenitic

stainless steel

Austenitic steels contain alloys of chromium and nickel

(sometimes manganese and nitrogen), structured around

the Type 302 stainless steel composition of iron, 18%

chromium, and 8% nickel. Austenitic steels are not

hardenable by heat treatment. The most common

austenitic stainless steel is type 304.

Burnup A measurement of the energy generated by fuel atoms

that undergo fission. It is normally quoted in

megawatt–days per metric ton of uranium metal or its

equivalent (MWd/MTU).

Core plate In a reactor the upper and lower core plates supports the

fuel, channels the cooling water into the fuel bundle, and

assures each fuel bundle is maintained equidistant from

each other.

Fertile fuel A material capable of creating a fissile fuel upon capture

of a neutron. Examples are U238 and Th232, which create

Pu239 and U233 respectively.

Fissile fuel Capable of undergoing fission by thermal neutrons. The

four primary nuclides are U233, U235, Pu239, and Pu241.

J.S. Tulenko (*)

Laboratory for Development of Advanced Nuclear Fuels and Materials, University of Florida,

Gainesville, FL 32611, USA

e-mail: tulenko@ufl.edu

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

N. Tsoulfanidis (ed.), Nuclear Energy: Selected Entries from the Encyclopedia
of Sustainability Science and Technology, DOI 10.1007/978-1-4614-5716-9_7,
# Springer Science+Business Media New York 2013

203

mailto:tulenko@ufl.edu
http://dx.doi.org/10.1007/978-1-4419-0851-3


Fissionable fuel A material capable of undergoing fission, via the absorp-

tion of a neutron with kinetic energy above a certain

level. Examples are U238 and Th232.

Half-life The time it takes for the mass of a substance undergoing

decay to decrease by half.

Inconel Refers to a family of austenitic nickel-chromium-based

high performance alloys trademarked by the Special

Metals Corporation. Inconel metal is typically used in

high temperature applications and is generally known

for its resistance to oxidation and a superior ability to

maintain integrity in high temperature conditions.

Isotopes Isotopes are different forms of atoms (nuclides) of the

same chemical element, each having a different number

of neutrons. Isotopes differ in mass number (the number

of neutrons plus protons in the nucleus) but not in

atomic number (total number of protons). All isotopes

of an element have the same chemical properties, but

frequently they have very different nuclear properties.

Martensitic

or ferritic steels

The major alloying addition in martensitic stainless steels

is chromium in the range of 11–17%. The carbon levels

can vary from 0.10% to 0.65% in these alloys. The high

carbon enables the material to be hardened by heating to

a high temperature, followed by rapid cooling

(quenching). Martensitic steels offer a good combination

of corrosion resistance and superior mechanical

properties, offering maximum hardness, strength, and

resistance to abrasion and erosion.

Neutron capture

cross section

The neutron cross section of an isotope is a measure of

the probability of neutron capture by that element. It is

the effective area that a particular atom of that isotope

presents to absorb a neutron, and is measured by a unit

(of area) called “barn,” which is 10�24 cm2.

Nuclear fuel clad

or cladding

The outer layer of the fuel rods, a barrier between the

coolant and the nuclear fuel. It is made of a corrosion-

resistant metal that has a low absorption cross section

for thermal neutrons. In today’s modern commercial

reactors, cladding is made usually of Zircaloy.

Passivating layer In the context of corrosion, passivation is the formation

of a nonreactive surface film which inhibits further

corrosion.

Plutonium (Pu) Man-made element with atomic number 94. Of the

many Pu isotopes, the most noteworthy is 239Pu because

is a fissile isotope and may also be used to make

a nuclear weapon. 238Pu has found a great application

in space missions powering electronic equipment.
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Thermal conductivity Property of a material that describes its ability to con-

duct heat.

Thorium (Th) Naturally occurring element with atomic number 90; the

only isotope found in nature is 232Th. Th is more abun-

dant than U. Upon capture of a neutron and subsequent

radioactive decay, it forms 233U, which is a fissile

isotope.

Uranium (U) Naturally occurring element with atomic number 92;

three isotopes are found in nature: U238, U 235, and U234

with an abundances respectively, of 99.28%, 0,711%, and

0.00057%. The isotope 235U is the only naturally occur-

ring fissile isotope.

Uranium dioxide (UO2) An oxide of uranium; a black mildly radioactive, crys-

talline material that is used in nuclear fuel rods in

nuclear reactors.

Zircaloy Is a group of alloys, mostly consisting of zirconium,

with minor additions of tin (often about 1.5%), iron

and chromium, used as a fuel rod clad material in light

water thermal reactors.

Definition of the Subject: Nuclear Reactor Materials and Fuels

Nuclear reactor materials and fuels can be classified into six categories:

• Nuclear fuel materials

• Nuclear clad materials

• Nuclear coolant materials

• Nuclear poison materials

• Nuclear moderator materials

• Nuclear structural materials

The materials unique to nuclear reactors are the nuclear fuel materials. All the

other materials are used in other applications. Because nuclear fuel materials are

radioactive, they require specialized handling. Additionally, because of the connec-

tion of nuclear energy with the atom bomb, security in its tightest form is required

for nuclear fuel.

Introduction to Nuclear Reactor Materials and Fuels

The first nuclear reactor was the famous “Chicago Pile” (CP-1) which was built

under the west stands of Stagg Field at the University of Chicago on a squash court

and went critical on December 2, 1942. The first nuclear materials were uranium in
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both a metal and an oxide form as the fuel, carbon in a graphite form as the

moderator, atmospheric air as the coolant (since the reactor power was essentially

zero), cadmium as the control material, and wood as the structural material. Nuclear

power plant designs have come a long way since then, particularly with regard to

cooling. However, the fuel form remains basically the same.

Nuclear Fuel Materials

There are three basic nuclear fuel materials which can be utilized in many different

forms: uranium, plutonium, and thorium. The most utilized fuel material is uranium

and it is most often utilized in the oxide form in pellet form (see Fig. 7.1). That one

pellet held in the tweezers has the energy equivalent of 1 t of coal. Natural uranium

is composed of uranium 238 (99.3%) and uranium 235 (0.7%). Uranium 238 is

classified as a fertile material, which produces the fissile Plutonium 239 when it

captures a neutron. It is necessary to enrich the uranium in the uranium 235 isotope

in order to run the light water reactors (LWRs). The uranium for commercial power

reactors is normally enriched to�5%U235. The methods used to enrich the uranium

are the gaseous diffusion process in which the isotopes of different molecular

weights diffuse differently through a porous barrier and the gaseous centrifuge

process, where the different masses are centrifuged in a fast rotating cylinder with

the heavier molecules moving toward the periphery of the centrifuge, thus separated

from the lighter ones. For both processes a gaseous compound is necessary, that

compound is uranium hexafluoride (UF6) which is a solid at room temperature but

becomes a gas at 56.4�C. As a gas, uranium hexafluoride becomes very suitable for

a variety of processes to enrich the material in uranium 235. Lastly, and still in

development, the laser method where laser radiation is used to excite, ionize, or

dissociate one isotopic species without affecting the other may be used for enrich-

ment. The current favored method of enrichment is the gaseous centrifuge.

Uranium as a fuel is also utilized in the metallic form as an alloy with either

zircaloy or aluminum in Sodium Fast Reactors (SFRs) and in research reactors.

Experimental developmental work is researching the carbide and nitride forms of

uranium as a useful fuel form for SFR reactors and Gas Cooled Reactors (GCRs)

because of their excellent thermal conductivity properties and higher uranium

density. Research is also under way to utilizing uranium or plutonium in either

the oxide or metal form with materials such as silicon carbide or zircaloy to form

inert matrix fuel forms with improved thermal conductivity properties. Uranium

dioxide (UO2) is a good fuel because it has a high melting point (2,865�C) and does
not dissolve in water. However, in an oxidizing environment UO2 can be oxidized

to U3O8, which does dissolve in water. The major drawback of uranium dioxide as

a fuel form is that it has a relatively low thermal conductivity, which continues to

decrease with temperature until approximately 2,000�C. Additionally, the thermal

conductivity of uranium also decreases with burnup as the fuel produces power.
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Since the Nuclear Regulatory Commission does not permit reactors to operate in

a condition where centerline melting of the fuel pellet may occur, the high melting

temperature of the uranium dioxide does tend to offset its low thermal conductivity.

However, the high temperatures in the uranium oxide pellet during operation does

lead to thermal stresses, which result in cracking in the pellet both in the radial and

circumferential directions. The uranium carbide (UC) and uranium nitride (UN)

fuel forms have the benefits of a very high thermal conductivity and a higher density

than UO2 of uranium. However, they dissolve in water and therefore cannot be

considered for use in the water cooled reactors. The metal fuel form has a higher

thermal conductivity and a higher density of uranium than UO2, but does have

a lower melting temperature. The material properties of the various uranium fuel

forms are shown in Table 7.1.

Plutonium does not exist in nature, but is a totally man-generated fuel. Pluto-

nium 239 is a fissile isotope generated from a neutron being captured in U238 and

has a larger fission cross section than that of uranium 235. However, plutonium 239

has a smaller half-life of 24,200 years versus the half-life of uranium 235 of 7.04 �
108 years, so it is far more radioactive and cannot be handled like uranium.

Additionally, plutonium 239 in reactor forms a whole family of fertile and

fissionable isotopes: Pu240, Pu241, and Pu242. These isotopes have similar short

half-lives of 6,537 years for Pu240, 14.4 years for Pu241, and a long half-life of

376,000 years for Pu242. Plutonium metal melts at approximately 640�C, a much

Fig. 7.1 Uranium dioxide (UO2) fuel pellet (Courtesy AREVA)

Table 7.1 Comparison between UO2, UZr, UC, and UN fuel for key material characteristics

Fuel comparison

Uranium

oxide (UO2)

Metallic fuel

(UZr)

Carbide fuel

(UC)

Nitride fuel

(UN)

Density (g/cm3) 9.75 14 13.58 13.53

Melting point (�C) 2,750 1,080 2,420 2,780

Thermal conductivity (W/mK) 2.9 14 16.5 14.3
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lower temperature than uranium, and has a thermal conductivity at 300 K of 6.74

W/mK versus a value of 27.5 W/mK for uranium metal. Plutonium fuel is normally

used as an oxide and is mixed with natural or depleted uranium oxide. This mixed

oxide fuel form is termed MOX.

Thorium is a fertile fuel containing only the single thorium isotope Th232, which

upon capture of a neutron forms Th233. Th233 is transmuted by beta decay with

a half-life of 22.3 min into Pa 233, which beta decays with a half-life of 27 days into

the fissile uranium isotope U233. Thorium dioxide’s advantage over uranium diox-

ide as a fuel form is that it has both a higher thermal conductivity (�5.25 Wm�1

K�1 at 800 K), a higher melting point (3,350�C), 80�C higher than uranium, and is

insoluble in water under all conditions, having only the single oxidation state (O2).

Thorium oxide with enriched uranium oxide was the fuel in the very first full-scale

nuclear power reactor (the Shippingport Atomic Power Station), which was built by

Admiral Rickover for the Duquesne Light Company. This reactor went critical on

December 12, 1957.

Nuclear Clad Materials

The clad materials, which enclose the nuclear fuel, are really the first line of

defense to retain the radioactive materials within its boundaries and to protect the

fuel from the moderator. In additional to these tasks, the clad also provides

structural integrity for the fuel assembly and a surface for heat transfer from the

fuel to the coolant. The fuel clad and the guide tubes, which connect the upper and

lower end fittings of the fuel assembly, are normally made of the same material.

The cladding material must be chemically compatible with the fuel and it must be

corrosion resistant with the coolant material. Additionally, it is important that the

cladding and the guide tube material have a very small neutron capture cross

section so as to not interfere with the fission process. Stainless steel has excellent

corrosion properties and an excellent resistance to neutron irradiation. However,

it has a relatively high thermal neutron absorption cross section. Until a material

could be developed which had a low neutron absorption cross section and good

corrosion and structural properties under irradiation, stainless steel was used as

both the cladding material and the guide tube for both thermal and fast reactors.

However, in thermal reactors, the stainless steel neutron absorption cross section

is relatively large and the resulting penalty in neutron economy forced a search for

a replacement material which would have the required mechanical strength,

corrosion resistance in the water moderator, and a low neutron absorption cross

section. This search lead to the development of zircaloy, a zirconium alloy

material made with minor additions of tin, oxygen, iron, and chromium. The

zircaloy family of materials was developed out of the US Naval Reactors program

and was quickly picked up by the commercial industry to replace stainless steel as

a cladding material and guide tube material (and shroud for BWR reactors) both
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for pressurized and boiling water reactors. The Shippingport Reactor, mentioned

earlier, utilized zircaloy clad for its fuel rods. It should be noted that the light

water reactor (LWR) concept was developed for the nuclear navy be Admiral H.

Rickover and that he helped to shape the nuclear industry. Zircaloy had the

required mechanical strength, a small neutron cross section, and good corrosion

resistance. While zircaloy reacts with oxygen, it does form a passivating layer that

protects the remaining zircaloy from further oxidation. Recent zircaloy alloy

developments have added niobium and eliminated the chromium to give better

oxidizing and hydriding resistance. Zircaloy is still the material of choice for the

nuclear commercial industry. The upper and lower end fittings are made either of

stainless steel or of inconel, since they are outside of the active nuclear portion of

the core. Different inconels have widely varying compositions, but all are pre-

dominantly nickel, with chromium as the second element and iron as the third

element. Nickel has a large thermal capture cross section for neutrons. The spacer

grids which hold the fuel rods in place were originally either inconel or stainless

steel, but were subsequently also changed to zircaloy. Fig. 7.2 displays a sche-

matic of a nuclear fuel rod showing the fuel pellets, top insulator pellet, and the

fuel hold down spring which keeps the fuel pellets from moving during shipping

and handling. Fig. 7.3 shows a fuel assembly structure with end fittings, guide

tubes, and spacer grids, but no fuel rods. The fuel guide tubes provide the vertical

structure for the fuel assemblies and serve as channels for the control rods to enter

into the fuel assemblies. The spacer grids provide the horizontal structure for

the fuel assemblies. Fig. 7.4 shows a fuel assembly with fuel rods in place.

Stainless steel continues to be used as the cladding for fast reactors, since

stainless steel tends to have low capture cross sections in the fast neutron energy

region. However, even here, as coolant temperatures have been increasing in

reactor designs in order to obtain ever higher thermal efficiencies, improved

steel alloys have been required to be developed. First, austenitic stainless steels

replaced the 304 stainless, and now oxide dispersion strengthened (ODS)

martensitic or ferritic steels are under development to replace the austenitic

stainless steels. Even more recently, silicon carbide cladding has been being

researched as a cladding for the future. The silicon carbide cladding is made

from a silicon carbide weave which is then impregnated with a silicon carbide

vapor and in the latest designs a metal liner is placed on the inner surface of

the clad. As a ceramic, silicon carbide would be resistant to oxidation and would

have an extremely high melting temperature, so as to render the loss of coolant

accident (LOCA) a nonevent.

Fig. 7.2 Schematic representation of a fuel rod showing fuel pellets, upper fuel spacer, fuel clad,

fuel hold down spring, and upper and lower fuel end plugs
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Fig. 7.3 Pressurized water

nuclear fuel assembly

structure showing upper and

lower end fittings, fuel

guide tubes, and fuel spacer

grids – without fuel rods in

place (Courtesy AREVA)

Fig. 7.4 Shows a fuel

assembly with fuel rods in

place (Courtesy AREVA)



Nuclear Moderator Materials

With the advent of nuclear reactors, the nuclear fission process was found to

proceed more easily if the neutrons were moderated in energy into the thermal

range (E < 1.0 eV). The ideal moderator would have a very low thermal neutron

capture cross section and a low atomic number in order to increase the neutrons

energy loss on each collision. The very first nuclear reactors used graphite (carbon) to

slow the fission neutrons down to the thermal energy regime. Carbon had a very small

neutron absorption cross section and an atomic weight of 12. With the advent of the

power reactors, water was used as both the moderating and the coolant material.

Hydrogen, with an atomic weight of 1, equal to that of a neutron, could slow the

neutrons down with very few collisions, and moreover, water is inexpensive. How-

ever, hydrogen does have a relatively high thermal neutron capture cross section,

turning the hydrogen into deuterium. This capture cross section of ordinary water

requires that light water reactors must use enriched uranium as a fuel. Deuterium

oxide, or heavy water, would be an ideal moderator and coolant because of its very

low capture cross section for neutrons. However, its very high price makes it a very

expensive material to use. The Canadians utilize heavy water as their moderator and

coolant in their Canadian-Deuterium-Uranium (CANDU) reactors. The extremely

low absorption cross section of deuterium allows the CANDU to construct and

operate nuclear power plants without the need for enrichment, utilizing natural

uranium fuel. But they had to build plants to separate the heavy water (deuterium)

out of ordinary water. Hydrogen has also been used in solid form in zirconium

hydride (ZrH) as a moderator for space applications and for the TRIGA (Training,
Research, Isotopes,General Atomics) research reactors of General Atomics. Lithium,

a liquid metal, can also be used as a moderator. Beryllium has been used as

a moderator in research reactors and in many ways is superior to graphite and lithium.

However, beryllium is a very toxic material which limits its usefulness because of

Environmental Protection Agency restrictions on its use.

Nuclear Coolant Materials

Nuclear coolant materials should be marked by a low melting temperature and

a high boiling point. The obvious coolant which has been used in fossil boilers for

years is water or steam. However, its low boiling point requires that it be

pressurized to allow for a high heat content. Thus, the pressurized water reactor

(PWR) has a system pressure of approximately 2,200 psi and the Boiling Water

Reactor (BWR) has a pressure of approximately 1,100 psi. As mentioned earlier,

the Canadians utilize heavy water as their coolant in the CANDU reactor. However,

the Canadians are developing new reactors which utilize ordinary water as the

coolant, while retaining heavy water as the moderator. The British for their reactors

went with graphite as the moderator and pressurized carbon dioxide (CO2) as the
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coolant in their Advanced Gas Reactor (AGR). The United States has researched

using pressurized helium cooled, graphite moderated reactors at the Peach Bottom

Reactor (in Pennsylvania) and the Fort Saint Vrain Reactor (in Colorado). The fast

reactors utilize either sodium or helium as a coolant. Various experimental reactors

have utilized exotic coolants such as fluoride salts, lithium, sodium-potassium alloy

(NAK), and a lead-bismuth eutectic. Lead-bismuth (Pb-Bi) eutectic has a low

melting point, a high boiling point, and does not react with water or oxygen. The

Russians have operated lead cooled reactors in their nuclear navy. The heavy

density of lead may generate erosion in its container pipes, particularly bends in

its flow path. Molten salts have the advantage of having a very high boiling point

and containing the fuel right in the molten salt mixture, thereby doing away with

a need to fabricate the fuel.

Nuclear (Neutron) Poison Materials

Nuclear engineers use the term “poison” to describe any material that steals neutrons

away from the fission process. Nuclear reactors use poison materials to control the

fission chain reaction. These poison materials must have a high neutron capture cross

sections. Poison materials are of two types: burnable and nonburnable. In the

burnable poison type, the poison material upon capturing a neutron, loses its large

neutron capture cross section. In the nonburnable poison type, the poison materials,

upon capturing a neutron, convert into a similar high-absorbing neutron cross section

material. Three typical control materials used in control rods are (1) hafnium, (2) an

alloy of silver, indium, cadmium, and (3) boron. Boron is not a nonburnable poison,

like the other control materials, because the main neutron-absorbing isotope 10B,

upon capturing a neutron, converts to 4He and 7Li. Boron control rods must be

replaced at regular intervals, unlike control rods made with hafnium or the alloy of

silver, indium, and cadmium. Soluble boron is added as a poison material into the

coolant of pressurized water reactors, where it can be adjusted to keep the reactor in

a critical condition. When used in the coolant, the boron is called a chemical shim or

“chem shim.” The use of boron in the coolant allows pressurized water reactors to

keep the control rods out of the core during operation. In a PWR, control rods are

used only to shut down the reactor. Boiling water reactors cannot use boron in the

coolant because of the boiling action which would lead to boron plate ousting and

also that the boron could reach the turbines and ruin the blades. For these reasons,

they must utilize control rods in the core during operation in order to control the

reactivity of the core.

Boron is also used as a burnable poison in burnable poison rod assemblies

(BPRAs), which are inserted into the unoccupied control rod guide tubes and

changed at each refueling. The boron is depleted during the cycle, such that at end

of cycle the poison effect has been exhausted. Boron is also placed inside the fuel

rods in Westinghouse reactors where a thin layer of zirconium diboride (ZrB2) is
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coated on the fuel pellets. Gadolinium and erbium are also used as burnable

poison materials and are mixed with the uranium dioxide (UO2) fuel when

forming the fuel pellets. BWR reactors use gadolinium extensively in the fuel in

order to control the reactivity because of their inability to utilize boron in the

coolant. The advantage of the burnable poison in the fuel, as opposed to BPRAS,

is that there is less nuclear waste and the displacement of the water in the

guide tube by the BPRAs does result in an end-of-cycle reactivity penalty for

the BPRAs.

Nuclear Structural Materials

As mentioned, the very first reactor (CP-1) used wood as the structural material.

However, today the nuclear structural materials are steel and concrete. The nuclear-

fueled core is contained inside a steel vessel which has steel core support plates, top

and bottom, upon which the core is held in place. The steel vessel is approximately 6

in. thick. In new designs, the steel vessel may be inside a concrete shield wall. In

pressurized water reactors, steel baffles surround the core and separate the incoming

colder water in the down comer from the heated water in the open core. In the boiling

water reactor, each fuel assembly is contained in a zircaloy fuel shroud that isolates

the water being heated in each fuel assembly. In both the PWR and the BWR, the

steel pressure vessel is contained inside a steel reinforced concrete containment

structure with a steel liner. Fig. 7.5 shows a PWR reactor vessel with the fuel core,

upper core internals, and upper and lower grid assemblies.

Future Directions

For light water reactors, the future directions for the thermal reactors include the

development of a crushable fuel pellet design and a ceramic cladding, such as the

silicon carbide clad mentioned. This crushable pellet is needed because ceramic clad

materials do not do well in tension. Thus, it is necessary for the pellet to give when

interacting with the cladding, to prevent creating excessive tension forces on the clad.

This development would also eliminate concerns regarding the pellet clad interaction

(PCI) which currently limits power-transitions during operation of light water reactors.

The successful development of the molten salt reactor would offer many benefits by

eliminating the fuel fabrication step, allowing for online reprocessing and fueling, and

also allowing for higher temperature operation with a resultant increase in thermal

efficiency. In the long run, future reactors will most likely be fast breeder reactors,

either using sodium or helium as the coolant, and fueled with uranium carbide and clad

with silicon carbide.
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Chapter 8

Modern Nuclear Fuel Cycles

James S. Tulenko

Glossary

Uranium Occurs in most rocks in concentrations of 2 (sedimen-

tary rocks) to 4 (granite) ppm.

Thorium More readily available nuclear fuel than uranium,

being four times more abundant than uranium in the

earth’s crust.

Uranium dioxide (UO2) An insoluble oxide of uranium which is the form

commonly used in commercial nuclear fuel.

Pitchblende An ore with a very high UO2 content of up to 70%.

Pitchblende also contains radium, thorium, cerium,

and lead.

The United States Nuclear

Regulatory Commission

Regulatory body for radioactive materials and

nuclear power plants.

The department of energy Required by law to be responsible for the spent fuel

and collects a fee of 1 mill/kWh of nuclear electricity

for disposal.

MWD/MTU (mega watt

days of energy produced

per metric ton of uranium

contained)

Energy produced per metric ton of uranium (fuel)

contained. Current Nuclear Regulatory Commission

limits for nuclear power plant fuel is 60,000 MWD/

MTU. Normal lifetime of a fuel assembly is 55,000

MWD/MTU.
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Definition of the Subject

The Nuclear Fuel Cycle describes the entire process followed to convert uranium or

thorium ore to its useful state in nuclear power reactors, and its ultimate and current

disposal. The cycle has been followed since the 1960s to produce electrical power

safely, and without emissions of environmentally endangering carbon gases.

Introduction

Madame Marie Curie, a pioneer in the field of radioactivity and the first person

honored with two Nobel Prizes, discovered radioactivity in 1898, and since then

many radioactive elements have seen various uses. One in particular, uranium, has

been used for its fissionable properties. When a uranium (or plutonium) atom

fissions, it releases approximately 200 MeV of energy. The burning of a carbon

(coal) atom releases merely 4 eV. The difference between the two – a 50 million-

times advantage in nuclear energy release – shows the tremendous advantage in

magnitude between chemical and nuclear energy. This advantage is used for

common good in nuclear power reactors around the world. Currently, the United

States lags France in the use of nuclear power with the United States obtaining

�20% of its electrical energy from nuclear power plants, while France obtains

�80% of its electrical energy from nuclear power plants. Worldwide, approxi-

mately 18% of all electrical energy is produced by nuclear power plants.

The Nuclear Fuel Cycle

The nuclear fuel cycle uses two naturally occurring elements, uranium and thorium,

which are both relatively common metals. Both materials are obtained by mining the

earth. Uranium occurs in most rocks in concentrations of 2 (sedimentary rocks) to 4

(Granite) ppm. Uranium also occurs in seawater in a concentration of 0.003 ppm,

which corresponds to approximately 4 billion tons of uranium in the oceans. Uranium

(1.8 g/t) is more abundant than common materials such as silver (0.07 g/t), tungsten

(1.5 g/t) and Molybdenum (1.5 g/t) [1]. It is 800 times more abundant than gold.

Natural (as mined) uranium contains in atomic abundance 99.2175% Uranium-238

(U-238); 0.72%Uranium-235 (U-235); and 0.0055%Uranium-234 (U-234). Uranium

has atomic number 92, meaning all uranium atoms contain 92 protons, with the rest of

the mass number being composed of neutrons. All uranium isotopes are radioactive.

This radioactive property makes the detection of uranium deposits relatively easy,

even allowing for prospecting by air. Uranium-238 has a half-life of 4.5 � 109 years

(4.5 billion years), U-235 has a half-life of 7.1 � 108 years (710 million years), and

U-234 has a half-life of 2.5 � 105 years (250,000 years). All the U-234 currently
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present comes from the decay chain of U-238. Uranium-235 is the only fissile isotope

available in nature. Uranium can be a fissionable fuel as mined in pressurized heavy

water reactors designed by the Atomic Energy of Canada Limited (AECL). These

reactors are termed CANDU for CANadaDeuteriumUranium. As a by-product of the

operation of a nuclear reactor, uranium-238 absorbs a neutron to form, through

radioactve decay, the fissile fuel, plutonium-239. Another fissile isotope, uranium-

233 comes from the naturally occurring thorium 232 when it captures a neutron.

Finally, as part of the plutonium chain, plutonium-241 is also produced. It is important

to note that it is the four odd number isotopes: 233, 235, 239, and 241, which are

fissionable.

Thorium is an even more readily available nuclear fuel than uranium, being four

times more abundant than uranium in the earth’s crust. Thorium is the 39th most

common element in the earth’s crust and is about as common as lead. Thorium is

present in the earth’s crust with an average concentration of about 9.6 ppm. Thorium

must be converted to a fissile fuel in a nuclear reactor by absorption of a neutron,

forming through radioactive decay, the fissionable fuel, uranium-233. Thorium has

only one naturally occurring isotope, thorium-232, which is radioactive with a half-

life of 1.3� 1010 years. India, which has large thorium deposits, has been a leader in

utilizing thorium to breed uranium-233 to serve as a nuclear fuel. Other countries

having major deposits of thorium are Australia, Norway, and the United States.

Uranium History

Uranium was discovered in 1789 by Martin Heinrich Klaproth, a German chemist,

in the mineral pitchblende, which is primarily a mix of uranium oxides. No one

could identify this new material he isolated, so in honor of the planet Uranus that

had just been discovered, he called his new material Uranium. Although Klaproth,

as well as the rest of the scientific community, believed that the substance he

extracted from pitchblende was pure uranium, it was actually uranium dioxide

(UO2). It was not until 1842 that Eugene-Melchoir Peligot, a French chemist,

noticed that “pure” uranium reacted oddly with uranium tetrachloride (UCl4). He

then proceeded to isolate pure uranium by heating the uranium dioxide with

potassium in a platinum crucible. Radioactivity was first discovered in 1896

when the French scientist Henri Becquerel accidentally placed some uranium

salts near some paper-wrapped photographic plates and discovered the natural

radioactivity of uranium.

Uranium compounds have long been used for centuries to color glass. Uranium

trioxide (UO3) was used in the manufacture of a distinctive orange Fiestaware

dinnerware. In 1938, Otto Hahn (1879–1968), Lise Meitner (1878–1968), and Fritz

Strassmann (1902–1980) were the first to recognize that the uranium atom under

bombardment by neutrons, actually split, or fissioned.

When a uranium or plutonium atom is fissioned, it releases approximately

200 MeV of energy, while the burning of a carbon (coal) atom releases 4 eV.
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This difference of 50 million times in energy release shows the tremendous

difference in magnitude between chemical and nuclear energy.

Thorium was discovered in 1829 by the Swedish chemist Jons Jacob Berzelius,

who named the element after the Thor, the mythical Scandinavian god of war. He

also was the first to isolate cerium, selenium, silicon, and zirconium. Thorium and

thorium compounds have the properties of having very high melting temperatures.

As a result, it was used for high-temperature application such as coatings on

tungsten filaments in light bulbs and for high-temperature laboratory equipment.

However, its use outside the nuclear fuel cycle has been greatly diminished because

of state and federal laws concerning the handling and disposal of radioactive

materials. Thorium is found in the minerals monazite and thorianite.

History of Uranium

The earliest recovery of uraniumwas from pitchblende, an ore with a very high UO2

content of up to 70%. Pitchblende also contains radium, thorium, cerium, and lead.

It is mostly found with deposits that contain phosphates, arsenates, and vanadates.

Uranium exists in nature in two valence states, U6+ and U4+. These properties are

key to the geological distribution of uranium. U6+ is soluble in water, but changes to

the insoluble U4+ in a reducing environment. The occurrence of reducing

environments in riverbeds and seas have led to the formation of rich uranium

deposits. A rich uranium deposit contains 2% uranium and economic deposits are

as low as 0.1%. Once the ore is mined, it is sent to a mill, which is really a chemical

plant that extracts the uranium from the ore. The ore arrives via truck and is

crushed, leached, and approximately 90–95% of the uranium is recovered through

solvent extraction. During the processing a large waste stream called tails is formed,

which contains approximately 98–99.9% of the material mined. Because this waste

stream or tails contains all the radioactive daughter products of uranium, such as

radon and radium, this waste stream must be carefully controlled and stabilized.

The tailings pile must have a cover designed to control radiological hazards for a

minimum of at least 200 years and designed for 1,000 years, to the greatest extent

reasonably achievable. It must also limit radon (222Rn) releases to 20 pCi/m2/s

averaged over the disposal area. The end uranium product of the milling process is

U3O8, better known as “yellowcake,” because of its color.

Uranium Conversion and Enriching

The U3O8 concentrate must be both purified and converted to uranium hexafluoride

(UF6), which is the form required for the enriching process. At the conversion

facility, the uranium oxide is combined with anhydrous HF and fluorine gas in

a series of chemical reactions to form the chemical compound UF6. The product
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UF6 is placed into steel cylinders and shipped as a solid to a gaseous diffusion or

gaseous centrifuge plant for enrichment. UF6 is a white crystalline solid at room

temperature (its triple point is 64�C (147.3�F) and it sublimes at 56.5�C (133.8�F) at
atmospheric pressure). The liquid phase only exists under pressures greater than

about 1.5 atmospheres and at temperatures above 64�C. At the enrichment plant, the

solid uranium hexafluoride (UF6) from the conversion process is heated in its

container until it becomes a gas. The container becomes pressurized as the solid

melts UF6 gas fills the container. The gaseous diffusion process is based on the

difference in rates at which the fluorides of U-235 and U-238 diffuse though

barriers. The uranium that has penetrated the barrier side is now slightly enriched

in U-235 is withdrawn and fed into the next higher enrichment stage, while the

slightly depleted material inside the barrier is recycled back into the next lower

stage. It takes many hundreds of stages, one after the other, before the UF6 gas

contains enough uranium-235 to be used as an enriched fuel in reactor. Each barrier

has millions of holes per square inch with each hole approximately 10�7 in. in

diameter. This gaseous diffusion enrichment process is very energy intensive, as the

gas is compressed and expanded at each stage.

The other commercial enriching process, which uses an order of magnitude less

energy, is the gaseous centrifuge process. The gas centrifuge uranium enrichment

process uses a large number of rotating cylinders in series and parallel formations.

Centrifuge machines are interconnected to form trains and cascades. In this process,

UF6 gas is placed in a cylinder and rotated at a high speed. This rotation creates

a strong centrifugal force so that the heavier gas molecules (containing U-238)

move toward the outside of the cylinder and the lighter gas molecules (containing

U-235) collect closer to the center. The stream that is slightly enriched in U-235 is

withdrawn and fed into the next higher stage, while the slightly depleted stream is

recycled back into the next lower stage. At each stage of the gaseous diffusion

process the U-235 is enriched by a factor of 1.004, where at each stage of the

gaseous centrifuge process the stage enrichment factor is 1.2. For 1 kg of uranium

enriched to 5% U-235, 9.4 kg of natural uranium feed are required and 8.4 kg of

depleted uranium (tails) with a U-235 isotope content of approximately 0.2% are

produced as a waste stream. The US Nuclear Regulatory Commission has decided

that depleted uranium is a low level waste. The Department of Energy has over

560,000 mt stockpile of uranium tails stored as UF6 in steel cylinders. The tails

uranium has minor uses as a shields for radioactive sources, as the penetrator in

armor piercing shells, as a yacht hold ballast, and as a weight for the balancing of

helicopter rotor tips and passenger aircraft.

Nuclear Fuel Fabrication

The enriched UF6 is transported to a fuel fabrication plant where the UF6, in solid

form in containers, is again heated to its gaseous form, and the UF6 gas is

chemically processed to form uranium dioxide (UO2) powder. This powder is then
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pressed into pellets, sintered into ceramic form, loaded into Zircaloy tubes,

pressurized with helium and sealed. The fuel rods are then placed into an array (17

� 17) which is bound together with guide tubes, spacer grids and top and bottom end

fittings, all of which forms the nuclear fuel assembly. Depending on the type of light

water reactor, a fuel assemblymay contain up to 264 fuel rods and have dimensions of

5–6 in. square by about 12 ft long. The fuel is placed into containers and is trucked to

the nuclear fuel plants to generate electricity.A single pressurizedwater fuel assembly

contains about 500 kg of enriched uranium and can produces 200,000,000 kWh of

electricity. Since the average national electrical yearly use per person is 11,867 kWh,

a single nuclear fuel assembly gives 5,562 people their yearly electric needs during its

3 years of operation.

Nuclear Fuel Operation and Disposal

Every 12–24 months, US nuclear power plants are shut down and the oldest fuel

assemblies are removed (approximately ⅓–½) and replaced with new fuel

assemblies. The power production of a fuel assembly is measured in MWD/

MTU or mega watt days of energy produced per metric ton of uranium (fuel)

contained. Currently the normal lifetime of a fuel assembly is 55,000 MWD/MTU

and the maximum lifetime currently allowed by the Nuclear regulatory commis-

sion is 60,000 MWD/MTU. At the end of its useful life, the spent fuel assembly is

placed in a cooled borated water storage pond to allow for removal of the

radioactive decay heat. After approximately 5 years of wet storage, the decay

heat has been sufficiently decreased that the fuel assembly can be removed to dry

storage in concrete or steel containers. Since only approximately 5% of the

uranium fuel is destroyed, in Europe and Asia the spent fuel is reprocessed and

the 95% of uranium remaining is recycled, with the 5% of radioactive waste

products sent to waste storage. At the current time, the United States policy was to

store the spent fuel in a waste repository being built at Yucca Mountain in Nevada.

Most recently this site has become part of a political struggle and the current adminis-

tration has moved to halt all licensing of the Yucca Mountain site and to convene

a high level committee to revisit the question of nuclear waste disposal. The Depart-

ment of Energy is required by law to be responsible for the spent fuel and collects a fee

of 1 mill/kWh of nuclear electricity delivered, which is paid by consumers of nuclear-

generated electricity. The one assembly described above would generate approxi-

mately $200,000 in the waste fund for its disposal.

There is enough uranium and thorium in the world to produce the required

amount of fuel to allow nuclear plants to produce the current rate of electrical

energy usage for the next 1,000 years.
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Future Directions

(A discussion including potential impacts on the development of certain areas of

science.) With the dawn of the environmental awareness and new economies of

energy production, the nuclear fuel cycle also is undergoing change. Research

efforts are continuing to find new and more efficient ways to use the fissionable

atom. Also, currently operating nuclear plants are becoming more efficient and cost

beneficial. With no greenhouse gases to speak of, nuclear energy is bound to play

a role in the nation’s future energy needs. More than 100 nuclear reactors nation-

wide now provide almost 20% of our energy production. The large, proven-safe

nuclear plants produce electricity best when running at full power, 24/7.
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Chapter 9

Nuclear Facilities, Decommissioning of

David R. Turner

Glossary

Decommissioning Nuclear decommissioning is a term used to describe the

process of removing a nuclear facility or site safely from

service and reducing residual radioactivity to a level that

permits (1) release of the property for unrestricted use and

termination of the license or (2) release of the property

under restricted conditions and termination of the license.

Although waste classification andmanagement is an impor-

tant aspect of decommissioning, the details of radioactive

waste management and disposal are not addressed in this

article.

Decontamination The removal of undesired residual radioactivity from

facilities, soils, or equipment, prior to the release of

a site or facility and termination of a license. Also

known as remediation, remedial action, and cleanup.

Exposure pathway The route by which radioactivity travels through the

environment to eventually cause radiation exposure to

a person or group.

Financial assurance A guarantee or other financial arrangement that ensures

funds for decommissioning will be available when

needed.
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Institutional controls Administrative and physical measures to control access to

a site and minimize disturbances to engineered measures

established to control the residual radioactivity.

Monitoring The measurement of radiation levels, concentrations, sur-

face area concentrations, or quantities of radioactive

material and the use of the results of these measurements

to evaluate potential exposures and doses.

Nuclear fuel cycle Consists of the different stages necessary to produce

nuclear power. Specific stages include (1) the front end
of the nuclear fuel cycle where uranium is mined and fuel

is prepared, (2) the service period in which the fuel is used
during reactor operation, and (3) the back end, which
involves safe management, containment, and either

reprocessing or disposal of spent nuclear fuel. Because

uranium fuel is the most common type of nuclear fuel, this

article focuses on the uranium nuclear fuel cycle.

Radiological survey An evaluation of the radiological conditions and potential

hazards at a site related to the production, use, transfer,

release, disposal, or presence of radioactive material or

other sources of radiation. Radiological surveys can be

used to provide the basis for acquiring necessary technical

information to develop, analyze, and select appropriate

cleanup techniques.

Residual radioactivity Radioactivity in structures, materials, soils, groundwater,

and other media at a site resulting from activities under the

licensee’s control, excluding background radiation.

Definition of the Subject

The process of safely shutting down, dismantling, cleaning up, and monitoring nuclear

facilities is collectively known as nuclear decommissioning. Nuclear power has been

used as a source of energy for more than 50 years, and more than 500 nuclear reactors

have been constructed and operated worldwide [1]. In addition to power plants, the

nuclear fuel cycle requires different types of facilities to mine uranium, produce fresh

nuclear fuel, and manage spent nuclear fuel and associated radioactive wastes after the

fuel can no longer be effectively used to produce power. Many of the facilities

associated with the nuclear fuel cycle that supports these reactors, as well as the

reactors themselves, have either reached or are approaching the end of their planned

service life. Also, some countries such as Belgium and Germany have initiated national

policies to phase out nuclear power over time [2, 3]. Owners and operators of nuclear

facilities, as well as government agencies responsible for their regulation, must evalu-

ate economic and public policy considerations to determine whether to renew facility
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licenses or to permanently remove facilities from service, and decommission them to

release the sites for other potential uses.

Definitions of nuclear decommissioning, radiological dose limits for site release,

and even terminology can vary from country to country depending on the nature of the

laws and regulations that govern the nuclear fuel cycle. The International Atomic

Energy Agency (IAEA) defines decommissioning as “. . .the administrative and tech-

nical actions taken to allow the removal of some or all of the regulatory controls from

a facility” [4]. Similarly, the Nuclear Energy Agency (NEA) broadly defines

decommissioning as covering “all of the administrative and technical actions

associated with cessation of operation and withdrawal from service” [1]. The World

Nuclear Association (WNA) defines the two main objectives of decommissioning as

rendering the site permanently safe and restoring it, “as far as practicable,” for reuse for

nuclear or non-nuclear activities. Reuse can apply to different components of a nuclear

facility, including land, water bodies, buildings, equipment, and materials [5].

Some early nuclear facilities were developed without explicit consideration of

decommissioning, and these “legacy” sites continue to be identified and cleaned up

– often at public expense. As it is currently practiced in most nations with a robust

legal and regulatory framework, the decommissioning process begins when

a facility is removed from service. Planning for decommissioning should begin at

the design stage, before a facility enters operation [4, 6]. For example, early

decisions about construction materials, site layout, spill prevention and control

measures, waste management, and financial assurance can all influence

decommissioning activities at the end of a facility’s life cycle and may be made

(or be required) before a facility receives an operating license. Similarly, some

national nuclear regulatory programs require that decommissioning plans be sub-

mitted with the initial license application and periodically reevaluated and updated

during the operating life of the facility [6, 7]. Decommissioning is generally

considered complete when the facility is removed from regulatory control (e.g.,

the license is terminated) and the site is made available for reuse.

The processes and technologies are similar to those used for other industrial

facilities, but because of the nature of the materials used in the nuclear fuel cycle,

nuclear decommissioning tends to be a regulated process that requires special

procedures to handle and dispose of radioactive materials safely. The specific

methods used in nuclear decommissioning vary widely, depending on factors

such as the type, size, age, operational history, and design of a given nuclear

facility. National policies differ on detailed objectives, and individual countries

are likely to have different issues of concern such as the future use of nuclear power,

the continued availability of trained staff, socioeconomic effects on surrounding

communities that may result from shutting down a large facility, and financial

issues associated with funding decommissioning activities.

For these reasons, there is no unique or preferred “one size fits all” approach to

the nuclear decommissioning process. The intent of this article is neither to endorse

any particular approach, nor to describe all potential aspects of nuclear

decommissioning in detail, but rather to provide a broad overview of generally

applicable principles. Further, this article focuses on decommissioning facilities

associated with the commercial-scale production of nuclear power. Other processes
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that use or generate nuclear materials such as military programs, nuclear medicine,

and industrial operations that produce radioactive materials as a byproduct are

beyond the intended scope of this discussion. The reader is referred to the

references identified in the Bibliography for further information and more detailed

discussion of the processes described here.

Introduction

In 2007, nuclear reactors provided slightly more than 14% of the world’s electricity,

with ranges as high as 76.8% in France [8]. Currently (July 2009), 436 nuclear

power reactors are in operation, with 5 reactors in long-term shutdown and 48 new

reactors under construction [9]. In addition to nuclear reactors, generating nuclear

power requires different types of facilities to support the nuclear fuel cycle. For

example, as of August 2003, the IAEA reported that there were 423 operating

nuclear fuel cycle facilities, with 19 more under construction. Eventually, decisions

will need to be made with regard to closing and decommissioning these facilities in

a safe manner and potentially returning the land to other uses.

More than 50 years after the first nuclear power reactor went on line, many of the

facilities associated with commercial-scale nuclear power generation are now

approaching the end of their planned service life. For example, the European

Union estimates that at least one-third of the 152 nuclear power plants operating

in its member countries will need to be decommissioned by 2025 [2], and the IAEA

reported that 297 nuclear fuel cycle facilities were shut down or in the process of

being decommissioned worldwide as of August 2003 [4]. An even larger number of

manufacturing and research facilities (about 1,600) that use radioactive material

will need to be decommissioned “over the coming decades” [10].

At the same time, increased global energy demand, coupled with a growing

concern about the effects of carbon emissions from traditional fuel sources, has

sparked renewed interest in nuclear power generation. As an example, the U.S.

Nuclear Regulatory Commission (USNRC), the agency responsible for licensing

and regulating commercial nuclear activities in the United States, received a total of

17 applications to construct and operate 26 new commercial nuclear reactors during

2007–2008 [11]. Although some countries are deemphasizing nuclear power, other

countries in Europe and Asia have indicated a renewed interest in nuclear power as

a component of their overall energy portfolio [3, 8, 12].

Together, these developments indicate that all stages of the commercial nuclear

fuel cycle will continue to be active or will be expanded in the foreseeable future.

For this reason, methods to safely take these facilities out of service and decom-

mission them will continue to be an important component of energy policy. It is

these methods that are the subject of this article.

Although primarily developed for nuclear power plants, there are three basic

types of alternative decommissioning strategies that may be applicable to other

nuclear facilities:
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• A strategy of immediate decontamination and dismantlement [1, 7] (also defined

as DECON [11, 13]) begins soon after the nuclear facility closes.

• Safe storage [1], deferred or delayed decontamination [7], or SAFSTOR [14, 15]

refer to decommissioning strategies where a nuclear facility is left intact after

closing, placed in a stable condition, and maintained and monitored until

subsequent dismantlement and decommissioning. Similarly, uranium production

facilities (mines and mills) may be placed on standby status when uranium prices

are low and deposits cannot be produced at a profit.

• A strategy of entombment [1, 7] or ENTOMB [14, 15] involves encasing

radioactive materials onsite in a long-lived, structurally sound material such as

concrete.

The first two strategies may also be combined. For example, some facilities at

a site may be immediately dismantled while other structures are placed in safe

storage. Generally, decommissioning activities are anticipated to be completed in

a period of decades from the end of operations [14, 15].

Once the decommissioning strategy is selected for a given facility, general

activities associated with nuclear decommissioning may include:

• Characterizing the features of the site and conducting radiological surveys to

determine radiation background and residual radiation levels

• Developing a site-specific decommissioning plan

• Estimating cost

• Conducting safety and performance assessments

• Decontaminating structures, equipment, and components for reuse or recycling

• Dismantling and removing buildings, structures, and equipment from the site

• Remediating contaminated soils and groundwater

• Performing waste management and disposal

• Conducting final inspections and surveys

• Reclaiming disturbed lands

• Implementing active institutional controls and monitoring

Specific decommissioning activities and technologies are determined on a case-

by-case basis and can depend on many things at a given site, such as the duration,

type, and scale of operations; the geologic setting of the site; socioeconomic

considerations; and the regulatory policies of the government. In addition, a key

part of a decommissioning plan is estimating decommissioning costs to

establish financial arrangements that ensure resources are available to complete

the decommissioning process.

Types of Nuclear Facilities

As described in the ”Introduction” section, generating electricity from nuclear

power plants is only part of the nuclear fuel cycle [16] and decisions will need to

be made with regard to the safe closure and decommissioning of each of these
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facilities. To understand any unique aspects that will need to be addressed during

nuclear decommissioning, it is important to describe the general nature of the

activities that are conducted at each type of facility in the nuclear fuel cycle.

Because uranium fuel is the most common type of nuclear fuel, this article focuses

on the uranium nuclear fuel cycle (Fig. 9.1).

To support the nuclear fuel requirements of commercial power-generating

facilities, there are facilities that

• Produce uranium by mining

• Mill ore to concentrate the uranium and package it for transportation

• Purify and transform the uranium concentrate into a form suitable for fuel

manufacture through a process called uranium conversion

• Enrich the uranium in isotopes (235U) that produce sustainable nuclear reactions

• Fabricate reactor fuel components and fuel assemblies

These facilities are part of the “front end” of the nuclear fuel cycle.

Decommissioning issues for the front end of the fuel cycle are typically associated

Front end fuel cycle

Service period

Back end fuel cycle

Uranium mining

Uranium conversion

Fuel enrichment

Fuel fabrication

Nuclear power reactor

Spent fuel storage

Spent fuel disposal Spent fuel reprocessing
Waste streams

ReprocessingOnce-through

Power generation

Fuel assemblies

Yellow cake

Uranium ore

UF6

235U-enriched uranium

Reprocessing waste
treatment, storage,

disposal

Uranium ore concentration
and milling

Fig. 9.1 Simplified diagram representing the nuclear (uranium) fuel cycle
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with naturally occurring radioactivity, such as uranium and radium, and hazards

associated with the chemical processing of natural uranium-bearing ores [5].

After the nuclear fuel is used in a commercial reactor to produce electrical power

during the service period, the management of the spent nuclear fuel at the “back

end” of the nuclear fuel cycle can include facilities that

• Reprocess the fuel to extract nuclear materials and recycle uranium back into the

front end of the fuel cycle

• Store or permanently dispose of spent nuclear fuel

At the back end of the fuel cycle, high-level sources of radioactivity and direct

irradiation from spent nuclear fuel are decommissioning concerns in addition to

natural radioactivity and chemical processing hazards [5]. An example of the

typical material balance for the annual operation of a 1,000 Megawatt electric

(MWe) nuclear power reactor [17] is included in Table 9.1.

Each of these facilities will require nuclear decommissioning at the end of its life

cycle. Usually, the operator of a facility develops a decommissioning plan (see

“Developing a Site-Specific Decommissioning Plan”) to identify specific activities,

estimate costs, and lay out a schedule [18–21]. The plan is submitted to the regulatory

agency to ensure that it complies with the applicable regulations. Once it is approved,

the initial decommissioning plan is periodically updated and becomes more detailed

as the facility evolves during its operational life. At the end of the facility life

cycle, the decommissioning plan serves as a blueprint for the nuclear

decommissioning process. During decommissioning, the regulatory agency may

periodically inspect the site to ensure that the decommissioning plan is being

implemented correctly.

Table 9.1 Material balance for the annual operation of a 1,000 MWe nuclear power reactor [17]

Type of nuclear

facility Material balancea

Mining 20,000 metric tons (22,000 t) of 1% uranium ore

Milling 230 metric tons (250 t) uranium oxide concentrate (U3O8) containing 195

metric tons (215 t) of uranium

Uranium

conversion

288 metric tons (317 t) uranium hexafluoride (UF6)

Fuel enrichment 35 metric tons (39 t) UF6, containing 24 metric tons (27 t) enriched uranium

(4% U-235), 11 metric tons (12 t) depleted uranium (0.25% U-235) tails

Fuel fabrication 27 metric tons (30 t) UO2, containing 24 metric tons (30 t) enriched uranium

Reactor operation 8,640 million kilowatt-hour electricity at full output (assuming 100% load

factor)

Spent nuclear fuel 27 metric tons (30 t) spent nuclear fuel containing 23 metric tons (25 t)

uranium (0.8% U-235 as UO2), 240 kg (529 lb) plutonium, 720 kg (1,587

lb) fission products, and transuranic elements
aAssuming enrichment to 4% U-235 with 0.25% tails assay; core load 72 metric tons (79 t) U,

refueling so that 24 metric tons (26 t) U/year replaced; operation – 45,000 MWday/t (45 GWday/t)

burn-up, 33% thermal efficiency
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The following sections introduce the types of nuclear facilities associated with

generating nuclear power and identify features that may influence nuclear

decommissioning decisions and activities. The listing is not intended to be exhaus-

tive, nor is it intended to provide a detailed discussion of the complex regulatory

controls that may apply for a given type of nuclear facility. The reader is referred to

the references identified in the Bibliography for further reading.

Front End Fuel Cycle Facilities

Uranium Mining

At the start of the nuclear fuel cycle, uranium mining focuses on extracting natural

uranium ore from the earth. Uranium mining may be done through a conventional

process of excavation by open pit or underground mining techniques. During

excavation, uranium ore is segregated from waste rock or overburden, and shipped

to a uranium mill for further processing (see “Uranium Milling”). Open pit and

underground uranium mines are typically decommissioned and reclaimed in accor-

dance with regulations applicable to the mining industry in general [22]. In many

ways, decommissioning a uranium mine is subject to challenges similar to those

faced in cleaning up mining operations for other resources such as coal and metals.

For example, excavations may need to be backfilled, pit walls and disturbed

surfaces recontoured, and revegetated to meet applicable mine reclamation

standards. Groundwater contamination plumes with elevated levels of uranium

and associated heavy metals (e.g., arsenic, selenium) need to be remediated and

monitoring systems installed, as appropriate.

Alternatively, uranium recovery may be through a process called in situ leaching

(ISL), where chemical fluids are injected through a series of wells into the subsur-

face to dissolve uranium from ore minerals. The now uranium-enriched solution is

pumped back to the surface for subsequent extraction and processing [13, 22–24].

Decommissioning of ISL uranium facilities is different from cleaning up conven-

tional uranium mining operations. For example, because there are no large-scale

excavations associated with the ISL uranium recovery technology, surface land

disturbance is much less than with conventional mining methods, and large

amounts of waste rock are not generated. This can simplify the reclamation effort,

but impacts to groundwater are potentially greater, and restoration of groundwater

quality to premining levels tends to be a focus in decommissioning ISL facilities

[13]. In addition, although the surface facilities such as well heads and pump houses

necessary to support ISL uranium mining may be small compared to conventional

operations, the well fields themselves may be very large. For example, the permit-

ted areas for U.S. ISL operations in Wyoming and Texas may be as large as 6,500

ha (16,000 acres) and individual well fields may contain hundreds to thousands of

wells [13].
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Uranium Milling

While varying depending on the deposit and the type of ore, uranium ores typically

have a concentration of about 1% or less uranium (U3O8) by weight, although it can

be as high as 20%. Decommissioning uranium milling facilities is generally

concerned with naturally occurring radioactive elements such as uranium, thorium,

and radium. For conventional uranium mining and milling operations (Fig. 9.2),

uranium is concentrated through milling (crushing, grinding, separation) and

subsequent chemical processing of the ore using alkaline or acid leaching solutions

to produce a product called “yellow cake,” a coarse powder that is approximately

70% or more U3O8 by weight. Milling operations are similar for ISL uranium, but

because the mill input is uranium-bearing solutions instead of solid ore, the

crushing and grinding, and leaching circuits are not necessary.

Depending on the economics of the operation, a mill may be colocated with

a uranium mine, or it may be separate, charging a “toll” to accept and mill ore

(conventional) or uranium-bearing solutions (ISL) from nearby uranium mines.

Because of the throughput of uranium-bearing solutions and the handling of

yellow cake, some of the buildings, pipes, and equipment in the mill may become

radioactively contaminated with natural radioactive elements over time and will

need to be decontaminated and/or disposed of during decommissioning. Spills

and unintentional releases of uranium-rich solutions can lead to soil and ground-

water contamination that may need to be remediated during decommissioning. In

addition, during conventional milling, large quantities of waste solids are
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FiltrationPrecipitationAmmonia
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Fig. 9.2 A typical conventional uranium mill [22]

9 Nuclear Facilities, Decommissioning of 231



produced by the crushing, grinding, and leaching circuits. These waste solids, or

“tailings,” are placed in large impoundments that will also need to be

decommissioned at the end of the mill’s operational life. ISL facilities do not

treat solid rock and therefore produce no tailings. Because these facilities handle

large volumes of uranium-rich solutions, however, they may have one or more

evaporation ponds that will eventually need to be decommissioned. Although

specific activities will vary depending on size, age, operational conditions, and

design, decommissioning of a uranium mill (both for conventional and ISL

facilities) includes general activities described in the “General Methodologies

for Decommissioning” section.

Uranium Conversion

Although natural uranium ores are concentrated and purified during milling to

produce yellow cake, the uranium must be further purified and converted to a gas

state to produce nuclear fuel. The nature of these chemical processes and the size

and complexity of these uranium conversion facilities strongly influence the

decommissioning process. Uranium conversion facilities are designed to remove

impurities from the yellow cake and convert solid uranium into uranium

hexafluoride (UF6), the only uranium compound that exists as a gas at suitable

temperatures [4, 17]. The UF6 gas is then pressurized and cooled to a liquid state

[4]. The liquid is stored in cylinders and allowed to solidify for shipment to a fuel

enrichment plant (see “Fuel Enrichment”). Some uranium conversion facilities also

recycle uranium scrap that may come from manufacturing facilities or other

production plants [4].

The uranium conversion process involves strong acids and alkali agents to

dissolve the yellow cake powder. As with mining and milling, the operational

risks associated with uranium conversion are chemical as well as radiological, and

the safe removal and disposal of hazardous chemicals used in the conversion

process must be taken into consideration as part of the decommissioning process.

Because it is predominantly an industrial chemical facility, the types of

decommissioning issues for a uranium conversion facility are similar to those

described in the “Uranium Milling” section for buildings, equipment, and land

reclamation at uranium mills. No tailings are produced during uranium conver-

sion. Groundwater and soil contamination from spills and leaks are possible and

will need to be identified, remediated, and monitored in accordance with applica-

ble regulations [19]. The size and complexity of uranium conversion plants can

lead to significant decommissioning costs. For example, alternative

decommissioning options for the 243-ha (600-acre) Sequoyah Fuels uranium

conversion plant site in Gore, Oklahoma, varied from about US $19 to US $254

million (2006 dollar value), depending on the option selected for disposal of

contaminated materials [25].
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Fuel Enrichment

Natural uranium is composed of 238U (99.274%) and 235U (0.711%) and contains

trace amounts of 234U (<0.01%). Nuclear reactor fuel requires increasing (or

enriching) the fissionable 235U above these natural levels to sustain the nuclear

reactions. During the fuel enrichment process, gaseous UF6 is gradually enriched in
235U to about 3–5% – levels that are sufficient for fabricating commercial reactor

fuel [26, 27]. One product of the enrichment process of special concern during

decommissioning is depleted uranium tails, where the 235U content has been

reduced to below natural levels (about 0.2–0.35%) [28]. This waste stream is

commonly stored at the site in gas cylinders of UF6, although it may also be

converted to solid form such as uranium oxide. Depleted uranium emits low levels

of radiation and is also a toxic heavy metal, so during decommissioning, this waste

must be managed and disposed in accordance with both radiological and hazardous

waste criteria [27, 29].

Gaseous diffusion is the process most widely used for nuclear fuel enrichment.

The gaseous diffusion process takes advantage of the different diffusion rates that

result from the slight differences in mass for 238U and 235U. Gaseous UF6 is pumped

through a permeable porous barrier media. The lower molecular weight 235U has

a higher diffusion rate and moves through the barrier media more readily than the

higher molecular weight 238U; the UF6 gas that passes through the media is

therefore slightly enriched in 235U [30]. The process is repeated through many

barriers until the desired enrichment levels are achieved.

These types of plants are large industrial facilities, with a footprint of about

300–600 ha (750–1,500 acres) that contains a large amount of piping and pumps

required to move the UF6 gas through the permeable barrier system [4]. During

operations, the primary hazards in gaseous diffusion plants that may influence

subsequent decommissioning include the chemical and radiological hazard of

a UF6 release [31]. There is also a potential for mishandling the enriched uranium,

which could create a criticality accident (inadvertent nuclear chain reaction).

Because these are large facilities, decontamination and decommissioning of inac-

tive buildings and areas may occur while other parts of the facility continue to

operate. Surveillance, maintenance, and security will continue for active parts of

the facility. Depending on the operating history of the plant, including spills and

unintentional releases, decommissioning and cleanup activities at fuel enrichment

facilities may include assessing and remediating soil or groundwater and waste

management activities, such as disposing of contaminated materials. The size and

complexity of a gaseous diffusion plant can lead to large costs for full

decommissioning of all facilities. For example, the U.S. Government Accountabil-

ity Office (GAO) estimated that cleanup activities at three fuel enrichment plants

(Paducah, Kentucky; Oak Ridge, Tennessee; Portsmouth, Ohio) cost US $2.7

billion (in 2004 dollars) from 1993 through 2003, and total costs through final

decommissioning in 2044 would exceed revenues into the Uranium Enrichment

Decontamination and Decommissioning Fund by about US $3.2–6.2 billion (in
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2007 dollars) [32]. Newer technologies such as gas centrifuge and laser separation

are being considered for the next generation of fuel enrichment facilities, and the

decommissioning issues are likely to be different, with perhaps less waste generated

during operation [26].

Fuel Fabrication

For a typical commercial light water reactor, nuclear fuel is the solid form of

uranium oxide (UO2). Fuel fabrication facilities use chemical processes to convert

the 235U-enriched UF6 into UO2 in the form of a fine powder [28]. Because many of

the materials (such as UF6) are the same, specific factors that may influence the

decommissioning of fuel fabrication facilities will be similar to those identified for

uranium conversion and fuel enrichment facilities (see “Uranium Conversion” and

“Fuel Enrichment”). This powder is then compacted and sintered (heated at a high

temperature to fuse the particles together) to produce fuel pellets. These pellets are

loaded into metal tubes to produce fuel rods. Hardware is then used to configure the

fuel rods into fuel assemblies of the appropriate dimensions and design for a nuclear

power reactor. Although this article focuses on the uranium nuclear fuel cycle, other

nuclear fuels can also be fabricated, including mixed oxide (MOX) fuels formed

from combining uranium and plutonium oxides, thorium fuels based on the
232Th decay chain with 233U as the fissile fuel element, uranium metal alloy fuels,

and microsphere fuel particles [28].

Heavy water (water that contains more than the natural proportion of the hydrogen

isotope deuterium, 2H) is used as a moderator in some types of nuclear reactors. Heavy

water is extracted from normal water through several chemical processes, the most

common of which is distillation through electrolysis or isotopic exchange [24].

Chemical, radiological, and criticality hazards at fuel fabrication facilities are

similar to hazards at enrichment plants. Most at risk from these hazards are the plant

workers. These facilities generally pose a low risk to the public.

Service Period: Nuclear Power Plants

As indicated, the three decommissioning strategies described in the “Introduction”

section were initially developed for nuclear reactors and power plants. The princi-

pal concerns during the decommissioning of these reactors and power plants are the

safe cessation of operation; the safe management, storage, and disposition of highly

irradiated spent nuclear fuel; draining and treatment of water and other fluids from

the reactor cooling systems; and the decontamination and disposal of equipment,

materials, and other systems that may contain contamination or activation products

at the site.
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At a very basic level, most nuclear reactors operating today use the heat from the

controlled fission of 235U (and perhaps 239Pu in the case of MOX fuel) to boil water

that turns a turbine and produces electrical power. As described previously, there are

436 nuclear power reactors operating worldwide, with 48 new reactors under construc-

tion. In addition, there are 287 (as of August 2003) research and test reactors and

critical assemblies (i.e., producing little or no power), predominantly located at

research universities and government facilities, that are used for research, education,

and training purposes [4, 33].

There is no single design that is representative of all reactors. Of the operating

nuclear power reactors, about 400 arewater cooled andmoderated (Energy Information

Administration, 2006) and are predominantly pressurized water reactors (PWR), boil-

ingwater reactors (BWR), andpressurized heavywater reactors (PHWR). For example,

all of the104operatingcommercial nuclear reactors in theUnitedStates are eitherBWR

(35 reactors) or PWR(69 reactors) types [34].Other operating reactor types include gas-

cooled reactors, graphite-moderated reactors, and fast breeder reactors.

Early prototype nuclear reactors are sometimes called Generation I reactors. The

current nuclear reactor designs are sometimes called Generation II (large central

nuclear power plants) and Generation III (advanced LWR) reactors [28, 35]. Current

research and development efforts are focused on designing the next generation, or

Generation IV reactors, with a goal to provide more efficient and safe nuclear power

generation that is alsomore resistant to nuclear proliferation [28, 36–38]. In theUnited

States, the Next Generation Nuclear Program initiated with the Energy Policy Act of

2005 focuses on developing a very-high-temperature gas-cooled reactor (VHTR)

operating at temperatures greater than 950�C for the production of electricity, process

heat, and hydrogen [37]. Other designs are also being considered for the next genera-

tion of nuclear reactors, predominantly those based on gas-cooled (such as pebble bed

modular reactors), water-cooled (super-critical water-cooled reactors), and fast-

spectrum technologies (cooled by sodium, lead, or inert gases) [28, 35].

The different current and future design types and sizes of reactors make

decommissioning inherently a site- and reactor-specific process. Each current and

future reactor design will have its own design-specific decommissioning

requirements that must be taken into consideration.

Back End Fuel Cycle Facilities

After the nuclear fuel is irradiated in a reactor and the useful energy has been

extracted, it is called spent nuclear fuel. The removal of spent nuclear fuel from the

reactor is generally considered part of the transition from the operational phase of

the power plant, and not as part of the decommissioning process. The back end of

the nuclear fuel cycle consists of facilities that handle spent nuclear fuel. Currently,

most commercial nuclear power is based on an open, or “once through” uranium

fuel cycle, where the fuel is used in a power plant one time and then removed as

spent nuclear fuel [39].
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Fuel Reprocessing Facilities

When the spent nuclear fuel is removed from the reactor, it is predominantly

composed of uranium oxide (96%), other actinides like plutonium and americium

(1%), and other fission products such as cesium and strontium (3%) [30]. The spent

nuclear fuel must be cooled both thermally and radioactively in a water-filled spent

fuel pool and later placed in dry cask storage at the reactor site.

Fuel reprocessing facilities are designed to recover materials such as uranium

and plutonium from irradiated spent nuclear fuel. After sufficient cooling, the spent

nuclear fuel is dissolved using solvents and the usable components (mostly uranium

and plutonium) are separated from waste materials such as other actinides and

fission products [4, 40]. The recovered uranium and plutonium are recycled into the

front end of the nuclear fuel cycle and refabricated to produce new nuclear fuel

(such as MOX) or used for defense purposes. Waste materials, in the form of

sludges, salt cake, or calcined wastes, and the reprocessing solutions are collected

for disposal. Liquid wastes are generally not suitable for disposal, and

decommissioning and cleanup may include vitrification to solidify waste

solutions in the form of borosilicate glass.

Because of the high radiological dose rates and contamination levels associated

with irradiated spent nuclear fuel, human access is limited for major parts of the

facility. This leads to decontamination and decommissioning that is more compli-

cated than facilities such as uranium mills and fuel fabrication facilities at the front

end of the nuclear fuel cycle. Facilities tend to be very large, and large volumes of

liquid wastes are produced and stored for subsequent disposal.

Examples of fuel reprocessing facilities in the United States include U.S.

Department of Energy (USDOE) facilities at Hanford, Washington, and the Savan-

nah River site in South Carolina. The only commercial fuel reprocessing facility in

the United States, located at West Valley, New York, ceased operations in 1972.

The Carter administration elected to defer reprocessing of commercial nuclear fuel

in 1977, and there are no commercial fuel reprocessing facilities currently operating

in the United States. The USDOE has completed vitrification of the liquid wastes at

West Valley, storing the borosilicate glass logs on site [41, 42]. Decommissioning

activities at West Valley are ongoing. Large reprocessing facilities are also located

at Sellafield in the United Kingdom and La Hague in France.

Waste Management and Disposal

As with many aspects of nuclear decommissioning, the nature and amount of waste

produced during cleanup activities will depend on the age and size of a given

facility, as well as the nature and history of operations at the site. As described in

IAEA [43], four different types of waste or “waste streams,” each with different

disposal options, are typically produced during nuclear decommissioning. The first

three are types that include radioactive waste:
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• Primary waste is generated during dismantling activities and may include

internal plant components such as a reactor pressure vessel and associated

piping, equipment such as pumps and valves, special facilities such as glove

boxes and radiation hot cells, and building materials. These components of the

primary waste streams may be radioactive through activation by both short- and

long-lived radionuclides during plant operations, or by surface contamination.

Primary wastes can include a variety of materials, but typically metal and

concrete rubble are the largest component by volume of this waste stream [43].

• Secondary wastes are generated during different steps in decontamination and

dismantling. These may include solutions, absorbents, and filters used to treat

surfaces to reduce radioactive contamination.

• Tools and equipment, such as cutting equipment and protective gear for person-

nel use during decontamination and dismantling, may become contaminated. To

minimize costs and waste volumes, some equipment may be decontaminated so

that it can continue to be used.

In addition to these radioactive wastes, decommissioning can potentially pro-

duce large volumes of non-radioactive wastes, such as construction debris, sanitary

wastes, hazardous chemicals, and asbestos. These wastes are similar to those that

might be encountered during the decommissioning of a typical, nonnuclear indus-

trial facility. Some of these materials like furniture, nonirradiated scrap metal, and

office equipment can be reused and recycled. The remainder of this waste stream

typically has a well-established disposal path through municipal landfills and

sanitary disposal systems.

Radioactive waste can occur in a variety of forms, including gases, liquids,

and solids, with radiological characteristics that depend on the concentration and

half-lives of the different radionuclides. For these reasons, classification of waste is

particularly important, as it will determine the methods to be used in

handling, segregating, conditioning, packaging, and transporting wastes. Waste clas-

sification also establishes the applicable acceptance criteria for different waste storage

and disposal options, which in turn can have a strong effect on decommissioning

planning and implementation, and ultimately, the total cost of decommissioning [43].

Although it varies from country to country, classification of radioactive waste is

typically based on some combination of the types of processes from which the waste

was generated, the radionuclide content of thewaste, the timing of thewaste generation

(e.g., legacywastes generated prior to developing a robust licensing process), aswell as

chemical, physical, and biological properties of the waste [30, 43, 44]. The following

sections provide general descriptions based on waste classifications proposed in IAEA

[45]. Note, however, that specific classification of waste streams and the methods for

their management, treatment, and disposal are defined by the policies, laws, and

regulations that a nation applies to commercial-scale nuclear power generation and

subsequent nuclear decommissioning and waste management activities. For these

reasons, waste classification is complex and may vary from country to country [44];

the descriptions presented here are for informational purposes only and are not an

endorsement of a particular radioactive waste classification system.
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Uranium Mill Tailings and Groundwater Restoration

For conventional mining and milling operations, processing the ore results in

a waste stream of solid waste material, sands, fine-grained slurries (sometimes

called slimes), and processing liquids. These materials are collectively referred to

as tailings and are pumped from the mill to a tailings impoundment for disposal (see

Figs. 9.2 and 9.3).

Generally, there are a number of tailings impoundments and evaporation ponds

at each mill site [22], and the total volume can be quite large. The amount and

nature of the tailings, however, depend on the capacity of the mill and the length of

time the facility is in operation. For example, the former Climax Uranium Company

mill in Grand Junction, Colorado, produced 2 million metric tons (2.2 million tons)

of tailings that were placed in a 46-ha (114-acre) tailings impoundment [46]. The

nature of the material in each impoundment or pond varies, depending on which

part of the mill process produced the tailings. In addition, with the approval of the

regulatory agency, operators may use tailings impoundments for onsite disposal of

wastes associated with decommissioning and dismantling buildings, structures, and

equipment, as well as for soils, pond liners, and sludges that have been radiologi-

cally contaminated.

Tailings have become a major focus in regulating active uranium mining and

milling operations, as well as cleaning up legacy tailings from older, inactive sites.

For example, in 1978, the U.S. Congress enacted the Uranium Mill Tailings

Radiation Control Act (UMTRCA) to provide government funds to clean up and

stabilize tailings from inactive legacy mills [22]. In a 1995 summary study of

UMTRCA sites, the USDOE noted that tailings reclamation was the costliest aspect

of the decommissioning process for conventional uranium mills [22]. During

reclamation planning, the operator typically uses computer models to evaluate

geotechnical stability. Although site-specific tailings reclamation methods are

established in a reclamation plan that is evaluated for compliance with the govern-

ment regulations that govern the cleanup [22, 24, 47, 48], general steps include:

• Shaping and recontouring the tailings pile and installing drainage diversion

systems to minimize erosion hazards from surface runoff.

• Allowing the tailings to settle and dehydrate.

• Establishing survey monuments so that settling can be monitored.

Earthen
dam

Tailings pile
(active)

Tailings (liquid)

Tailings (saturated)

Tailings from mill

Diversion
channel

Fig. 9.3 Schematic cross

section of a tailings

impoundment [22]
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• Installing a low permeability engineered cover to minimize water infiltration

into the pile and radon emissions from the tailings. Generally this cover consists

of clays and/or geotextiles.

• Installing a final cover for erosion protection.

• Establishing a monitoring system to ensure that the design and construction of

the reclaimed tailings work as expected. Long-term stewardship during a period

of institutional controls may include active measures to maintain and repair the

tailings covers.

For active operations, regulations typically call for lining tailings impoundments

and installing monitoring systems to prevent migration of contaminants (e.g.,

radionuclides and associated heavy metals) from the tailings into underlying

aquifers [24, 48]. For older and inactive operations, however, the tailings

impoundments may not be lined. This can lead to contaminants leaching into the

underlying groundwater system over time; these contaminants need to be

remediated when the tailings are reclaimed. Depending on the importance of

local groundwater resources to nearby communities and the site and design of the

impoundment, the level of effort needed to clean up groundwater may be extensive

and long term.

Because uranium milling at an ISL facility does not produce tailings, the amount

of material at the surface to be decommissioned and ultimately reclaimed is

significantly less. Because there are no large tailings impoundments associated

with ISL facilities, contaminated decommissioning wastes (e.g., equipment, build-

ing components, soils, evaporation pond sludges, and liners) must either be

transported to a licensed disposal facility, or an onsite disposal cell will need to

be built.

The ISL process does, however, alter groundwater chemistry in the production

well fields. After uranium extraction from the ore deposit is no longer economically

feasible, the groundwater quality is restored to pre-extraction conditions through

a series of treatment steps [13, 49]. As with tailings reclamation, site-specific

methods are determined with approval of the regulatory agency, but general steps

for groundwater restoration include:

• Groundwater sweep, where groundwater is pumped from the production zone to

draw in surrounding natural groundwater. The pumped groundwater may be

treated to remove contaminants and reinjected.

• Reverse osmosis, where groundwater is pumped from the production zone and

passed through a pressurized, semipermeable membrane (reverse osmosis) sys-

tem to remove dissolved chemicals. The cleaner water is then reinjected, and the

more concentrated brines are pumped to evaporation ponds or disposed of by

injection in deep wells.

• Stabilization, where chemicals such as hydrogen sulfide may be injected into the

production zone to establish chemical conditions that cause dissolved chemicals

to precipitate out as minerals.

• Monitoring, where the groundwater quality is tested to ensure that conditions

have stabilized and meet the restoration criteria.
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Groundwater restoration occurs when the economics for producing a well field

are no longer favorable. Because ISL facilities typically have more than one well

field, it is common for groundwater restoration to begin in one well field while other

well fields are still actively producing uranium [13, 49].

After groundwater restoration, the physical components of the well field are then

restored. Piping, well casing, and pipeline materials are hauled to a licensed

disposal facility. Surface facilities such as tanks and buildings are dismantled,

removed, and disposed. Pumps are removed for reuse in other well fields, and the

wells are filled with cement, plugged, and abandoned. Any soils contaminated by

well field spills are removed and disposed, and the disturbed land is graded,

recontoured, and revegetated.

Spent Nuclear Fuel and High-Level Waste

As described previously in “Fuel Reprocessing Facilities” section, after the economic

energy has been extracted from nuclear fuel, the fuel is removed from the reactor. At

this point, it is referred to as spent nuclear fuel. Spent nuclear fuel is highly radioactive

because of the decay of fission and activation products that result from the nuclear

reactions that occurwhen the fuel is inside the reactor core. Although it is no longer hot

enough to generate electricity, it is well above ambient temperatures.

For these reasons, spent nuclear fuel must be carefully handled, stored, and

shielded to provide both radiation protection to workers and the public, and to

manage the thermal heat generated by the cooling fuel. In most cases, spent nuclear

fuel is stored at or near the reactor, either in dedicated spent fuel pools that use

water to provide both cooling and radiation protection or in air-cooled concrete and

steel dry casks [13].

As described in “Fuel Reprocessing Facilities” section, after spent nuclear fuel has

been cooled and radioactivity has decreased through decay of short-lived

radionuclides, spent nuclear fuel may be reprocessed. The fuel reprocessing process

typically produces a liquid waste stream that contains fission and activation products

that remain after potentially valuable radioactive elements such as plutonium and

uranium are removed. This liquid waste stream is typically stored in large tanks for

subsequent treatment. Treatment may include processing the liquid wastes into

different forms such as sludges, salt cake, or a calcined solid. These forms still produce

radiation and must be shielded to provide protection to workers. Current practice in

countries such as France, Japan, the United Kingdom, and the United States involves

using high temperature furnaces to vitrify liquid wastes into a solid glass waste form.

In most countries in Europe, Asia, and North America, the ultimate disposal path

for spent nuclear fuel and reprocessing high-level radioactive waste (HLW) is

permanent geologic disposal in an underground repository [50]. At present,

a large number of different geologic settings are under consideration. No country

has licensed and constructed a geologic repository, however, and spent nuclear fuel

and reprocessing HLW are typically managed through onsite interim storage.
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Intermediate-Level Waste

Intermediate-level radioactive waste (ILW) is defined in IAEA [45] as “. . . waste
which, because of its radionuclide content requires shielding but needs little or no

provision for heat dissipation during its handling and transportation.” This waste may

be further classified into components consisting of short-lived radionuclides that will

decay to low levels during a period on the order of hundreds of years in which

institutional controls such as fencing or access restrictions can be considered to be

effective in minimizing radiological dose [45]. Conversely, long-lived ILW is

dominated by radionuclides that will not decay to sufficiently low levels. The ILW

classification is not used in the United States.

In the United States, a transuranic (TRU) waste stream includes man-made

alpha radiation-emitting radionuclides with an atomic number greater than that of

uranium (i.e., 92) and a half-life longer than 20 years [51]. TRU is produced

during reactor fuel assembly, weapons fabrication, and fuel chemical processing

operations [15]. Specifically, TRU is that portion of the waste stream that is

not classified as spent nuclear fuel, HLW, or low-level radioactive waste

(LLW) [30, 51].

A wide variety of storage options exists for the storage and disposal of ILW and

TRU. Storage may be through retrievable burial, underground bunkers, concrete

caissons, aboveground concrete pads, and inside buildings [30]. Since 1999 in the

United States, the USDOE has been disposing TRU waste in a bedded salt deposit

about 700 m (2,300 ft) below the ground surface at the Waste Isolation Pilot Plant

(WIPP) in Carlsbad, New Mexico [30].

Low-Level Waste

LLW has low radionuclide content. Similar to ILW, IAEA [45, 52] suggests that

LLW be further divided on the basis of whether it consists predominantly of short-

lived or long-lived radionuclides. LLW tends to be defined by what it is not (i.e., not

HLW, ILW, or TRU) rather than what it is, so it can include a broad range of

materials and radioactivity levels [30, 51]. For example, LLW may contain small

amounts of radioactivity spread through a large volume of material or it may

contain sufficiently high levels of radioactivity to require shielding for its safe

handling [15, 30, 53]. LLW wastes generated during nuclear decommissioning may

involve a wide range of materials including rags, papers, filters, ion exchange

resins, discarded protective clothing, contaminated soils and construction rubble,

piping, and tanks.

Because of the generally low levels of radioactivity, LLW is typically disposed

using near-surface burial. Depending on its physical and chemical properties, LLW

may be packaged in drums, casks, special boxes, or other sealed containers [30].

Contaminated soil and construction debris may be disposed directly into the cell

without a container. Some large components such as pipes and tanks may be cut up

or flattened to reduce the volume.

9 Nuclear Facilities, Decommissioning of 241



LLW disposal facilities may be either commercial or government operations,

although commercial facilities are still typically governed by government

regulation. Similar to municipal landfills, LLW disposal cell designs may include

a liner, and an engineered cover system may be installed to reduce water infiltration

into the underlying groundwater system [15]. Monitoring systems and institutional

controls are installed to ensure waste isolation (air, water, and soil) and to limit

access to the disposal facility [51].

Hazardous and Mixed Wastes

Depending on their age and size, decommissioning of nuclear facilities may involve

management and disposal of hazardous wastes that result from the processes

employed during facility operations, or from building standards used during the

initial construction of the plant. For example, hazardous chemicals such as acidic,

alkaline, and organic solutions used during uranium milling or fuel reprocessing may

require special handling, treatment, and segregation prior to disposal. In addition,

hazardous materials such as asbestos may be encountered when older buildings are

dismantled and may require special treatment and disposal. If these hazardous wastes

are free from radioactive contamination, their ultimate disposal path would be based

on hazardous waste regulations.

Radioactive wastes may also be mixed with hazardous wastes. The management

and disposal of these wastes can be complicated, as there may be more than one

agency with jurisdiction and more than one set of waste handling criteria may

apply. For example, in the United States, the U.S. Environmental Protection

Agency (USEPA) has authority over hazardous waste through the Resource Con-

servation and Recovery Act, and the USNRC and USDOE have regulatory author-

ity over radioactive wastes through the Atomic Energy Act. In this case, the

management and disposal options to be considered for decommissioning wastes

may need to comply with both hazardous and radiation safety requirements [54].

Uncontaminated Wastes

As with other industrial operations, nuclear facilities may also produce wastes that

contain little or no radioactive contamination. If the radioactivity of these wastes

falls below levels established by the applicable regulations and statutes, they may

require no additional nuclear regulatory control. Also, as described in “Safety and

Performance Assessment” section, some decommissioning wastes can be

decontaminated below the applicable “clearance” levels and released from regu-

latory control [55]. IAEA [45] identifies these as “exempt” wastes and notes that

they can be disposed of using conventional methods and systems.

As structures are dismantled and steel, concrete, and other surfaces (e.g., parking

lots) are removed, large volumes of construction debris may be generated during
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nuclear facility decommissioning. Because some of these structures are not associated

with nuclear-related activities, construction debris of this nature may meet the

requirements of exempt waste. The specific levels of radioactivity that establish the

criteria to be used in identifying exempt wastes will typically differ from country to

country. As a result, the volume of exempt waste and disposal paths will also vary.

General Methodologies for Decommissioning

Specific decommissioning activities and technologies, as well as the sequence of

their application, will vary depending on size, age, operational conditions, and

design of a nuclear facility, and on the regulatory framework that governs

decommissioning. As indicated previously, this article provides a general

discussion of typical decommissioning activities. This discussion is not

a recommendation of particular approaches or technologies, and the reader is

referred to the references identified in the Bibliography for further reading.

Developing a Site-Specific Decommissioning Plan

Nuclear decommissioning is perhaps most effective when the process is laid out in

a decommissioning plan. For the lead organization (either commercial or government)

with responsibility for decommissioning, the plan provides the opportunity to develop

a strategy that, among other things, identifies specific decommissioning issues at

a given site, determines the types of processes and methodologies to be used, specifies

the desired end state of the facility, and establishes the schedules and financing

mechanisms for decommissioning. For large, complex commercial nuclear fuel cycle

facilities such as a power plant or a fuel enrichment plant, the decommissioning plan

is an extensive document that is supported by a large number of underlying technical

and policy reports and references. Although the specific contents of a decommissioning

plan can depend on the type of facility, the regulatory framework, and other policy

issues, some of the general topics to be covered include [18]:

• Facility Description and Operational History

• Radiological Status

• Alternate Decommissioning Strategies and Selection of a Preferred Alternative

• Project Management

• Decommissioning Activities

• Surveillance and Maintenance During Decommissioning

• Waste Management

• Cost Estimate and Funding Mechanisms

• Safety and Performance Assessment
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• Environmental Impact Assessment

• Health and Safety for Workers and the Public

• Quality Assurance

• Emergency Planning

• Physical Security and Safeguards

• Final Radiation Survey

Typically, a site-specific decommissioning plan is developed and refined in

stages. An initial plan describing major structures, systems, and features is devel-

oped as the facility is designed and constructed. The initial plan is designed to

provide basic information and establish project baselines prior to facility startup.

The initial decommissioning plan is also intended to provide a framework for cost

estimates (see “Estimates of Decommissioning Costs”) to ensure that the necessary

funds will be in place to cover decommissioning when the facility ceases operation.

During the operational life of the facility, the initial decommissioning plan is

periodically updated to reflect the operator’s experience and understanding of the

site. As with any large industrial facility, nuclear facilities may change as technol-

ogy or regulatory oversight develops, or as the economics of the plant change. As

the plant approaches the end of its operational life, the decommissioning plan

becomes more detailed. The final decommissioning plan is developed just prior to

a facility ceasing operations. The regulatory agency typically reviews this plan and

must approve it before the operator can implement the decommissioning strategy

[18]. Once the decommissioning plan is approved, it then becomes the basis for

subsequent activities, although it may continue to be revised throughout

a decommissioning process that can extend over decades.

Site Characterization

Site characterization provides the context for nuclear decommissioning. Ideally,

site characterization includes a description of the size and location of the facility,

buildings and systems, and the operational history of the site, as well as

a description of spills or other releases that may affect the decommissioning

process. Nonradiological hazardous process chemicals and other materials like

asbestos that require special treatment and disposal may also be identified in the

site characterization survey.

One objective in undertaking site characterization is to establish the

preoperational baselines and background values that may be used to determine

criteria for successful decommissioning. For example, an understanding of back-

ground water quality is used to establish site-specific levels for groundwater

restoration, as well as action levels for monitoring. Site characterization should

identify the geographical and geological context of the facility in relationship to

important resources for the area such as critical habitat or historical and cultural

areas. In addition, site characterization may include a discussion of the
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socioeconomic impacts of the facility, because this may be an important consider-

ation in selecting among different decommissioning strategies [1]. The site charac-

terization and radiological surveys are intended to be of sufficient detail to provide

data for planning the decommissioning effort, including selection of specific reme-

diation techniques, establishing decommissioning schedules, estimating costs and

waste volumes, and identifying important health and safety considerations to be

considered during decommissioning [20].

For the purposes of nuclear decommissioning, site characterization pays special

attention to the radiological status of the site, focusing on establishing the extent to

which buildings, systems, equipment, soils, and water may contain residual activity

[18]. These radiological “hot spots” can be determined using historical information

(e.g., location of historic spills, known storage locations, sites identified by ongoing

monitoring during operations), conducting surveys with radiation detection equip-

ment, and collecting soil and water samples for subsequent analysis [18, 20, 56, 57].

A key component of site characterization is locating and maintaining existing

records [58, 59]. A lack of information on past activities has been a special

challenge for decommissioning Cold War legacy sites.

Selecting a Decommissioning Strategy

The reasons for taking a nuclear facility out of service may be based on economics,

national policy decisions about the suitability of nuclear power, safety, or obsoles-

cent technology [60]. As described in “Introduction” section, decommissioning

strategies for nuclear facilities generally fall into one of three categories:

• A strategy of immediate decontamination and dismantlement [1, 7, 61, 62] (also

defined as DECON [14, 15]) begins soon after the nuclear facility closes. For

nuclear reactors, spent nuclear fuel is removed, stored, and cooled, pending

permanent disposal or reprocessing, and equipment, buildings, structures, and

portions of the facility that contain radioactive contaminants are either removed

or decontaminated to meet regulatory requirements for releasing the property. In

general, this strategy imposes the largest requirements for resources (funding)

and personnel in the short term. It takes advantage of the existence of a trained

workforce with experience in operating the facility.

• Safe storage [1, 61], deferred or delayed decontamination [7, 62], or SAFSTOR

[14, 15], refer to decommissioning strategies where a nuclear facility is left

intact after closing, placed in a stable condition, and maintained and monitored

until subsequent dismantlement and decommissioning. One purpose in choosing

this strategy is to allow radioactivity to decay during a period of safe storage,

perhaps on the order of decades, potentially reducing the radiological hazards

and the quantity of nuclear waste that must be disposed. This strategy may also

benefit from continuing developments in decommissioning technology and

waste management options.
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This approach places a premium on knowledge management, as the operations

workforce may not be available when decommissioning begins years after the

end of operations. This decommissioning strategy may be the only option if there

are insufficient funds available to cover the costs of immediate decontamination

and dismantlement, or if some aspects of the regulatory framework, such as

a spent nuclear fuel disposal site, are not available when operations cease [7, 63].

Safe storage may allow one part of a large facility to be closed while the rest of the

facility completes its life cycle. For example, one reactor unit at a nuclear power

plant may be closed and the fuel removed while the remaining reactor units continue

to produce electricity. When the decision is made to close the remaining portions,

all of the components can then be decommissioned together, with accompanying

potential benefits from optimizing the use of staff and specialized equipment for

decommissioning. An example of this approach is the Peach Bottom Unit 1 reactor

in York County, Pennsylvania, which was shut down in 1974 and placed in

SAFSTOR. Reactor Units 2 and 3 continue to operate and are scheduled for

shutdown in 2034, at which point final decommissioning will begin [64].

• A strategy of entombment [1, 7, 61, 62] or ENTOMB [14, 15] involves encasing

radioactive materials onsite in a long-lived, structurally sound material such as

concrete. The entombment structures are maintained and monitored as appropri-

ate, with institutional controls (e.g., fencing, security personnel) to limit access.

For some facilities, the intent of entombment is permanent encapsulation [7],

and computer models are used to simulate performance for thousands of years

[19]. Because entombment effectively creates a surface waste disposal site, it is

not generally a suitable decommissioning strategy for facilities associated with

fuel enrichment, fuel fabrication, and fuel reprocessing [62]. In addition, an

entombment strategy may also limit the options for releasing the site for reuse.

The first two decommissioning strategies may also be combined. For example,

some facilities at a site may be immediately dismantled while other structures

are placed in safe storage. For large sites like fuel enrichment plants, nuclear

decommissioning activities may be occurring at some facilities at the same

time as active operations [4]. Generally, it is anticipated that decommissioning

activities will be completed in a period of decades from the end of operations [14].

Because of the wide variety of nuclear facilities, there is no unique approach to

decontamination and decommissioning. Several factors may be considered in

selecting the decommissioning strategy [1, 7, 62] for a specific site, including:

• The status of the policies and regulatory framework that establish, among other

things, the national direction of the nuclear industry and legal requirements for

nuclear decommissioning

• The financial costs (both direct and indirect) associated with a given

decommissioning strategy and the amount of funding available

• The availability of waste management and disposal facilities for the types and

volumes of waste to be generated during decommissioning

• Risks to health and safety of both workers and members of the public
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• Potential environmental impacts associated with a given decommissioning

strategy

• Knowledge management concerns and the availability of trained and experi-

enced personnel to conduct the decommissioning activities

• The desired end state for the site, and potential socioeconomic impacts to local

communities and other stakeholders, including options for release and reuse of

the site after decommissioning is complete

These factors need to be considered within the context of the specific site before

selecting the preferred alternative. As described previously, the reasons for

selecting one alternative as opposed to another should be discussed in the

decommissioning plan.

Estimates of Decommissioning Costs

The facility owner is generally responsible for ensuring that there are sufficient

resources to cover activities associated with decommissioning a nuclear facility.

These activities may include decontamination, decommissioning, reclamation, and

groundwater restoration, as well as surveillance and monitoring that may be

necessary for long-term stewardship. Cleanup of government facilities and legacy

sites that were established prior to the development of a regulatory framework for

nuclear decommissioning are generally the responsibility of the national (or state/

provincial) governments. Funds for these government responsibilities may be

raised by general appropriations (taxes) or user fees imposed on the beneficiaries

of nuclear power.

Methods used to accumulate and manage funds for decommissioning commer-

cial nuclear facilities vary from country to country [1]. One common method to

establish a decommissioning fund is to impose a requirement that a portion of

business revenues be set aside for decommissioning and waste management.

Typically, the types of financial mechanisms that are acceptable for estimating,

creating, and maintaining a decommissioning fund are either established by

the regulatory agency responsible for the facility license or directly by legislation

[1, 21].

In countries with a robust regulatory framework, the owner/operator is com-

monly required to present estimates for the cost of decommissioning activities as

part of the license application. A detailed discussion of estimating

decommissioning costs is contained in USNRC [21]. In general, cost estimates

are specific to the size, type, and location of the facility, and they incorporate

assumptions about:

• The transition between operations and facility shutdown, and the work

associated with that process, such as postoperational cleanout

• The definition for the end state of the decommissioning process (e.g., unre-

stricted release, restricted release)
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• The availability and suitability of established approaches to decommissioning

methods versus the need for unique and perhaps untested technologies

• Availability and capacity of facilities for managing or disposing of residual spent

fuel and radioactive waste

Once the regulatory agency or governing body evaluates and accepts the pro-

posed cost estimates, the type and amount of the financial surety (e.g., letter of

credit, prepaid cash, government bond) is established and administered in accor-

dance with government regulations. The regulatory agency (as in Canada, United

States, and Sweden) or a waste management body (as in Belgium and Spain) then

reviews the fund on a regular basis, generally between 1 and 5 years [1, 21]. As

identified during the review, the decommissioning fund may be updated and the

amount adjusted either upwards or downwards to account for inflation, changes in

technology, or completed decommissioning activities.

As noted previously, the actual costs of nuclear decommissioning can vary

substantially. The IAEA provided estimates for median decommissioning

costs associated with various types of nuclear facilities based on a combination of

expert judgment and decommissioning experience and using assumptions with

respect to operating life and time to decommission [4]. These estimates (in US $,

2003 value) are summarized in Table 9.2. Because the cost of decommissioning

will depend strongly on site-specific issues such as local geology, facility age and

design, and operational history, the actual costs for a given site may fall outside

these ranges.

The estimates reported in IAEA [4] are general in nature and are not intended to

bound all potential costs, particularly for very large government facilities. One

general conclusion that can be made from these estimates is that management of

spent nuclear fuel and radioactive wastes can represent a significant proportion of

the total costs of decommissioning. For example, estimated costs for

decommissioning the Sequoyah Fuels uranium conversion site near Gore,

Table 9.2 Estimated costs associated with decommissioning different nuclear facilities [4]

Type of nuclear facility

Estimated decommissioning

cost (min to max [median]

in US $ million, 2003 value)

Operational

life (years)

Time to

decommission

(years)

Uranium milling 0.800 25 1

Uranium conversion/

recovery

150 30 3

Uranium enrichment 600 30 10

Fuel fabrication 250 30 2

Nuclear power

reactora
250–500 (350) 40 10 (after 5-year

transition period)

Fuel reprocessing 800 30 15

Industrial facilities 0.050–3 (0.200) 20 1
aCost estimates for decommissioning nuclear power reactors do not include the processing of

operational waste, removal and disposition of spent nuclear fuel, the draining of operational

systems, or the development of a waste disposal facility
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Oklahoma, varied from US $19 million for the no-action alternative of long-term

stewardship, to about US $36 million for onsite disposal of most contaminated

wastes, to as much as US $254 million for transportation and offsite disposal of all

contaminated wastes [25]. These cost issues indicate the importance of accurately

characterizing a site and identifying appropriate opportunities to decontaminate,

recycle, and reuse materials.

Safety and Performance Assessment

Safety is among the highest priority issues in nuclear decommissioning. Safety

assessments, typically developed by both operators and regulators, are engineering

analyses that involve calculations and computer simulations to evaluate potential

radiological doses. The purpose of the safety assessment is to identify and evaluate

potential hazards to ensure that nuclear decommissioning can be done in a manner

that is safe for workers, members of the public, and the environment [65].

In general, the safety assessment should be systematic and be linked to relevant

safety criteria, taking into consideration potential radiological doses to workers and

members of the public, discharges to the environment, and exposure to chemical

and other nonradiological hazards [18, 57, 65, 66]. To meet these objectives,

a safety assessment consists of:

• Estimates of system performance for all the situations selected

• Evaluation of the level of confidence in the estimated performance

• Overall assessment of compliance with safety requirements

The standards and criteria to be used in developing these assessments vary from

country to country depending on the regulatory framework that is in place. Also, the

nature of the safety assessment may vary depending on the complexity of the

decommissioning strategy needed for a given nuclear facility. A general framework

proposed by the IAEA [64] includes:

• The scope of the assessment, based on the physical state of the nuclear facility

• The objectives of the assessment

• The applicable safety requirements and criteria to be used in evaluating potential

exposures to workers, members of the public, and the environment

• Outputs from the safety assessment, generally in the form of doses that can be

compared to the relevant safety requirements and criteria

• A description of the approach used to implement the safety assessment, whether

through simplified calculations or complicated computer models, and

a discussion of how the approach is appropriate to the magnitude and time

frames of the potential hazards

• Time frames for all phases of the decommissioning activities considered in the

safety assessment
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• A definition of all phases of nuclear decommissioning and the anticipated end

points for each phase

• A definition of the final end state of the facility that is anticipated after all

decommissioning activities are complete

In practice, a safety assessment starts with a description of the facility and all of

the anticipated decommissioning activities that comprise the decommissioning

strategy (see “Selecting a Decommissioning Strategy”). To evaluate off-normal

scenarios, a safety assessment also includes identification of potential hazards and

initiating events (both natural events such as earthquakes and human-made events

such as fire), and potential exposure pathways. These are screened, usually on the

basis of probability of their occurrence and the resulting consequence should they

occur. Plausible scenarios are developed and used in the engineering analysis to

quantify the likelihood and magnitude of potential radiological and safety

consequences. In addition, the safety assessment should identify relevant experi-

ence and lessons learned from the decommissioning of similar facilities, if

available.

For disposing of longer lived radionuclides, some regulatory frameworks and

decommissioning strategies use a performance assessment that provides

a quantitative evaluation of potential releases of long-lived radionuclides over

time periods of hundreds to thousands of years or longer. Similar to safety

assessments, but with a much longer time horizon, performance assessments typi-

cally involve computer simulations based on site-specific features, events, and

processes (biological, physical, and chemical) that may affect the long-term perfor-

mance of engineered barrier systems. A performance assessment also simulates the

release of radionuclides from any engineered barrier system and their subsequent

migration through the geosphere surrounding the facility. Finally, future potential

radiological doses may be calculated for a hypothetical receptor group located away

from the facility [38]. Because of the long time frame, it is not possible to include

all potential conditions that might affect performance, so simplified models, or

abstractions, are used to simulate important aspects of the engineered and geologi-

cal systems. This can introduce uncertainty into the calculations that should be

characterized and evaluated to determine whether there is sufficient confidence that

the applicable regulatory criteria will be met [19, 38].

In essence, the idea of safety and performance assessments is intended to answer

these questions: What can go wrong? How likely is it? What are the consequences?

[38]. Where there is uncertainty in conceptual models of the system or in the model

parameters, simplifying assumptions should be chosen in such a way that ensures

the models will be transparent, conservative, and not underestimate potential

radiological doses. Statistical analysis and sensitivity studies can help to character-

ize the nature and relative importance of the uncertainty. Depending on the results

of the safety and/or performance assessment, the planned decommissioning

activities may be modified to reduce risks, or compensate for uncertainty or limited

information [66].
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Decontaminating Structures, Equipment, and Components
for Reuse or Recycling

The objectives of decontamination include reducing the potential radiological expo-

sure of workers and members of the public during decommissioning; minimizing the

volume of radioactive waste; and increasing the potential for reusing and recycling

equipment, material, and land at the site of a nuclear facility [67].

Although specific technologies to be used during decommissioning activities

will vary depending on size, age, operational conditions, and design, general

decontamination methods include [68–70]:

• Chemical methods that use agents such as acids, oxidants, or chemical foams

and gels to remove contamination fixed to surfaces. The nature of the chemical

agent may be determined based on the properties of the surface to be

decontaminated. Chemical decontamination methods may generate a liquid

waste stream that requires further treatment to remove radioactive wastes (and

generate subsequent secondary waste streams).

• Mechanical methods that rely on cutting, grinding, or other physical techniques

to remove contaminated surfaces or layers.

The techniques used for decontamination will vary by material and from site to

site, depending on issues such as the operational history of the facility, the level of

contamination, and the type of material to be decontaminated [67, 69]. For exam-

ple, chemical decontamination methods may not be appropriate for porous

materials such as concrete, where fluids may migrate into the material.

In addition to technical feasibility, other considerations in selecting decontami-

nation techniques may include the applicable clearance criteria and the potential

doses to workers or members of the public to reach these levels. The selection

process may also include evaluating the cost of decontamination versus the cost of

disposal without decontamination, taking into account estimates of the volume,

nature, category, and activity of any primary and secondary wastes that might

result. For example, decontamination methods should be selected in such a way

as to minimize the amounts of secondary wastes (e.g., cutting fluids or washdown

fluids) produced. It is also important to ensure that selected decontamination

methods are compatible with and do not compromise existing or planned key

treatment, conditioning, storage, and disposal systems [67]. For example, high-

pressure jets may not be an appropriate method for cleaning liquid waste storage

tanks that are decades old and have experienced some corrosion.

Dismantling and Removing Buildings, Structures,
and Equipment from the Site

Equipment removed from buildings (Fig. 9.4) during the cleanup process is

typically categorized as (1) salable for unrestricted use after radiation checks and
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decontamination; (2) potentially contaminated, but may be salvageable for sale to

other nuclear facilities; and (3) contaminated and must be disposed. The responsible

regulatory authority generally establishes the levels of contamination for these

different categories.

Dismantling and removing buildings, foundations, structures, and equipment

from a nuclear facility is sometimes referred to as “construction in reverse,” and

similar types of heavy equipment (e.g., trucks, cranes, earthmoving equipment) are

used during dismantling (see Figs. 9.4 and 9.5). In addition, cutting equipment and

even demolition explosives may be needed to break large structures down into

smaller pieces that can be handled and transported more easily (Figs. 9.5 and 9.6).

For high-radiation areas, remote techniques such as underwater cutting may be

necessary to provide for worker radiation protection [67].

Where salvage is not economically or technically feasible, larger pieces of

equipment (e.g., pipes, tanks) may be cut up and flattened, and building materials

reduced to rubble to minimize waste volume and make handling for subsequent

disposal easier. How much volume needs to be reduced may depend on the

Fig. 9.4 A steam generator

is removed from a reactor

building [76]

Fig. 9.5 Demolition

of a reactor containment

building [76]
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available waste disposal capacity and regulations that govern transportation and

disposal. Pavement in roads and parking lots may also be removed for disposal as

construction debris.

Remediating Contaminated Soils and Groundwater

Remediating residual radioactivity in soils and water generally uses technologies that

are well established in the environmental industry. Evaluating and selecting a specific

technique is an important part of decommissioning and depends on many site-specific

issues such as the physical and chemical state of the residual radioactive material, the

availability of equipment and a trained workforce, the availability of appropriate waste

disposal capacity, and stakeholder sentiment. The following discussion is intended only

as a brief summary of commonly available methods for remediation.

The most common remediation method used for contaminated soils involves

excavating the soil for disposal in a LLW facility (Fig. 9.7). If the contamination

layer is not deep, this may be an economically viable approach. If the contamination is

widespread, however, the volume of material to be disposed in this fashion may be

Fig. 9.6 Dismantling

industrial buildings at

a nuclear facility [42]
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quite large and may increase the costs of waste disposal. Alternatively, the soil may be

excavated and treated using physical and chemical separation techniques to isolate and

reduce the volume of contaminated material [27]. For example, in some cases, residual

radioactivity may be more closely associated with fine clay-sized particles in the soil

that can be separated by using screens or other physical separation methods. Chemical

extraction methods use solutions such as organic acids to bind to the contamination and

remove it from the soil. After separation of the contaminated and uncontaminated soil

fractions, the uncontaminated soils are used as clean fill, and contaminated soils are

treated further or processed for disposal. If chemical methods are used, the leachate

may be treated to remove the dissolved radionuclides to meet water standards.

Contaminated surface water and groundwater typically require treatment to meet

applicable standards. Widely available technologies for contaminated groundwater

include pumping and treating to pull the contaminant plume back toward the

extraction well. The contaminated water is then treated through a process such as

ion exchange and is either injected back into the aquifer or discharged to a suitable

surface water disposal system. A more recent technology for treating contaminated

groundwater is the construction of a passive permeable reactive barrier or slurry

wall system (Fig. 9.8). Built below the ground surface so that they intercept the

groundwater plume, the reactive materials in the barrier are selected to chemically

react with the contaminants and immobilize them in the subsurface. Reactive

materials that may be used to remove uranium from groundwater include different

Fig. 9.7 Removing

uncontaminated soil and

debris for offsite disposal [42]
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forms of iron, such as metallic (zero-valent) or amorphous ferrihydrite [27]. The

contamination will remain in place until the barrier is excavated, and barrier

longevity and long-term performance are important engineering issues.

Other technologies rely on in place or in situ methods to reduce or immobilize

soil and water contamination. For soils, contamination may be reduced or

immobilized through mixing in amendments such as apatite or phosphate that

will chemically react with the contamination. Alternatively, soil contamination

may be immobilized in place by grouting or capping. Bioremediation is

a collection of more recent technologies that use biological organisms to preferen-

tially extract or otherwise break down toxic and radiological contamination from

both soils and groundwater [71]. For example, sunflowers have been demonstrated

to take up uranium from waste at a site in Ashtabula, Ohio, and at a small pond

contaminated with uranium near the Chernobyl nuclear power plant site in Pripyat,

Ukraine [27, 71].

In addition to active remediation technologies, monitored natural attenuation of

contaminated soils and groundwater may be also be applicable, if it can be

demonstrated to meet applicable criteria in a reasonable timeframe [72]. This

method relies on monitoring soils and groundwater while the natural physical,

chemical, or biological processes already occurring at the site contain and reduce

volume, mass, and toxicity of the contamination in place. Where site conditions

Fig. 9.8 Building a slurry

wall to remediate

contaminated

groundwater [42]
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such as soil type and groundwater flow are favorable, monitored natural attenuation

can be an attractive option because it is typically less disruptive and costly than

more active remediation measures. However, because it can be perceived by

stakeholders as “doing nothing,” monitored natural attenuation is generally pro-

posed as one part of a broader remediation strategy and combined with active

remediation measures [72]. For example, a contamination source may be excavated

and removed while monitored natural attenuation is implemented for the associated

groundwater contaminant plume.

Waste Management and Disposal

As described in “Waste Management and Disposal” section, decommissioning

wastes can fall into several different classes. Waste classification ultimately

depends on the type of historical operations at the site and will influence the

decommissioning strategy and waste management options that are selected for

a facility. Once the physical, chemical, and radiological properties are

characterized and the waste is classified and the applicable criteria are determined,

the basic options for waste management are either onsite storage/disposal or

transport offsite to an approved waste disposal facility.

For nuclear power plants, one of the final phases of operations before

decommissioning is to remove the fuel from the reactor (defuel) and place the

spent nuclear fuel in interim storage, either in pools or dry casks. This step would be

necessary regardless of the decommissioning strategy selected [69]. As they are

generated during operations, other wastes may be collected, segregated, chemically

adjusted, and decontaminated onsite, and then placed in temporary monitored

storage onsite until a final disposition path is determined [44]. A partial list of

examples of the types of wastes that may be encountered during the

decommissioning of nuclear facilities is presented in Table 9.3.

Waste may be treated to prepare it for final disposal. Treatment concepts include

volume reduction and separation and removal of radionuclides and other hazardous

wastes [44]. Some treatment options include incineration or compaction to reduce

volume, and evaporation or ion exchange to remove radionuclides from liquid

wastes. Some of these techniques can generate secondary wastes such as liquids,

sludges, and filters that need to be managed as well.

Radioactive wastes may also be conditioned to produce a form that is more

suited for handling, transportation, storage, and disposal. Low-level and intermedi-

ate-level wastes may be immobilized by mixing with grouts, cements, and bitumen,

while liquid high-level wastes from fuel reprocessing may be vitrified into a glass

waste form or otherwise modified to produce a solid waste form. These wastes are

placed in packages or specially designed containers for interim storage, transporta-

tion, and subsequent offsite disposal (Fig. 9.9). This may be at a licensed disposal

site, a specially constructed disposal cell, or an existing tailings impoundment that
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is being reclaimed and used as a disposal cell. The materials must meet waste

acceptance criteria for the disposal facility.

Alternatively, waste may be disposed in place with monitoring and an

engineered system for long-term disposal [42]. Onsite waste management,

Table 9.3 Partial list of the types of waste materials for different nuclear facilities

Type of nuclear facility Examples of waste materials

Uranium mine Waste rock

Fuels and lubricants

Contaminated soils and groundwaters

Uranium mill Drums

Insoluble waste and filter materials

Liquid effluent

Tailings and sludges

Liquid nitrates

Ion exchange resins

Tanks, pipes, and equipment

Contaminated soils and groundwater

Uranium conversion Solid CaF2
CaF2 sludges with/without minor uranium

Non-radiological chemical waste

Tanks, pipes, and equipment

Contaminated soils and groundwaters

Uranium enrichment Depleted uranium tails

Tanks, pipes, and equipment

Contaminated soils and groundwaters

Fuel fabrication Uranium scrap material

Filters

Wash water and decontamination/cleaning solutions

Waste oils

Spent acids and solvents

Equipment

Contaminated soils and groundwaters

Nuclear power plants Reactor vessel and internal components

Coolant system equipment and components

Activated concretes and steels

Evaporator concentrates

Tanks, pipes, and equipment

Contaminated debris and soils

Spent fuel reprocessing Filters

Activated and contaminated metal components

Spent solvents, decontamination and metal cleaning agents

Fuel cladding

Laboratory analytical equipment and solutions

Tanks, pipes, and equipment

Contaminated debris, soils, and groundwater
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including a decommissioning strategy of entombment, must comply with applica-

ble regulations for near- surface storage and disposal facilities [62]. In this case,

a performance assessment (see “Safety and Performance Assessment”) may be used

to evaluate both engineered and natural barrier performance over long times.

Depending on the nature of the waste and the site-specific conditions, different

design options (backfill, concrete vaults, engineered covers) may be evaluated

along with a combination of long-term monitoring and institutional controls [44].

Institutional controls such as fencing, signage, and physical security are generally

assumed to be effective only for a period on the order of hundreds of years, while

the performance of engineered and natural barriers is evaluated over periods as long

as 10,000 years [19, 20].

Conducting Final Inspections and Surveys

During decommissioning, the national regulatory agency will typically conduct

onsite reviews and inspections to ensure that the approved decommissioning plan is

Fig. 9.9 Low-level

radioactive waste packages

for offsite disposal [42]
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being followed [19] and the decommissioning activities are being conducted in

a safe manner that complies with applicable regulations. After decommissioning is

complete, there should be a final survey to evaluate the residual radioactivity that

remains at the site. The specific goal of this survey is to determine the extent to

which the site complies with the criteria set by the governing regulatory authority

for subsequent reuse and/or release of the site [57, 67] – one of the objectives of

decommissioning (see “Definition of the Subject”).

This survey may be carried out in phases, as decommissioning work is

completed, to enable parts of the site to be released from regulatory control. The

final survey data are submitted to the regulatory authority, including a description

of the applicable reuse/release criteria, the methods and procedures used, and the

measurement results. Typically, the sampling and surveys will be focused on areas

such as previous waste burial sites or spill locations identified as contaminated

during the site characterization survey. These areas are sometimes called Class 1

areas [57], and sampling and surveys will be more extensive. Areas that are less

likely to be contaminated, called Class 2 and Class 3 areas, receive lesser surveying

and sample coverage. The results typically include an analysis to demonstrate the

statistical significance of the results as compared to natural background radiation

levels [20, 56, 57, 67].

Reclaiming Disturbed Land

After decommissioning and dismantlement of buildings and structures is complete,

the decommissioning strategy may call for reclaiming disturbed land to

preoperational condition. This is generally accomplished by adding clean topsoil,

installing drainage and erosion controls if necessary, regrading and recontouring the

surface to match the surrounding topography, and revegetating with native vegeta-

tion (Fig. 9.10). In addition, land reclamation efforts should include monitoring to

ensure that drainage and erosion controls are functioning as intended, revegetated

areas are stable, and invasive species have not become established. Many of these

techniques are similar to those used to reclaim surface mines [73].

The amount of disturbed land to potentially reclaim can vary significantly for

different nuclear facilities, especially conventional uranium mining and milling

operations that produce significant quantities of waste rock and tailings covering

tens to hundreds of hectares (acres). The type of reclamation will depend, in part, on

the intended use of the land once the license is terminated. For example, a site

intended for unrestricted release as a recreation area may have a more extensive

land reclamation program than a site that will ultimately be released for future

industrial uses.
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Status of Decontamination and Decommissioning

Because commercial nuclear fuel cycle facilities and nuclear power plants are

governed at the national level using different policy, statutory, and regulatory

frameworks, the status of nuclear decommissioning around the world is difficult

to estimate [4]. A brief summary based on the estimates of international nuclear

organizations such as the IAEA, NEA, and WNA is provided here and in Table 9.4.

• The leading countries for uranium production include Canada, Kazakhstan, and

Australia, followed by Namibia, Russia, Niger, Uzbekistan, and the United States

[40]. Uranium has been mined for decades, and some of the older mines are small

and not well documented. The WNA estimates that more than 100 mines have

been “retired from operations,” although decommissioning is not complete at all

of them [5].

• Uranium mills exist in countries with known uranium ore reserves. As of August

2003, the IAEA reported that 294 uranium mills were operating worldwide, with

231 plants shut down or in decommissioning and 149 fully decommissioned.

Eight additional uranium mills were under construction [4].

• Uranium conversion plants to produce UF6 operate in the United States, Canada,

France, United Kingdom, China, and Russia. As of August 2003, the IAEA

Fig. 9.10 Reclamation and

revegetation of site after

decommissioning

a commercial nuclear power

plant [77]
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reports that 29 uranium conversion facilities were operating worldwide, with 14

plants shut down or in decommissioning and 2 fully decommissioned. One

additional uranium conversion facility was under construction [4].

• Major enrichment plants are operated in the United States, France, and Russia,

with smaller plants located in the United Kingdom, Netherlands,

Germany, Japan, and China [28]. As of August 2003, the IAEA reports that 21

fuel enrichment facilities were operating worldwide, with 7 plants shut down or

in decommissioning and 5 fully decommissioned. Two additional fuel enrich-

ment plants were under construction [4].

• Fuel fabrication and/or heavy water production facilities operate in most

countries with nuclear programs. As of August 2003, the IAEA reports that 66

fuel enrichment and heavy water production facilities were operating world-

wide, with 27 plants shut down or in decommissioning and 23 fully

decommissioned. Five additional fuel enrichment plants were under construc-

tion [4].

• At present, 436 commercial nuclear reactors are operating worldwide in many

countries in North America, Europe, and Asia [9]. A total of 112 nuclear reactors

have been placed in long-term shut down, and 14 have been completely

decommissioned [4, 9]. Russia has the largest number of research and test

reactors, followed by the United States, Japan, France, Germany, and China.

In addition, research and test reactors are also located in developing countries in

Africa, South America, and Asia. After peaking in the mid-1970s at about 370

reactors in 55 countries, the number of research and test reactors worldwide has

declined sharply. As of August 2003, the IAEA reported that there were about

287 research and test reactors and critical assemblies in operation worldwide,

with 8 more under construction. A total of 214 research and test reactors were

shut down or being decommissioned, and 173 were reported as being

decommissioned [4].

• As of August 2003, the IAEA reports that 13 fuel reprocessing plants were

operating worldwide, with 18 plants shut down or in decommissioning and

13 fully decommissioned. Three additional fuel reprocessing plants were under

construction [4].

Table 9.4 Decommissioning status for nuclear fuel cycle facilities as of August 2003 ([4],

Table 9.3)

Type of

nuclear facility Operating

Under

construction

Shut down

/being

commissioned Decommissioned

Uranium milling 294 8 231 149

Uranium conversion/recovery 29 1 14 2

Uranium enrichment 21 2 7 5

Fuel fabrication/heavy water

production

66 5 27 23

Fuel reprocessing 13 3 18 13

9 Nuclear Facilities, Decommissioning of 261



Future Directions

As noted previously, interest in commercial nuclear power has been revived as

a result of concerns with carbon emissions from traditional fossil fuels. As a result,

many nations have reported an increase in proposed construction projects for new

reactors. Although many of these proposed projects will use current Generation II

and III reactor designs, there are research and development programs focused on

designing the Next Generation IV reactors [37].

The different current and future design types and sizes of reactors will make

decommissioning inherently a site- and reactor-specific process. Each current and

future reactor design will have its own design-specific decommissioning

requirements that must be taken into consideration. In addition, changes in reactor

design or the use of nuclear fuels based on MOX or thorium may lead to different

fuel requirements that will change the nature of decommissioning at the front end of

the nuclear fuel cycle.

Much of the decommissioning experience gained to date is focused on an open,

or “once through” uranium fuel cycle. Current programs such as the Global Nuclear

Energy Partnership are evaluating the potential of a closed fuel cycle, where fuel is

reprocessed and used more than once to generate power [39]. This approach, along

with changes in ongoing nuclear reactor operations, would change the amount and

characteristics of spent nuclear fuel for handling, storage, and disposal. In addition,

closing the fuel cycle would require new nuclear fuel cycle facilities and change the

waste streams produced at the back end of the fuel cycle. For these reasons,

a change from an open to a closed nuclear fuel cycle may need new waste disposal

options that will influence the selection of the decommissioning strategy for these

types of facilities.

Although new decontamination techniques are continually being developed [27,

69], existing technology that has been previously applied with demonstrated success

may continue to be preferred by stakeholders (members of the public, government

agencies) to an untried method, particularly if trained staff and specialized equipment

are readily available. As decommissioning costs and potential benefits are better

understood, newer techniques may be applied more. In addition, many nations are

looking at extending the service life of existing nuclear facilities and reactors. At the

same time, the nuclear workforce is aging, placing a premium on knowledge manage-

ment and recordkeeping to ensure valuable information and experience is not lost [58,

74, 75]. Decommissioning decisions are perhaps many decades in the future, but should

be taken into consideration as designs are developed for advanced reactors and the

nuclear facilities that support them.
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Chapter 10

Radioactive Waste Management: Storage,

Transport, Disposal

Audeen W. Fentiman

Glossary

Fission Process by which a nucleus splits into two smaller

nuclei, emitting two or three neutrons and energy.

Half-life The time required for half of the nuclei in a sample of

a radioactive isotope to emit radiation and be

transformed to another isotope.

High-level radioactive

waste (HLW)

Used nuclear fuel or the highly radioactive materials

that are generated when used nuclear fuel is

reprocessed.

Low-level radioactive

waste (LLW)

Radioactive waste that is not high-level radioactive

waste, used nuclear fuel, or mill tailings.

Transuranic waste (TRU) Wastes that are not classified as high-level waste and

contain more than 100 nCi/g of alpha-emitting trans-

uranic isotopes (Z > 92) with half-lives of more than

20 years.

Used nuclear fuel or spent

nuclear fuel (SNF)

Terms used to designate nuclear fuel that has been

irradiated in a reactor to produce power.
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Definition of the Subject

Radioactive materials are widely used in our society, and when they are, radioactive

wastes can be produced. In addition to being used to generate about 20% of

the electricity used in the USA and 17% of the electricity used worldwide, radioactive

materials are important in medicine, industry, and research. For example, radioactive

materials are used to help diagnose and treat disease, as thickness gages in

manufacturing, as components of some smoke detectors, to kill bacteria in food, to

trace the movement of nutrients through plants, and to power spacecraft leaving the

solar system. Just as there aremany uses of radioactivematerials, there aremany types

of radioactive waste, each of which must be stored for a time, treated (prepared either

for disposal or recycling), transported, and ultimately disposed of in a licensed facility.

Some radioactive materials are utilized in weapons production, an activity which also

results in generation of radioactivewastes, although this chapter shall focus on civilian

uses of radioactive materials. Proper management of radioactive wastes is essential to

ensure that society continues to realize the benefits of radioactive materials without

undue risk to human health or the environment, and all aspects of radioactive waste

management are highly regulated.

Introduction

This chapter addresses four types of radioactive waste, used nuclear fuel, high-level

radioactive waste (HLW), low-level radioactive waste (LLW), and transuranic

waste (TRU). Used nuclear fuel (sometimes called spent nuclear fuel) is fuel that

has reached the end of its useful life and has been taken out of a nuclear power

plant. It is highly radioactive. High-level waste is a category of radioactive waste

that includes used nuclear fuel and the highly radioactive wastes that are generated

when used nuclear fuel is reprocessed. These two materials are expected to be

disposed of in the same facility and thus are lumped together in one category. As the

name implies, this waste is highly radioactive. Low-level radioactive waste is

material that is not HLW or TRU; LLW typically consists of items with low

concentrations of radioactive materials with relatively short half-lives (<100

years). There are several categories of low-level radioactive material, and the category

assigned to any particular container of low-level waste depends on the type and amount

of contamination on the waste material. Finally, transuranic waste is a very specialized

type of waste containing materials that have an atomic number greater than that of

uranium. One section of this chapter is devoted to each type of waste, and within each

section, methods for storing, treating, transporting, and disposing of the waste will

be discussed.
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High-level Radioactive Waste – Including Used

(Spent) Nuclear Fuel (SNF)

One hundred and four nuclear power plants in the USA generate about 20% of the

electricity used each year [1]. Worldwide, over 435 nuclear power plants generate

about 17% of the electricity [2]. Some countries rely heavily on nuclear power. For

example, over 75% of the electricity in France is generated by nuclear power plants,

and over 40% of the electricity in Sweden, Belgium, and Slovakia is from nuclear

power [3].

The fuel for the nuclear power plants is uranium dioxide (UO2), which is

typically pressed into ceramic pellets. About 5% of the uranium in the fuel is
235U which fissions, releasing energy that is ultimately converted to electricity.

The other 95% of the uranium in the fuel is 238U which is mostly inert although

a small fraction of the 238U atoms is converted to plutonium while the reactor is

operating and another small fraction fissions. The ceramic UO2 pellets are small

cylinders about 0.6 in. long and 0.4 in. in diameter [4]. Stacks of pellets are sealed in

zircaloy tubes about 12 ft long, and a 17 � 17 array of rods constitutes one typical

fuel assembly. About 180 fuel assemblies are loaded into an average-sized

pressurized water reactor. The other type of nuclear reactor commonly used in

the USA, the boiling water reactor, is fueled with about 500–750 smaller fuel

assemblies.

As the reactor operates, 235U nuclei fission, after they absorb a neutron, breaking

into two smaller nuclei. A small number of neutrons emitted during fission strike other
235U atoms, causing more fissions, and releasing more energy. This process is known

as a chain reaction. Eventually, most of the 235U atoms in a fuel assembly have

fissioned, and there are not enough of those atoms remaining to sustain the chain

reaction. At that point, about one third of the fuel assemblies is removed from the

reactor and fresh ones inserted in their place. Most nuclear power plants operate for

18–24 months before they need to be refueled. The fuel assemblies that are removed

during refueling are referred to as used nuclear fuel or spent nuclear fuel.

The composition of the used nuclear fuel is shown in Table 10.1. Approximately

95% of the used nuclear fuel is 238U. Less than 1% of the used fuel is plutonium.

Some plutonium isotopes, primarily 239Pu, fission and can be incorporated into new

fuel rods. The reminder of the used fuel consists of fission products, that is, the

atoms created when the 235U atoms split, and minor actinides which were formed

Table 10.1 Composition of used nuclear fuel [5]

Material Percent of used fuel (%)

Uranium (235U and 238U) 95.6

Plutonium (all isotopes) 0.9

Minor actinides 0.1

Stable fission products 2.9

Radioactive fission products 0.5
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when some 238U atoms absorbed neutrons. Many fission products are highly

radioactive and emit penetrating gamma rays.

When the used nuclear fuel is removed from the reactor, it is transferred to the

spent fuel pool in a structure adjacent to the reactor building. The spent fuel pool is

an in-ground, concrete, steel-reinforced, stainless steel-lined pool that is filled with

at least 20 ft of water [6]. Used fuel assemblies are placed vertically in the pool.

Water in the pool cools the fuel assemblies and serves to shield workers and

equipment in the area of the pool from the radiation emitted by the fuel assemblies.

Perhaps surprisingly, the spent fuel pool at a nuclear power plant is not designed

to be large enough to hold all of the used fuel that will be discharged from the

nuclear power plant over its lifetime. A nuclear power plant’s initial license is for

40 years. By early 2010, over half of the nuclear power plants in the USA had been

granted license extensions of 20 years [7]. Thus, nuclear power plants are expected

to operate at least 60 years, and it will be necessary to store some used fuel outside

of the spent fuel pool. At the time the first nuclear power plants were built in the

1960s, it was presumed that used nuclear fuel would be reprocessed and recycled

after the fuel assemblies had cooled for several years. Thus there was no need to

build a spent fuel pool to hold all of the discharged fuel. In April 1977, US policy on

reprocessing was changed when President Carter issued a statement that the USA

would “defer indefinitely the commercial reprocessing and recycling of plutonium”

[8]. The Nuclear Waste Policy Act of 1982 mandated construction of a geologic

repository for permanent disposal of used nuclear fuel and required the Department

of Energy to begin disposing of the used nuclear fuel not later than January 31, 1998

[9]. Once again, it did not appear that the spent fuel pool would need to hold all of

the used nuclear fuel from a nuclear power plant, since there would be a place to

send the used fuel for disposal. However, the geologic repository has not been built,

and spent fuel pools at many of the older nuclear power plants are full or nearly full.

Many power plants are now moving some of their older used fuel assemblies that

have been cooling in the spent fuel pool for many years to dry storage casks to make

room in the pool for more fuel coming out of the reactor. The typical dry storage cask is

a cylinder about 19 ft high and 8 ft in diameter made of concrete or steel. Dry storage

casks come in different sizes, but they usually hold approximately 30 fuel assemblies

and weigh about 100 t when loaded [10]. Spent fuel assemblies are sealed in an inner

canister which is then placed in the dry storage cask. Some of the dry storage casks are

designed to sit vertically on a concrete pad near the reactor building. In other dry storage

systems, the casks are placed horizontally into a concrete bunker near the reactor

building.

Across the USA, as of 2010, there are about 60,000 t [11] of used nuclear fuel

stored either in spent fuel pools or dry storage casks at the nuclear power plants

where it was generated. (Because uranium is a very dense material (19.05 g/cm3),

denser even than lead (11.35 g/cm3), a ton of used fuel does not occupy much space.

If all of the used fuel assemblies that have been discharged from US nuclear power

plants since they began to operate were stacked on a football field 100 yards long

and 53⅓ yards wide, the stack would be about 6½ yards high.) The Nuclear

Regulatory Commission which is responsible for overseeing safety at the nuclear
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power plants has said that the used fuel can be safely stored at the power plant

where it was generated for up to 100 years [12].

Ultimately, the used nuclear fuel must be disposed of permanently or reprocessed

with as many of the constituents as possible being recycled and reused and the

remainder being disposed of permanently. Until a decision about the final disposition

of used nuclear fuel is made, the used fuel will continue to be stored either at the

power plants where it was generated or at central storage facilities. Regardless of

where the fuel is stored or whether it is reprocessed or buried, a system for

transporting the used nuclear fuel will be required. Regulations governing the trans-

portation system have been in place for decades, and some used fuel has been moved

in licensed transportation casks. The next several paragraphs will describe recent US

policy for disposing of used nuclear fuel, the options for central storage of used fuel if

the fuel currently in dry storage casks is moved from the reactors to a central location,

and the transportation system in place to move that used fuel.

Current US policy for disposal of used nuclear fuel was set by the Nuclear Waste

Policy Act of 1982 and its 1987 amendments which provided for permanent disposal

of used nuclear fuel in a deep geologic repository. The repository was to hold 70,000

t of used nuclear fuel and vitrified high-level waste from Department of Energy

(DOE) facilities. The DOE was responsible for designing, building, and operating

the repository, and the DOEwas to begin taking used fuel from nuclear power plants

by January 31, 1998. The Office of Civilian Radioactive Waste Management was

established within DOE to manage both the repository and the transportation system

for used nuclear fuel. In addition, the law required a monitored retrievable storage

facility (MRS) where used fuel from reactors throughout the USA could be stored

temporarily and then put into standard packages for disposal. The bill also

established the Nuclear Waste Fund to pay for the design, construction, and opera-

tion of the used nuclear fuel management system. A charge of one mill (one tenth of

a cent) for every kilowatt hour of electricity generated by a nuclear power plant is the

source of money for the NuclearWaste Fund. Between 1982 and 2007, $27.3 billion

dollars were collected for the Nuclear Waste Fund [13].

Three possible sites for the deep geologic repository were identified, and each

was to be characterized to determine whether it was an appropriate location for

nuclear waste disposal. The sites were in (1) Deaf Smith County, Texas,

(2) Richland, Washington, on the Hanford Site, and (3) Yucca Mountain, Nevada,

near the Nevada Test Site where nuclear weapons had been tested underground.

Each of the three sites offered a different type of rock in which the repository would

be located. The Texas site was in salt, the Washington site in basalt, and the Nevada

site in tuff. Local opposition to construction of a nuclear waste repository was strong

in all three locations, and efforts to characterize the sites were often thwarted. Little

progress was made toward identifying the best location for the repository.

In 1987, the US Congress passed the Nuclear Waste Policy Amendments Act.

This law identified the Yucca Mountain site in the Nevada desert as the location

of the nation’s deep geologic repository. The law established a position of Nuclear

Waste Negotiator to find a volunteer site for the MRS since the site in Tennessee

identified pursuant to the 1982 Nuclear Waste Policy Act was rejected.
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The geologic repository for used nuclear fuel was required to be licensed by the

Nuclear Regulatory Commission (NRC). Following passage of the 1987 law, work

began at the Nevada site to gather scientific evidence required to prepare an

application for a license to construct and operate the geologic repository. Informa-

tion required for the license application is specified in 10 CFR Part 60, Disposal of

High-Level Radioactive Wastes in Geologic Repositories [14]. Scientists working

on the application needed to show that they understood not only the characteristics

of each of the components of the repository, but also how the components would

interact and perform over time. Since the repository was to accommodate both used

nuclear fuel from commercial nuclear power plants and vitrified high-level waste

from nuclear weapons programs, data on composition of both waste forms as well

as chemical and physical properties were required. Information required on

packages that confined the waste included proposed materials, dimensions, and

response to heat, pressure, radiation, water, and other possible corrosive chemicals

in the rock and soil. Detailed information on the design of the engineered repository

was required. DOE had to show that the repository would be safe for workers while

the waste was being emplaced, that any specific container of buried waste could be

retrieved for 50 years after it had been emplaced, and that the repository would

confine the waste over a specified period. Data required for the site, itself, included

characteristics of the rocks and soil, groundwater speed and direction, and an

inventory of flora and fauna species in the area of the repository.

Between 1987 and 2007, the team of scientists characterizing Yucca Mountain

spent approximately $7 billion gathering data on the site and preparing the required

documents including an environmental impact statement and the license application.

The repository design called for a network of tunnels approximately 1,200 ft below the

surface. Each tunnel was to be reinforced with steel supports to keep the rock from

collapsing onto the waste packages. Rails on the floor of each tunnel would allow

casks to bemoved into place. Casks designed to hold about 30 used fuel assemblies or

half a dozen cylinders of vitrified waste from DOE facilities would be made of thick

steel. An inverted U-shaped titanium shield was proposed to cover the casks in each

tunnel to divert any water that might reach the repository from the desert above.

On June 3, 2008, DOE delivered to the Nuclear Regulatory Commission the

application for a license to construct and operate the nuclear waste repository at

Yucca Mountain. According to the Nuclear Waste Policy Act, the NRC had 3 years

to review the application but could request an additional year. Following the

presidential election in 2008, funding for the Yucca Mountain Project was reduced,

and March 2010, the DOE withdrew its application for a license for a nuclear waste

repository at Yucca Mountain “with prejudice.” At almost the same time, the DOE

created the Blue Ribbon Commission on America’s Nuclear Future. The charter of

this Commission was “to conduct a comprehensive review of policies for managing

the back end of the nuclear fuel cycle, including all alternatives for the storage,

processing, and disposal of civilian and defense used nuclear fuel, high-level waste,

and materials derived from nuclear activities.” The Commission is to complete its

report in 24 months.
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The Blue Ribbon Commission is likely to consider both direct disposal of used

nuclear fuel assemblies in a deep geologic repository and reprocessing of

used nuclear fuel followed by recycling of many of the components and utilization,

treatment, or disposal of the remaining materials. Direct disposal in a geologic

repository was discussed earlier. Reprocessing of used nuclear fuel is briefly

addressed here.

Reprocessing of used nuclear fuel currently involves chopping up the used fuel

rods, dissolving the fuel in a concentrated nitric acid solution, and chemically

separating the various elements in the used fuel. The uranium and plutonium,

which constitute about 96% of the used fuel, can be recycled and used in fabricating

new fuel rods. The remaining material is typically dried, mixed with glass frit,

melted, and poured into metal cylinders. Many countries that rely heavily on

nuclear power either reprocess their own used nuclear fuel or send it to other

countries that have reprocessing facilities. The USA does not reprocess used fuel

from commercial nuclear power plants.

The reprocessing method currently used in most countries is the PUREX method

which was developed in the USA to reprocess fuel from government-run reactors to

recover plutonium for use in nuclear weapons. A small amount of used fuel from

commercial nuclear power plants was reprocessed at a facility in West Valley,

New York, between 1966 and 1972, but the facility was shut down because it was

not economical. Since the USA decided not to reprocess used nuclear fuel in 1977, no

additional reprocessing of commercial nuclear fuel has occurred. One objection to

use of the PUREX method was that it isolates plutonium from other materials in the

used fuel, supposedly making it easier for terrorists to divert the plutonium.

Research is being conducted in the USA on reprocessing methods that would not

isolate plutonium. Some of the methods under consideration are for reprocessing

used fuel from the light water reactors that are currently operating in the USA.

Other methods are being developed for different types of fuel that might be used in

the next generation of reactors (commonly referred to as Generation IV) now being

designed for use around the world. Reprocessing facilities are complex and expen-

sive to build. Japan completed construction of a nuclear fuel recycling facility in

Rokkasho at a cost of approximately $20 billion [15]. It is likely that US policy

makers will want more information on the types of nuclear power plants that will be

operating in the USA over the next century and results of research programs on

reprocessing methods in hand before deciding what type of reprocessing facility, if

any, to build in the USA.

Since it appears that the USA will not be disposing of used nuclear fuel or

reprocessing it in the near future, storage of used nuclear fuel at a central facility (or

facilities) is being studied. Central storage is not a new concept. The Nuclear Waste

Policy Act of 1982 called for establishing a Monitored Retrievable Storage (MRS)

facility, and the Nuclear Waste Policy Amendments Act of 1987 provided for

a person to seek a community willing to host the MRS. No MRS has been sited.

A consortium of utilities, called Private Fuel Storage, negotiated with the Skull

Valley Band of the Goshute Indian Tribe to establish a central used fuel storage

facility on the Tribe’s land in Utah. An application was submitted on the NRC for
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a license to construct and operate the storage facility, and on February 21, 2006, the

NRC granted a license, but said that construction could not begin until it obtained

“necessary approvals from other agencies, including the Bureau of Land Manage-

ment, the Bureau of Indian Affairs, and the Surface Transportation Board” [16].

Neither the Bureau of Land Management nor the Bureau of Indian Affairs has

approved the site. At the request of Senators Barbara Boxer, Harry Reid, and John

Ensign, the US General Accountability Office did a study of a central storage

facility option and an on-site storage facility option, along with the Yucca Mountain

repository. The study, which was issued in November 2009, concluded that while

a centralized interim storage facility could be built relatively quickly, finding a site

could be difficult, and since the facility would not be a final disposal site, any waste

going to the centralized storage facility would have to be transported twice [17].

The Blue Ribbon Commission on America’s Nuclear Future is also likely to

consider options for a central storage facility.

Eventually, the used nuclear fuel currently stored at the nuclear power plants

must be transported to a central storage facility, a processing facility, or a perma-

nent disposal site. Some used nuclear fuel has been transported in the USA, for

example, between nuclear power plants owned by the same company or from

a power plant to a government research facility. Both the NRC and the US

Department of Transportation have regulations governing transportation of used

nuclear fuel. The NRC regulation is Title 10, Part 71 of the Code of Federal

Regulations (10 CFR Part 71) [18], which specifies requirements for the packages

that carry the highly radioactive material, called Type B packages. The regulation

also specifies how packages for transporting used nuclear fuel are to be approved.

Each Type B package must have a Radioactive Material Package Certificate of

Compliance from the NRC. Procedures for applying for the Certificate of Compli-

ance can be found in NUREG-1617, “Standard Review Plan for Transportation

Packages for Spent Nuclear Fuel” [24]. Packages for used nuclear fuel are designed

for transportation by truck and by rail.

To receive a Certificate of Compliance, a Type B package, which is often called

a shipping cask, must undergo a series of tests that simulate accident conditions

a cask might encounter en route. The first four tests, conducted sequentially on

a single cask, are:

1. Drop test. Drop the cask from 30 ft onto a hard, unyielding surface in an

orientation most likely to damage the cask.

2. Puncture test. Drop the cask from 40 in. onto a 6-in. diameter shaft in an

orientation most likely to result in damage.

3. Fire test. Engulf the cask fully in a fire at least 1,475�F for 30 min.

4. Immersion test. Place the cask under 3 ft of water for 30 min [19].

In order to receive the Certificate of Compliance, the cask must not release any

radioactive materials during or following the series of tests. A new, undamaged

cask must pass a fifth test, immersion in water at a pressure equivalent to that

exerted by water 50 ft deep, before the Certificate can be issued.
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Several different shipping casks have been designed to be transported by truck.

Those casks carry between 1 and 9 used fuel assemblies. A typical rail cask carries

36 fuel assemblies, but the number varies because there are different sizes of fuel

assemblies. The shipping casks are usually cylindrical with their walls made of

several layers of different materials. The innermost and outermost layers are usually

steel to provide structural strength. One layer of material between the steel shells is

designed to absorb gamma rays emitted by the used fuel. Steel, lead, and depleted

uranium are some materials that are used to absorb gamma rays. Another layer is

made of a material that slows down and absorbs neutrons. The Radioactive
Materials Packaging Handbook, [20] written at the Oak Ridge National Laboratory
in 1998 contains detailed information required to design and manufacture

a shipping cask for used nuclear fuel.

NRC regulations govern routes to be used for transporting used nuclear fuel and

physical protection for the shipments. The Department of Transportation regulations

specify methods for selecting routes (49 CFR 397) and labeling of the shipping

casks (49 CFR 172). In addition, drivers of trucks transporting radioactive materials

must meet training and experience requirements and undergo a background

investigation.

Low-level Radioactive Waste

Low-level radioactive waste is defined in the Low Level Radioactive Waste Policy

Act of 1980 as radioactive waste that is not high-level radioactive waste, spent

nuclear fuel, or mill tailings [21]. There are four classes of low-level radioactive

waste (LLW) based on the concentration of radioisotopes with short half-lives and

the concentration of radioisotopes with longer half-lives in the waste. The classes

are designated as A, B, C, and Greater Than Class C (GTCC). Tables 1 and 2 in 10

CFR Part 61 are used to determine the class of LLW in a particular container.

LLW is generated by almost any activity that involves radioactive material.

Some examples of LLW are lab coats and shoe covers worn when working with

radioactive materials, medical equipment involved in treating a patient with

radiopharmaceuticals, and laboratory supplies and equipment used in experiments

involving radioactive tracers. Radioactive tracers are very commonly used. They

are radioactive isotopes that move through a system (e.g., the human body,

a growing plant, or an ecosystem) along with the material being studied. Since

small amounts of radiation can be detected, the researchers can measure radiation

from the tracer to determine how the substance of interest is moving through the

system. For example, tracers are used in the development of virtually all new

medicines to study how the medicine or its metabolites move through the body.

Hospitals, universities, and research laboratories operated by corporations or gov-

ernment agencies often generate LLW.

The largest amount of commercial LLW is generated by industry, including the

nuclear power industry. Equipment and materials from power plant maintenance
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activities, samples collected during environmental monitoring, and protective

clothing are disposed of as LLW. In addition, LLW is generated during the various

stages of nuclear fuel fabrication.

Often LLW is initially in liquid form. For example, it is sometimes more cost-

effective to wash protective clothing than to dispose of it. Likewise, it may be more

economical to decontaminate some equipment using a solvent than to dispose of the

equipment. In these cases, the wash water and the solvent become LLW. Environ-

mental samples are routinely dissolved in a liquid for analysis, yielding liquid

LLW. Since LLW disposal facilities will not accept large amounts of liquid wastes,

most liquid LLW must be solidified. Several methods can be used including

evaporation, ion exchange, flocculation, and filtration. The liquid waste could

simply be mixed with a solidifying agent such as concrete. However, since the

cost of disposal is determined, in part, by the volume of the waste, methods that

minimize the volume are usually preferred.

Dry LLW is typically treated to reduce its volume prior to packaging for

shipment to a disposal facility. Compaction, which results in a volume reduction

to one half or one third of the initial volume, or super-compaction, which can result

in a volume reduction to one tenth of the original volume are commonplace.

Incineration can reduce the volume to 1% of the original and is especially useful

for combustible materials like wood that cannot be compacted easily.

Three disposal facilities for commercial LLW are currently operating in the

USA. They are in Barnwell, South Carolina, Richland, Washington, and Clive,

Utah. Another one has been proposed in Texas. LLW disposal sites have been

available since the early 1960s. Four early sites have been closed. They were in

Sheffield, Illinois, Maxey Flats, Kentucky, West Valley, New York, and Beatty,

Nevada.

While LLWdisposal facilities have been operating in the USA since the 1960s, the

law which currently governs LLW disposal was not passed by the US Congress until

1980. The Low-Level Radioactive Policy Act of 1980made each state responsible for

arranging for disposal of its own LLW. States were encouraged to form compacts,

groups of states that could collaborate to build one LLW disposal facility to serve all

of the compact’s members. If a state within a compact built a LLW disposal facility,

that facility would not be required to accept LLW from any state outside of the

compact. States that did not belong to a compact and chose to build their own disposal

facility would not be able to exclude waste from other states. The law required states

to form compacts by 1986. States did not meet that deadline, and in 1985, the Low

Level RadioactiveWaste Policy Amendments Act was passed. It gave the states until

1992 to form compacts. At one time, all states have belonged to a compact. Some have

left the compact, and some compacts have been reconstituted. However, no compact

has built a new LLW disposal facility.

Until 2008, the lack of new disposal facilities did not impact LLW generators’

ability to dispose of their waste. The Richland, Washington, facility accepted Class

A, B, and C waste from the Northwest and Rocky Mountain compacts, and the

Barnwell, South Carolina, facility accepted Class A, B, and C waste from the rest of

the country. The Clive, Utah, facility accepted only Class A waste, but it had
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applied for a revised license to accept Class B and C waste. The Barnwell facility

announced that after July 1, 2008, it would not accept Class B and C waste from

states outside of the Atlantic Compact. As of early 2010, the Clive, Utah, facility

did not yet have a license to accept Class B and C waste. Thus, as of July 2008, the

36 states that had previously been served by the Barnwell facility have had no place

to send their Class B and C wastes. Since nearly 99% of commercial LLW is Class

A waste and can be sent to a disposal facility, most generators have only small

amounts of Class B and C waste and will have space to store that waste until a new

facility can be built or some other solution can be found [22].

Packaging requirements are specified for each class of LLW in 10 CFR Title

61.56. Some requirements for Class A waste are: no cardboard or fiberboard

containers may be used, wastes cannot be explosive or pyrophoric, emit toxic

gases, or contain biological pathogens or infectious material and if the package

contains liquids, it must also have enough absorbent material to absorb twice the

volume of liquid present. Packing for Class B waste must meet all of the

requirements for Class A waste packaging plus a stability criterion which ensures

that packages will remain intact when other packages are stacked on top of them.

Class C waste packaging must meet all of the requirements of Class B waste

packaging plus provide a barrier to inadvertent intrusion.

Low-level radioactive waste is typically disposed of in shallow land burial

facilities. A facility must be designed to minimize contact of the buried waste

with water. A trench about 30 ft deep and 100 ft wide is excavated in soil that drains

well. Containers are placed in the trench in a way that minimizes void space, and

any voids that are created are filled with sand. When a portion of the trench is full, it

is covered with a cap that is designed to divert any water that falls on it away from

the waste.

Transuranic Waste

Transuranic wastes are defined in 40 CFR 191, Environmental Standards for the

Management and Disposal of Spent Nuclear fuel, High Level and Transuranic

Waste, as wastes that are not classified as high-level waste but contain more than

100 nCi/g of alpha-emitting transuranic isotopes (materials with Z > 92) with half-

lives of more than 20 years. Transuranic isotopes are generated in a reactor when U-

238 absorbs neutrons. Most transuranic waste in the USA has been generated during

weapons production when used nuclear fuel from government-operated reactors was

reprocessed to recover plutonium for weapons. If the USA begins to reprocess used

nuclear fuel from commercial nuclear power plants, transuranic wastes will be

generated at the commercial fuel reprocessing facilities as well.

Most transuranic (TRU) waste is solid. Typical wastes are protective clothing or

equipment that has been contaminated with transuranic isotopes. TRU waste is

packaged in steel, concrete, or wooden boxes. Since most of the transuranic isotopes
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emit alpha particles which cannot penetrate a sheet of paper, most TRU waste (about

97%) is referred to as Contact Handled TRU, meaning that people can handle the

packages. Only 3% of the TRU must be handled remotely [23].

Transuranic waste is disposed of in the Waste Isolation Pilot Plant (WIPP).

WIPP is a deep geologic repository in salt located near Carlsbad, New Mexico. It

has been accepting and disposing of TRU waste since 1999. The US Department of

Energy Report DOE-WIPP-069, Waste Acceptance Criteria for the Waste Isolation

Pilot Plant, outlines requirements for TRU waste shipped to the facility for disposal.

They include specifications for the container, data to accompany the package, and

radiologic, physical, chemical, and gas generation properties of the waste.

TRU waste is transported to WIPP in Type B packages which are certified by the

Nuclear Regulatory Commission after undergoing the rigorous tests described in

the section on used nuclear fuel.

Future Directions

Future directions for radioactive waste management in the USA vary depending on

the type of radioactive waste. Transuranic wastes are likely to continue to be

shipped to the Waste Isolation Pilot Plant (WIPP) for disposal. For decades, low-

level radioactive wastes have been disposed of in shallow land burial facilities.

Currently, several states do not have a location for disposal of Class B and C wastes,

but those constitute only about 1% of the low-level wastes and can be stored at the

generation site until a disposal facility is available. Efforts to open new or expand

existing low-level waste disposal facilities are ongoing.

High-level radioactive waste disposal policy in the USA is being reviewed. The

Blue Ribbon Commission on America’s Nuclear Future has been established

(2010) to consider the alternatives. Meanwhile, used nuclear fuel is being stored at

reactor sites and can be kept there for several decades while the federal government

adopts a policy for its disposal and constructs the facilities required to carry out the

policy. The nation has experience with all of the components of the system required

to treat and dispose of HWL. Transportation casks for HLW have been built,

certified, and used to transport that material. Used nuclear fuel belonging to the

federal government and some used commercial fuel have been reprocessed.

Research on advanced reprocessing methods is being conducted at national

laboratories and universities. Research done at Yucca Mountain and experience at

WIPP have provided extensive data on deep geologic repositories, which are the type

of facility in which used nuclear fuel or reprocessing waste is likely to be placed.

Several other countries that rely heavily on nuclear power for their electricity are

currently reprocessing used nuclear fuel and conducting research on geologic

repositories. Technical information related to treatment, storage, transportation,

and disposal of high-level radioactive waste will be available when the policy

decisions are made.
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Chapter 11

Nuclear Power, Economics of

M.R. Deinert

Glossary

c Onetime costs [$]

Ec Cost of electricity [$]

FV Future value [$]

HM Heavy metal, refers to the uranium and or

transuranic component of fuel

kg Kilogram

kW Kilowatt

kWh Kilowatt hour

kWh(e) Kilowatt hour electric

mill $0.001

n Number of years

MOX Mixed oxide fuel

MWh(e) Megawatt hour electric

p(t) Distributed costs [$/year]

Pu Plutonium

PV Present value [$]

r Yearly rate of return in discrete discounting

r(xi,xj) Correlation coefficient

SD Standard deviation

SF Spent fuel

SW Separative work
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t Time [year]

U Uranium

UOX Uranium dioxide fuel

VHLW Vitrified high-level waste

xi Denotes a cost component

a Linear cost escalation rate [$/year2]

b Linear cost escalation intercept [$/year]

d Delta function

r Discount or interest rate [1/year]

Definition of the Subject

Financial viability is an important consideration when deciding whether to proceed

with any large-scale engineering project. Many studies of nuclear power economics

have been undertaken in an attempt to predict its overall costs or competitiveness

(e.g., [1–4]). While these studies tend to differ in their assumptions about construc-

tion and operating expenses, they all use similar frame works for the analysis. In

essence, the idea is to predict the total cost of producing electric power over the

lifetime of a facility and compare that to the market value of the electricity

produced. All other things being equal, the larger the ratio of revenue to cost the

better the project.

Introduction

Economic assessments of nuclear power tend to be complicated, and not just

because of the number of components that have to be factored in, Fig. 11.1. The

costs of any large project also depend on how it is financed, and whether this is done

through the issuing of bonds by the entity undertaking the project, borrowed money,

allocation of liquid assets, and/or the use of complex financial instruments such as

derivatives. Tax rates, both federal and local, can also play an important role. The

revenue stream from a nuclear power facility itself depends on whether the markets

into which the electricity is fed are regulated or unregulated and whether

arrangements exist that involve the sale of electricity at fixed rates to municipalities

where the facilities reside. The effect of hard to predict market forces can affect the

price of electricity itself.

In addition, nuclear power has some peculiarities that are unique to the industry.

Among these is the need to safely store the radioactive waste products that are

contained in spent nuclear fuel, for extended periods of time. At present, only the

US Waste Isolation Pilot Plant, in Carlsbad NM, is actively used for this purpose,
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and then only for transuranics (a very specific class of high-level waste) from the

US nuclear weapons program. Because of this, interim storage facilities exist at

civilian nuclear power facilities to handle spent nuclear fuel, but the final disposal

costs remain uncertain (e.g., [2]). In addition, most modern reactors run on

a uranium fuel that has been enriched to contain more of the uranium 235 isotope

than is present in natural uranium (natural uranium is made up of two isotopes: 238U

and 235U. The 238U isotopes comprises 99.3% of the uranium atoms and 235U 0.7%.

It is the 235U isotope that readily undergoes fission in the thermal reactors that

dominate the civilian nuclear power industry.). Because this isotope can also be

used in the manufacture of nuclear weapons, concerted efforts have been

Natural mining

Milling Conversion

Enrichment

Startup

Construction

Site selection and
approval

Fuel fabrication

Power plant

EnergySpent fuel
storage

Fig. 11.1 Components of a nuclear power facility. Construction of a nuclear power facility begins
with site selection and approval. Facility construction (reactor and related facilities) comes next,

with final startup typically coming 6–12 years after the start of construction activities. The process

of producing uranium fuel typically starts 2 years prior to fuel placement in a reactor with uranium

mining, milling, conversion enrichment, and fuel fabrication. Finally, fuel is transported to the

reactor site. The fuel pipeline will function continuously as the reactor operates. Interim on-sight

storage is common until permanent storage facilities are established (Figure courtesy of Robert

Bell, The University of Texas at Austin)
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undertaken to limit the development of enrichment facilities outside of a few highly

industrialized countries (e.g., [5, 6]). This of course has the effect of forcing nuclear

power facilities in less industrialized countries to buy fuel from external sources.

Consequently, a common concern is that the fuel supply could be restricted for

political reasons (e.g., [7]).

Uncertainties in fuel availability and spent fuel disposal introduce an element of

financial risk that is difficult to quantify. Another potential complication comes

from uncertainty in whether construction of a nuclear power plant will actually lead

to an operational facility. It has in fact happened that facilities have been

undertaken whose construction has been halted, or which have been completed

but closed before becoming commercially operational. The Shoreham Nuclear

Power Plant in Long Island, NY, is an example of this. The facility was completed

in the mid-1980s, but public protest resulted in its closure before it produced

commercial power.

Because of the above factors, and others, it is difficult to make blanket

statements about the economics of nuclear power, and facilities need to be

evaluated on an individual basis. However, several recent studies have taken

a look at nuclear power relative to competing technologies, see Table 11.1, with

somewhat mixed results that reflect the different assumptions that went into the

analyses. In the current article, the focus is largely on a discussion of how the cost of

a nuclear power facility would be computed when taking into consideration factors

such as its construction, operation, maintenance, and decommissioning.

Many of the elements that contribute to the life-cycle cost of a nuclear power

plant are common to other types of facilities as well. These include:

Capital costs – The costs associated with building the plant and its components.

O&M – The cost to operate and maintain facilities.

Depreciation – This is a charge recorded against earnings that takes into consider-

ation the lifetime of capital components and the fact that they must be replaced

as a part of operating expenses. Depreciation of capital components is typically

added to the yearly operations and maintenance costs.

Interest – The money paid for the use of borrowed capital or for bonds that have

been issued.

Taxes – Both federal and local may apply.

Interest rate – The annual amount of money paid to a lender or bond holder for the

use of capital as a percentage of the amount to be repaid.

Table 11.1 Life-cycle cost estimates for electricity produced from nuclear, coal, and gas.
The different costs of electricity reflect different life-cycle assumptions between the two studies

[4, 11]. Costs were adjusted to $2,007

Production

MIT [4] [cents/

kWh(e)]

University of Chicago

[11] [cents/kWh(e)]

Nuclear 8.4 5.6

Coal 6.2 4.5

Gas 6.5 3.4
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Discount rate – Effectively the same as the interest rate, see section on discount

rates.

Several other factors that affect the cost of nuclear power are particular to the

industry. These include:

Fuel costs – A peculiarity of nuclear power facilities is that they do not always buy

the fuel that is used to run them. Instead, they will often lease it, sometimes from

a company that was created explicitly for the purpose of doing this. The reason

has to do with accounting practices, and it is sometimes cost effective for a utility

to acquire its fuel in this way [8].

Nuclear waste fund fee – This is a fee levied in the United States to cover the

Federal Government’s obligation to take possession of spent nuclear fuel and

dispose of it [8]. The current rate is $0.001/kWh of electricity produced, which is

paid into the Nuclear Waste Fund (The NuclearWaste Fund was established under

US Code Title 42, Chapter 108, Subchapter III, 10222 – i.e., The Nuclear Waste

Policy Act of 1983). This monetary unit is so common within the utility industry

that it is often given a special unit called a “mill,” where 1 mill = $0.001 [8].

On site spent fuel storage cost – The cost to store spent nuclear fuel on site.

Decommissioning costs – The costs associated with removing the power plant and

its components along with returning the site to an unrestricted use.

By far the dominant cost for a typical nuclear power plant is that of constructing

the facility itself [4]. From the perspective of the people who are building a facility,

the cash flows that are required for construction depend not only on the facility cost,

and the time required to build it, but also on how it is financed. For example, cash

flows associated with a facility financedwith cash will be different than those for one

financed with a loan that is to be paid back over a fixed period of time, or a bond.

Once a facility is built, there are operation and maintenance charges to keep it in

working order, and these are spread out over the operating life of the facility. Taxes

on property begin as soon as land is acquired, and those on the facility itself depend

on the location and municipality, but are likely to be yearly as are taxes on income.

Depreciation too is spread out over the operating life of a component (a discussion of

common depreciation methods can be found in [4]), and decommissioning costs are

incurred at the end of a facility’s life. However, it is typical that money must be set

aside for decommission costs well in advance of them.

Present and Future Value of Money

The variable nature of the cash inflows and outflows complicates the cost analysis

for any industrial facility, but especially those with long lifetimes as is typical with

nuclear power plants. When undertaking a life-cycle cost study, it is also important

to recognize that not all money is equivalent. Specifically, a dollar paid or

earned today has a different value than does one paid or earned a year from now.
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The reason for this stems from the fact that money can devalue due to inflation, but

also because money held today can be invested and earn interest. Conversely,

money received in the future has less value, both because it may have devalued

but also because of the inability to invest it until it is received. These concepts are

captured in what is often referred to as the “time value of money” [9]. For example,

$100 invested today, at a yearly return of 5%, will yield $105 in 1 year. In the

parlance of financial engineering, $100 invested this way has a future value of $105,
and $105 received in 1 year has a present value of $100. From the perspective of an

investor who expects a yearly return of 5%, both are equivalent.

The relationship between future value (FV) and present value (PV) is simple:

FV ¼ PV 1þ rð Þn (11.1)

Here r is the yearly rate of return, and n is the number of years over which the

investment takes place (not necessarily an integer), and PV is said to be

compounded over n years. Conversely, the present value of FV (received in n
years) is given by:

PV ¼ FV= 1þ rð Þn (11.2)

An important point that is often overlooked is that PV = FV when the expected

rate of return is zero. This situation can effectively arise in environments, where the

rate of return is equal to the inflation rate. Equation 11.2 is an example of

discounting. When the effects of inflation are taken into consideration Eqs 11.1,

11.2 become:

FV ¼ PV 1þ r � ið Þn (11.3)

and

PV ¼ FV 1þ r � ið Þ= n
(11.4)

Here i is the yearly inflation rate. Equations 11.3, 11.4 give the present and future

values in constant, or inflation adjusted, dollars. The quantity r = r–i is referred to

as the “real rate of return” as opposed to the “nominal rate of return” r, and r, r, and
i all range between 0 and 1. Most economic analyses are done assuming a real rate

of return, and that convention is adopted here.

Equations 11.1–11.4 are discrete representations of simple compounding and

discounting, and there are several very good descriptions of how they can be

extended to more complex situations in general (e.g., [10]), and to the nuclear

power industry in particular [1, 8]. However, as these references quickly show,

applying discrete financial models becomes cumbersome when the system being

analyzed is complex. An alternative is to use continuous approximations to

Eqs 11.3, 11.4, which then become:
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FV ¼ PVert (11.5)

and

PV ¼ FVe�rt (11.6)

Here r is again the rate of real rate of return per unit time t.

Levelized Costs

Nuclear power facilities typically operate over extended time periods, and some in

the United States are even in the process of receiving license extensions that will

bring their operating life spans to 60 years (e.g., [11]). As a result, the present value of

funds that are used to build, maintain, fuel, or decommission a nuclear facility will

depend significantly on when the costs occur. Therefore, the only way to accurately

estimate the total cost of a facility is to compute its total present value relative to

a specific date (usually the date of startup of the facility). This process is called

levelizing. In fact, in the United States, all large-scale government projects are

required to perform this type of levelized cost analysis [12]. Expenses that take

place before the reference date have what is called a lead time as they happen ahead
of the reference time. Expenses that take place after the reference time have a lag time
as they happen behind the reference time [1, 13]. A framework for how to levelize the

costs for nuclear power facilities in terms of lead and lag times was given in a study

done by the Organization for Economic Cooperation and Development (OECD) in

collaboration with the Nuclear Energy Agency (NEA) [1]. Continuous discounting

can be used within this framework to levelize all costs, as well as the revenue from

electricity production, to the date at which fresh fuel is loaded into a reactor. Continu-

ous discounting is mathematically simpler than its discrete alternative and often

introduces negligible error relative to the large variances for unit cost predictions.

With this approach, levelized costs are easily obtained by multiplying the time-

dependent costs, p(t), by the discounting factor, e�r(t)t, and integrating the product:

PV ¼
Zt2
t1

pðtÞe�rðtÞtdt (11.7)

where PV [$] is again the present value of a cash outflow, p(t) [$/year], rt is the real
interest or discount rate [1/year], and t is time [year]. It is common in many studies

to assume that rt is constant, though this is not necessary. The total cost of a system
over its life is given by the sum over the costs incurred from its construction to its

decommissioning:

Ec¼
X
i

PVi (11.8)
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The life-cycle cost in $/kWh(e) is calculated by dividing Ec by the total kWh’s of

electricity produced. Some economists argue that the electricity production should

itself be discounted using Eq. 11.7 to factor in the temporal nature of the revenue

stream (e.g., [14]). It might seem counter intuitive that a unit of energy, being

immutable, should be discounted. However, economists who advocate this

approach argue that energy (like money) can be viewed as having greater value

when it is available in the near term than if its availability is off in the distance.

Another interpretation was given by Hannon [14] who suggested that the energy

discount rate reflects a society’s desire to convert “a present surplus energy into an

energy-transformation process so that a greater surplus of energy can be created in

the future, rather than consuming the energy now.” While energy discounting is

used (e.g., [4, 8]), the approach is not universal.

Examples. Fig. 11.2 shows several distributions for p(t) that are relevant to nuclear

power systems and out of which any cost or revenue distribution can be built.

Equation 11.7 is easy to apply to each situation when it is done systematically.

(a) The present value of a onetime cost, c0, that occurs at time, t0, is easy to derive

using Eq. 11.7. One starts by noting that:

p ¼ 0 0 � t<t0

p ¼ c0 t¼t0

p ¼ 0 t>t0

(11.9)

One time cost Distributed cost

Distributed cost, one time cost Distributed costs

Escalating cost Arbitrary cost

[$]

a

c

e

b

d

f

c0{$}

c0{$}

p1(t) {$/yr}

p1(t) {$/yr}

p(t) {$/yr} p(t) {$/yr}

p1(t) {$/yr}

p2(t) {$/yr}

t0 [time] t0 t1

t0 t1

t0 t1

t2 t0 t1 t2 t3

Fig. 11.2 Common payment,
cost, and revenue
distributions. Common

distributions for p(t)
applicable to Eq. 11.7 are

shown. In the figure, c0 stands
for one time cost, and p(t) for
distributed cost. The left-hand

side of the time axis is

assumed to represent t = 0
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Assuming a constant discount rate, Eq. 11.7 becomes:

PV ¼
Zt0
0

c0dðt0Þe�rtdt (11.10)

where d(t0) is the delta function (zero everywhere but t0). Equation 11.10 then

just gives:

PV ¼ ce�rt0 (11.11)

which is just Eq. 11.6 again.

(b) The present value of a uniformly distributed cost is only slightly more compli-

cated to calculate. Here:

p ¼ 0 0 � t<t0

p ¼ c1 t0 � t � t1

p ¼ 0 t>t1

(11.12)

Equation 11.7 then becomes:

PV ¼
Zt1
t0

c1e
�rtdt (11.13)

which has the simple solution:

PV ¼ c1½e�rt0 � e�rt1 �
r

(11.14)

(c) The present value of a distributed cost and a onetime cost is just the sum of the

results given in Eqs. 11.11, 11.14:

PV ¼ c0e
�rt2 þ c1½e�rt0 � e�rt1 �

r
(11.5)

It is implicit in Eq. 11.15 that the discount rate is the same for both distributions;

however, this is not always the case, and not a necessary restriction.

(d) The present value of two uniformly distributed costs is just obtained using the

result in Eq. 11.14 twice:

PV¼ c1½e�rt0 � e�rt1 �
r

þ c2½e�rt2 � e�rt3 �
r

(11.16)
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Here c1 and c2 are the uniform cost rates for the respective distributions. It is

again implicit that the discount rate is the same for both distributions, though

this is again not a necessary restriction.

(e) Linearly escalating costs are also easy to deal with. Here the cost function is

given by:

p ¼ 0 0 � t< t0

p ¼ atþ b t0 � t � t1

p ¼ 0 t> t1

(11.17)

where a has units of [$/year2] and b [$/year]. In this case, Eq. 11.7 becomes:

PV ¼
Zt1
t0

ðatþbÞe�rtdt (11.18)

Equation 11.18 has the simple solution:

PV¼að t
r
� 1

r2
Þðe�rt1 �e�rt0Þþb

r
ðe�rt1 �e�rt0Þ (11.19)

In general, Eq. 11.7 is integrable as long as p(t) is known. While the formulas

above may seem at first glance to be complicated, they are far simpler and more

compact than their discrete discounting alternatives.

Lead and Lag Times in Cost Calculations

A critical factor in using the above equations, and when performing economic

analyses in general, is to know when costs occur relative to a specified date. As

already pointed out, this is captured in what are referred to as “lead” and “lag”

times, and the reference time is typically taken to be the date of the facilities’ first

operation. Components that affect the cost of nuclear power are shown

schematically in Fig. 11.1. In very general terms, the costs associated with nuclear

power production can be broken into capital costs (which include the construction

of physical infrastructure such as the reactor plant, spent fuel storage facilities, or

facilities involved in producing nuclear fuel, etc.), operating costs (which include

operations and maintenance costs, taxes, fuel costs, as well as spent nuclear fuel

disposal costs), and decommission costs (which include dismantling of physical

infrastructure and site remediation).
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Power Facility Construction

Historically, this has been by far the dominant factor affecting the cost of nuclear

power (e.g., [3, 4]). The lead time is highly variable, Fig. 11.3, but 8 years or more is

typical for modern large-scale facilities. How this cost is distributed depends on

how a facility is financed, Fig. 11.2f.

Power Facility O&M

Operations and maintenance costs for the facilities are usually computed on

a yearly basis and can be approximated with a uniform distribution as in

Fig. 11.1b. Large capital outlays for replacement of major components can often

be assumed to be onetime costs as in Fig. 11.2a (e.g., [3, 4]).

Cooling Water

Availability of cooling water has become a potential constraint for nuclear power

plants in some locations. A facility’s water use depends on its efficiency, as well as

how it is cooled (open loop, closed loop, evaporation pond, etc.). A typical range of

water withdrawals for modern Rankine cycle power plants is 2,000–4,000 l/MWh

(e), for closed loop systems, and 100,000–220,000 l/MWh(e) for open-loop

systems. Water consumption rates are considerably smaller. In this context, water

consumption describes water that is taken from a source (ground or surface water),

used, and not returned to that source. A cooling tower consumes water through
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Fig. 11.3 Reactors under construction and build times. The total number of nuclear power

facilities under construction and the time for facility completion (from start of construction to

date of first operation) are shown (The data are from the International Atomic Energy Agency Data

Center)
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evaporation for example. Water withdrawal describes water that is taken from

a source, used, and then returned to that source. Cost estimates for water vary

widely, but $25 per 1,000 m3 has been reported and can be based on consumption,

or withdrawal, rates and will depend on local water markets and regulatory

structures (e.g., [15]).

Uranium Mining

The extraction of uranium ore typically occurs 2 years prior to its use as fuel in

a reactor. Uranium is mined as U3O8 and is typically sold in this form. Modeled as

a onetime cost that would recur with the refueling schedule of a reactor.

Uranium Conversion

The U3O8 requires conversion into UF6 if the uranium is to be enriched to a higher
235U content that occurs in natural uranium. Uranium must be enriched for use as

fuel in most commercial light water reactors worldwide [16]. The lead time for

conversion is typically 1.5 years. Modeled as a onetime cost that would recur with

the refueling schedule of the reactor.

Enrichment

Enrichment typically occurs 1 year before fuel placement in the reactor. Modeled as

a onetime cost that would recur with the refueling schedule of the reactor.

Fuel Fabrication

Most reactors worldwide use uranium dioxide fuel that is surrounded by

a protective “cladding” and configured in assemblies that can be placed into

a reactor. Fabrication usually takes place 0.5 years before fuel emplacement.

Modeled as a onetime cost that would recur with the refueling schedule of the

reactor.
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Leasing or Buying Nuclear Fuel

Not all nuclear utilities buy their fuel. Instead, many lease it, and sometimes from

a company or trust that has been created specifically for the purpose of doing this.

The lease company covers all expenses for the fuel (mining, conversion, enrichment,

fuel manufacture transportation and storage) until it is onsite to be loaded into the

core. During this time, the utility pays nothing. Once the fuel begins producing

power, the utility will pay the lease company a prorated amount that covers the lease

company’s expenses plus some degree of profit. In some situations, this arrangement

is financially advantageous, though this depends on the accounting practices of the

utility and possible constraints from regulatory agencies. Typically, the total cost

obligation is met when the fuel has been used to completion. The cost function for

the leased fuel can be linearly decreasing, Fig. 11.2e, or of some other shape [8].

Interim Spent Fuel Storage

When the fuel reaches the end of its useful life, it is discharged from the core and is

stored on site either under water or in air-cooled vaults until it is removed for final

disposal or reprocessing. The residence time in interim storage is highly variable, and

the spent fuel from some US reactors has remained in this type of onsite storage for

decades. Spent fuel storage is typically calculatedper unit time andper unitmass, and it

is therefore a linearly increasing cost, Fig. 11.2e, atmost reactor facilities, (e.g., [3, 4]).

Spent Fuel Recycle

Some countries, notably France, reprocess spent nuclear fuel and use the plutonium

that it contains to manufacture what is called mixed oxide fuel (MOX – a mixture of

plutonium oxide and uranium oxide) that can be used in addition to standard enriched

uranium fuel, Fig. 11.4. In countries where this is done, spent fuel will cool in storage

pools for 6–12 years before being sent to reprocessing. The distribution of this cost

depends onwhether funds are continuously set aside tomeet this obligation orwhether

it is considered to be a series of onetime costs that occur as spent fuel is sent to recycle.

Spent Fuel Disposal

Most countries with domestic nuclear power assume that long-lived nuclear waste

products will go into some form of geological storage. At present, only the US

Waste Isolation Pilot Plant, in Carlsbad NM, is actively used for this purpose, and

then only on a scale sufficient to handle transuranic waste from past US nuclear
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weapons efforts. As a result, the actual time at which spent fuel will leave interim

storage for final disposal is unclear at most power plants (the final disposal of high-

level waste from reprocessing is similarly unclear in countries where this is

undertaken). Many reactor facilities whose spent fuel pools are nearing capacity

have begun to transition fuel assemblies to onsite dry storage. In the United States,

the Nuclear Waste Policy Act of 1987 gives responsibility for the disposal of spent

nuclear fuel to the Federal government [17]. In order to cover the associated

expenses, US nuclear power facilities pay 1 mill/kWh(e) into the Nuclear Waste

Fund for the purpose of covering the final disposal costs [17, 18]. The cost is

incurred quarterly and, as a result, constitutes a series of recurrent one time costs for

nuclear utilities in the United States, i.e., Fig. 11.2a.

Estimating Uncertainties

Equation 11.8 has the convenient feature of being linear with respect to the total

cost of each fuel-cycle component. As a result, Ec can be scaled to account for

High level
waste storage

Energy

Power plant

ReprocessingFuel fabrication

Enrichment Conversion

MillingNatural Mining

Fig. 11.4 Recycle-based fuel cycle. A schematic representation of a reprocessing-based fuel cycle

is shown. Instead of spent fuel going to storage, it is sent to reprocessing, and the plutonium, and

possibly other transuranic elements (such as neptunium, americium, and curium) are recycled to

make new fuel. The recycled transuranics would not, however, require enrichment. The high-level

waste is comprised of byproducts of reprocessing (Figure courtesy of Robert Bell, The University

of Texas at Austin)
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changes in unit cost, provided that time points for the integral in Eq. 11.7 remain

fixed. Uncertainty in unit costs causes a corresponding uncertainty in the prediction

of Ec. These effects can be accounted for by using the well-known formula for error

propagation, where the variance of Ec(xi) is given by:

varðEcÞ ¼
X
i

@Ec

@xi

� �2

varðxiÞ

þ2
X
i

X
j 6¼i

@Ec

@xi

� �
@Ec

@xj

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
varðxiÞ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
varðxjÞ

q
rðxi;xjÞ

(11.20)

Here the inputs, xi, represent the PVi in Eq. 11.8 with respective variances var(xi).
The term r(xi,xj) is the correlation coefficient, 1 for fully correlated, –1 for

anticorrelated and 0 for uncorrelated. The maximum and minimum variances are

given by assuming that r = 1,–1 respectively with uncorrelated, r = 0, typically

giving a variance that falls into the midrange. Equation 11.20 is much simplified in

the case of r = 0. The electricity cost is assumed to have a Gaussian distribution

which can be justified by the Central Limit Theorem [19], with the standard

deviation of Ec being the square root of the variance. It should also be pointed

out that Eq. 11.20 can be used for cost-sensitivity studies.

Costs and Their Uncertainties

Numerous studies have investigated the economics of nuclear power, notably the

series of reports produced between 1987 and 2002 by the Organization for Eco-

nomic Cooperation and Development and the Nuclear Energy Agency (OECD/

NEA) [1, 13, 20–22] along with recent reports from groups at MIT and the

University of Chicago. The 1994 OECD/NEA study [1], in particular, developed

a framework for assessing the economics of nuclear fuel cycles. The study derived

the expected levelized cost of a fuel cycle over the lifetime of a reactor, including

transients (at startup and shutdown). The fuel cycle was divided into front-end

components (uranium ore requirements, conversion to UF6, enrichment, fuel fabri-

cation and transport) and back-end components (spent fuel transport, reprocessing,

direct disposal, or high-level waste (HLW) vitrification and disposal). Cash

outflows to meet these obligations were discounted to a reference date using

a discrete model as was revenue from electricity, and the subsequent expected

cost in $/kWh(e) was calculated.

The 1994 study [1] gave the most comprehensive cost estimates available at the

time. Data were obtained from the literature and through survey of OECD member

states and gave reliable results where industries were well established. Because no

actual disposal facility existed for SF or vitrified HLW, these estimates were consid-

ered to be particularly uncertain [1]. The cost data were updated in the 2002 OECD/

NEA study and estimated standard deviations were added [13]. Because no
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permanent repository is in operation, it is difficult to estimate what it would cost.

However, the experience and cost studies at Yucca Mountain in the United States

provides some indication. Here the cost estimates for the repository rose in constant

dollars from $32.2 billion to $57.5 billion between 1989 and 2001, Fig. 11.5 [18,

23–26], for a repository that was designed to hold 86,000 metric tons of spent nuclear

fuel. Representative costs, lead/lag times, and standard deviations for nuclear power

systems are given in Table 11.2.

Discount and Interest Rates

The values of r that are used in discounting will have a significant effect on an

economic analysis. As a result, discount rates have been widely discussed in the

context of decision theory, and in cost-benefit analyses of things that can have

intergenerational effects such as environmental damage, resource allocation, or

nuclear waste disposal. For economic comparisons, or cost studies, discounting

accounts for the fact that payments made could instead have been invested and

earned a rate of return. Alternately, future payments could be met by setting aside

a smaller amount of money today and letting compound interest make up the

difference. In both cases, the appropriate discount rate would be one that reflects
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Fig. 11.5 Yucca Mountain Life Cycle Cost over time. The Total System Life Cycle Cost (TSLCC)

predicted for Yucca Mountain is shown over the period between 1985 and 2001 in year 2000

dollars (inflation adjustment done using GDP deflator). In that time, the predicted cost has nearly

doubled from $32.2 to $57.5 billion in constant dollars, with the repository intended to hold 86,000
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mass of uranium and transuranics within the spent uranium dioxide fuel
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what one could obtain by investing the funds in bonds, stocks, or other investments,

and receiving the market rate of return.

There is no single discount rate that is accepted for near-term analysis of utilities,

nuclear power included, but values between 5% and 10% (in real terms) are

common and reflect the historical range of return by the US utility sector (e.g.,

[4]). However, there are problems in using this discount rate for projects that run on

intergeneration time scales. The dominant concerns are well summarized in several

different studies (e.g., [27, 28]), but the main point is that a discount rate that is this

high would suggest that money so invested would eventually grow to be larger than

the domestic product of any country where the investment was made. As a result,

some economists suggest that discount rates appropriate for intergenerational

projects would have to tend toward a country’s real rate of GDP growth and can

be assumed to be around 1–2% (e.g., [27, 28]).

The question of which discount rate to use in evaluating nuclear power

facilities is far from academic. Cost studies are often used to compare different

systems or management strategies. A high discount rate can make the present

value of far-off costs appear negligible. In other words, using a high discount rate

in a costs-benefit study of a politically divisive issue, such as spent fuel disposal,

can have the perverse effect of suggesting that it would always be cheaper to delay

action. In fact, this type of argument has been advanced in the United States

to advocate for pushing off the development of reprocessing or permanent

geological disposal.

Cost Comparisons and External Costs

Using Eq. 11.8, or similar, one can calculate the cost associated with the generating

electricity by various means. Results of such studies are shown in Tables 11.1 and

11.2. However, making true comparisons for the “cost” of generating electricity

between different types of power systems can be complicated by the effect of

externalities that are often difficult to capture in an economic analysis. Factoring

in the true cost of carbon dioxide emissions would be an example. Carbon dioxide

emissions from fossil-fueled plants are obvious. They are not so obvious for

nuclear, wind, or solar power facilities. While nuclear power facilities have no

direct emissions, there are carbon signatures associated with the materials out of

which they are made, the processes involved in facility construction, as well as for

operations, maintenance, and decommissioning. The same is true for wind and solar

power systems. Where one draws the boundary for an analysis (i.e., does one

include the carbon dioxide needed to produce, say, the machinery for the processing

of facility materials) can have a significant effect on the total carbon signature that

is associated with a specific power source, and through this, its total potential cost.

Because of the complexity of handling externalities (and the cost of carbon

emissions is only one example), how best to do this remains an area of active

research and debate.
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Future Directions

Electricity demand varies with location, time of day, and time of year. The

minimum demand at any point within a year is referred to as base load. The utility
industry typically gauges demand requirements with what are called load demand
and load duration curves, Figs. 11.6 and 11.7. Commercial nuclear power plants
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Fig. 11.6 Electricity load curve and generation source. The figure shows the variation in

electricity demand over a 24 h period, and the sources used to meet that demand (The data are

from the Electricity Reliability Council of Texas, for July 13, 2009) (Figure courtesy of Stuart

Cohen, The University of Texas at Austin)
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data are from the Electricity Reliability Council of Texas, for July 13, 2009) (Figure courtesy of

Stuart Cohen, The University of Texas at Austin)
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have historically been designed to operate at their maximum licensed power. The

fraction of time that these facilities are in operation has also increased steadily over

the years to an industry average of around 90%. As a result, commercial nuclear

power is used to meet base-load requirements, along with coal, hydroelectric, and to

a smaller extent wind. Additional load requirements are met with smaller-scale

facilities (called peaking power plants) that typically run on oil or gas.

Because of perceived economies of scale, nuclear power plants have been built

on an increasingly large scale. Recently though, this idea has begun to be been

revisited, and there are calls for the development of smaller-scale facilities with

peak power outputs of as little as a few tens of megawatts. Such plants, known as

Small Modular Reactors, could be used to meet local base-load requirements or as

peaking plants. A shift in the industry to include smaller-scale facilities could have

dramatic effects on the economics of nuclear power. Smaller facilities would likely

have shorter build times and far lower capital costs. Many utilities also charge

different rates, depending on when electricity is used, and this too would affect the

economics of nuclear package plants that might be used to meet peak load

requirements. (The first-generation light water reactors were designed for power

outputs of 300–600 MWE. In the United States, today most nuclear power facilities

are rated for 800–1,000 MWe, but it expected that the next generation of reactor

will produce between 1,100 and 1,400 MWe.)
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Chapter 12

Nuclear Fusion

Thomas J. Dolan

Glossary

COE Cost of electricity

EAST Experimental Advanced Superconducting Tokamak

ECRH or ECH Electron cyclotron resonance heating – heats plasma electrons at

the natural rotation frequency of electrons in a magnetic field

EFDA European Fusion Development Agreement

FRC Field-reversed configuration

ICRH or ICH Ion cyclotron resonance heating – heats plasma ions at the

natural rotation frequency of ions in a magnetic field

ICF Inertial confinement fusion

IFMIF International Fusion Materials Irradiation Facility

ITER International Thermonuclear Experimental Reactor

LHCD or LH Lower hybrid resonance wave heating or current drive –

Microwaves injected into the plasma induce a plasma current

Magnetic shear Variation of magnetic field direction from one layer to the next –

helps to preserve plasma stability

MHD Magnetohydrodynamic model – treats plasma as a conducting

fluid

MTF Magnetized target fusion

NBI Neutral beam injection – injection of high-energy neutral atoms

into plasma to heat it, and to help control the plasma current and

rotation
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OH Ohmic heating – resistive heating caused by a current flowing

through the plasma

PF Poloidal magnetic field – The magnetic field component that runs

the short way around the torus (donut-shaped vessel). See

Fig. 12.6

Q Fusion energy gain ratio or fusion power gain ratio = (fusion

energy)/(input energy) or (fusion power)/(input power)

RF, rf Radiofrequency

SC Superconducting magnet coils – Coils that have zero resistance

at very low temperature (T� 4 K), usually made of Nb3Sn or

NbTi in a copper matrix

TF Toroidal magnetic field – The magnetic field component that

runs the long way around the torus (donut-shaped vessel).

See Fig. 12.6

Symbols

Symbol Units Meaning

a m Minor plasma radius at plasma edge (for circular plasma cross section)

(Fig. 12.4)

B T Magnetic field

beta, b None Ratio of (plasma pressure)/(magnetic field pressure)

D Deuterium or deuteron

Ip MA Maximum plasma current

L m Plasma length

me kg Electron mass

mi kg Ion mass

n m�3 Plasma electron density (electrons per m3)

r m Minor plasma radius (Fig. 12.4)

R, R0 m Major plasma radius, and its value at the center of the plasma (Fig. 12.4)

T C, K, or keV Temperature. 1 keV = 11.6 MK (Mega-Kelvin)

T Tritium or triton

Te keV Electron temperature

Ti keV Ion temperature

v|| m/s Particle velocity component along B field direction

v ┴ m/s Particle velocity component perpendicular to B field

Definition of the Subject

Nuclear Fusion of hydrogen isotopes into helium and heavier elements is the energy

source of our sun and the other stars. The goal of nuclear fusion research is to build

“miniature suns” on earth that will provide clean energy for electricity generation,

production of hydrogen for fuel, and industrial applications.
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Introduction

The joining together of two light elements to produce a heavier element is called

a “nuclear fusion reaction.” For example, a deuteron plus a triton can produce 4He

plus a neutron

Dþ T!4He 3:5MeVð Þ þ n 14:1MeVð Þ;

where D = deuteron, T = triton, n = neutron, the reaction product kinetic energies

are given in parentheses, and 1 MeV = 1.602 � 10�13 J. (Deuterium and tritium are

isotopes of hydrogen having one neutron or two neutrons, respectively.)

The positively charged atomic nuclei repel each other, so they must have high

speeds in order to approach close enough for reactions to occur, which correspond

to high temperatures. Temperatures are usually expressed in keV, where 1 keV =

11.6 MK (Mega-Kelvin).

One liter of water contains 0.034 g of deuterium. When burned in a nuclear

fusion reactor, this deuterium could yield as much energy as burning 300 liters of

gasoline. Thus, there is enough deuterium in the rivers, lakes, and oceans of the

world to provide the world’s energy needs for millions of years. The first generation

of fusion power plants will use deuterium and tritium fuels. Tritium is unavailable

on earth, but it can be bred by neutron absorption in lithium, so deuterium

and lithium are the primary fuels. Table 12.1 lists some potential benefits of such

fusion reactors.

Table 12.1 Potential benefits of fusion reactors

• Abundant fuels (deuterium and lithium) – enough for millions of years

• Cheap fuel

D fuel cost � 3 � 10�14 $/J (assuming D at $10,000/kg)a

Lithium fuel cost � 10�12 $/J (assuming Li at $300/kg)a

Coal cost � 2 � 10�9 $/J (assuming $150/t)

Gasoline cost � 2 � 10�8 $/J (assuming 1.00 $/l)

• Fuel available to all nations, could reduce conflicts over fossil fuels

• Fuel has low mass, easy to transport

• Clean – avoids pollutant emissions, less waste than fission or coal

• Safe – no supercriticality hazard or meltdown hazard

• Does not require expensive energy storage

• No high-level radioactive waste

• Neutrons from fusion reactors could be used to de-activate high-level radioactive waste from

fission reactors or to breed fission reactor fuel
aAssuming a price of $10,000/kg of D and an energy yield of 7.2 MeV per deuteron in a catalyzed

DD fuel cycle (described below), this corresponds to a fuel cost of 3 � 10�14 $/J. Early fusion

reactors will use lithium to breed tritium, because it greatly enhances the fusion reaction rate. In

2008, the average price of lithium carbonate was about 4–6 $/kg in the USA, so the cost of the

lithium itself was about 20–40 $/kg [1]. Future demand for lithium batteries might escalate this

price as high as 300 $/kg. Assuming 17.6 MeV released from each tritium bred from lithium, this

corresponds to a fuel cost of about 10�12 $/J, as shown in the table

12 Nuclear Fusion 307



Although the fuel for fusion reactors would be cheap, the reactor capital costs

would be very high, so the cost of electricity could still be expensive (to be

discussed later).

Fusion Reactions

Tritium has negligible abundance on earth, but it can be bred from lithium via the

reactions

n þ 6Li ! T 2:73MeVð Þ þ 4He 2:05MeVð Þ � � �
exothermic� energy is releasedð Þ (12.1)

nþ 7Li!Tþ 4Heþ n�2:47MeV � � �
endothermic�high neutron energy input is requiredð Þ (12.2)

The fusion reactions with the highest probabilities at T < 80 keV are

D + D � H(3.02 MeV) + T(1.01 MeV)     (12.3)

(12.4)

(12.5)

(12.6)

D + D � n(2.45 MeV) + 3He(0.82 MeV) +

D + T � 4He(3.52 MeV) + n(14.1 MeV)

D + 3He � 4He(3.66 MeV) + H(14.7 MeV)

where H = proton, D = deuteron, T = triton (distinguish from T meaning tempera-

ture), n = neutron, and the energies of the reaction products are shown in

parentheses. The TT reaction has a probability similar to those of the DD reactions.

The two branches of the DD reaction have roughly equal probabilities. If the 3He

and T produced by the DD reactions are recycled as fuel in the other two reactions

(dashed arrows), the sum of these four reactions yields

6D ! 24Heþ 2Hþ 2nþ 43:2 MeV (12.7)

which is called the “catalyzed DD” fuel cycle, having an average energy yield of

7.2 MeV per deuteron. The only fuel input would be deuterium, avoiding the need

to breed tritium from lithium, but the fusion power density would be much lower

than from the DT fuel cycle using tritium bred from lithium.

Other reactions, such as H + 6Li and H + 11B, have lower reaction probabilities at

T < 100 keV, so they are more difficult to use, but they would have the potential

advantage of emitting fewer (or no) neutrons, which lead to the production of

radioactive materials.
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Fusion Reactor Requirements

In order to build a fusion reactor two requirements must be met, heating and

confinement:

Heating Requirement

The fuel must be heated to T� 15 keV (170 Million Kelvin) for the D + T reaction,

and T� 40 keV (460 MK) for the D + D fuel cycle. Ions with more positive charge,

such as lithium and boron, repel each other more strongly, so higher temperatures

would be required to use them as fuels. (At such high temperatures, hydrogen is in

the plasma state [a sea of positive ions and negative electrons]. The five states of

matter are solid, liquid, gas, plasma, and “dark matter.” Other familiar forms of

plasmas [some of them only partially ionized gases] include lightning, welding

arcs, hot flames, and fluorescent lights.)

Table 12.2 lists some plasma heating methods.

Confinement Requirement

The fuel must be confined long enough for part of it to “burn” (to fuse) before it is

lost or cools off.

Table 12.2 Plasma heating methods

Ohmic heating OH Ohmic heating power density Poh ¼ � J2 (W/m3), where

J ¼ current density (A/m2) and � ¼ plasma resistivity

(ohm-m). At high temperatures � is very low, and ohmic

heating is ineffective.

Neutral beam injection NBI Ions accelerated to high energies (typically 0.04–1 MeV) pass

through a gas cell where some of them are neutralized. The

neutral atoms can then penetrate across the magnetic field

into the plasma, where they become ionized and trapped,

depositing their energy in the plasma.

Ion cyclotron resonance

heating

ICRH Radio waves are injected into the plasma at approximately the

frequency of the ion spiral motion around the magnetic field

lines, accelerating their motion. Frequency f ¼ eB/2pmi

(Hz), where e ¼ electronic charge, B ¼ magnetic field,

mi ¼ ion mass.

Electron cyclotron

resonance heating

ECRH Microwaves injected into the plasma with near the frequency

of electron spiral motion around the magnetic field lines.

f ¼ eB/2pme (Hz), where me ¼ electron mass.

Lower hybrid wave

heating

LH Waves are injected at the lower hybrid frequency, which is

between the ECRH and ICRH frequencies.

Compression If the plasma is compressed, such as by increasing the magnetic

field or by squeezing a metallic shell around the plasma, its

temperature and pressure increase.
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The heating and confinement requirements for a DT reactor may be expressed in

the “triple product” parameter

ntET > 4� 1021m�3s keV (12.8)

where n is fuel ion density (ions/m3), tE is their energy confinement time (s), and T
is their temperature (keV). (The required product of density and confinement time is

often referred to as the “Lawson criterion.”) The energy gain ratio is defined to be

Q ¼ fusion energy per pulseð Þ= input energy per pulseð Þ

or

Q ¼ fusion powerð Þ= input powerð Þ

if the reactor operates steady state.

For the DT fusion reaction Q is given approximately by the equation [2]

Q � 5ðntETÞ=½5� 1021 � ntET� (12.9)

which is illustrated in Fig. 12.1.

Thus, to attain Q > 10, values of ntET� 4 � 1021 m�3 s-keV are needed. (This

equation and graph are only approximate, varying with the type of plasma confine-

ment system.)

When confinement is very good, the alpha particles (4He ions) produced by

fusion reactions can deposit enough energy in the plasma to sustain its temperature.

1,000

100

10

Q

1

0 1 2 3

ntET, 1021 m–3 s-keV

4 5
0.1

Fig. 12.1 Energy gain ratio

Q versus triple product
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Then the input power for heating may be turned off. (Some input power may still be

needed to drive a plasma electrical current.) This self-sustainment condition, called

“ignition,” corresponds to the right side of Fig. 12.1, where Q reaches very high

values. The precise value of the triple product that produces ignition varies from

one type of confinement system to another and with plasma impurity content.

For DD reactions, higher values of ntET are required, so the DT reaction will

probably be used in the first generation fusion power plants.

Everything in nature tends toward a state of thermodynamic equilibrium, in
which the temperatures of various bodies are uniform and equal to each other.

Since we want to keep the chamber wall temperature below about 1,200 K and the

fuel ion temperature >108 K, the plasma confinement system must retard the

establishment of thermodynamic equilibrium. Coulomb collisions and plasma

instabilities bring the plasma closer to thermodynamic equilibrium, so avoiding it

is a difficult problem.

Plasma Confinement Methods

Plasma confinement methods are listed in Table 12.3.

Magnetic Confinement

Magnetic fields may be either “open” (Figs. 12.2 and 12.3) or “closed” (Fig. 12.4).

A plasma ion starting out at the center with velocity components v||o parallel to

magnetic field and v┴o perpendicular to the magnetic field would experience

a higher magnetic field as it moves toward the magnet coil. In the higher field, its

rotational velocity component v┴ would increase, and its parallel velocity compo-

nent v|| could decrease gradually to zero, where it would be reflected back toward

the center (hence, the name “magnetic mirror”). The ion would oscillate back and

forth between points a and b, restrained by a magnetic field gradient force

F ¼ � ðmiv?2=2BÞrB (12.10)

Electrons would also be confined in the same way. Although electrons and ions

are reflected by high magnetic fields, those with high velocities v||o along the field

lines will escape, and confinement is limited by the time it takes for Coulomb

collisions to increase their parallel velocities. The end loss problem can be

eliminated by using a closed magnetic field, Fig. 12.4.

It might appear that electrons and ions could be confined forever as they spiral

along the closed magnetic field lines, but the magnetic field gradient and curvature

cause a drift velocity across the magnetic field. This drift can be compensated by
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Table 12.3 Plasma confinement methods

Solid walls Low-temperature plasmas, such as fluorescent lights, may be contained by

glass or metal tubes. Hot plasma confinement in magnetic fields may be

augmented by solid walls for brief periods of time, but prolonged contact

cools the plasma rapidly by heat conduction and may overheat the wall.

Gravity Although stellar plasmas, such as the sun, are confined by gravity, the mass of

a laboratory plasma is far too small for self-gravitational attraction to be

significant. (The mass density and temperature at the center of the sun are

about 150 g/cm3 and 1.3 keV).

Inertia If a DT fuel pellet is quickly compressed to ultrahigh densities, significant

fusion burn can occur before the compressed pellet expands. The inertia of

the pellet limits the expansion rate of the internal plasma. At

n ¼ 1030 m�3, and T ¼ 10 keV, a confinement time tE�4� l0�10 s would

yield a triple product ntET�4� 1021 m�3 s-keV. The compression may be

produced by laser beams or by particle beams.

Radiofrequency

waves

Radiofrequency waves and microwaves can confine low-pressure plasma, but

enormous power inputs would be required to confine high-pressure

plasmas. These waves can augment magnetic confinement.

Electrostatic

fields

Electrostatic potential peaks can be established with high-voltage grids or by

creating local regions of higher plasma density. Positive peaks can inhibit

ion motion, and negative peaks can inhibit electron motion. Purely

electrostatic plasma confinement has only succeeded in confining low-

pressure plasmas, but such electrostatic potential peaks can be used to

augment magnetic confinement.

Magnetic fields Confinement by strong magnetic fields is the most promising means for

prolonged containment of high-pressure plasmas. It is based on the fact

that ions and electrons cannot travel across a magnetic field easily. Instead,

they tend to travel in helical paths along the field lines.

N NS

N NS S

S

B B

B

B

Fig. 12.2 Simple magnetic “mirror” fields B (top) and “spindle cusp” fields (bottom) produced by
bar magnets (left side) or by a pair of circular magnet coils carrying currents I (right side). Plasma

could be confined in the central regions
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twisting the magnetic field lines, producing a helical closed magnetic field,

Fig. 12.5.

This twisting of the magnetic field, called “rotational transform,” may be

produced by inducing a plasma electrical current in the toroidal direction

(a “tokamak”), or by using specially shaped magnetic field coils (a “stellarator”).

There are many processes that cause plasma energy loss, Table 12.4.

In what follows, we describe tokamaks, stellarators, compact toroids, and open

magnetic confinement systems, then inertial confinement systems, other fusion

concepts, plasma theory issues, fusion technology issues, and fusion reactor design

studies.

Coil

B(z)

a b
B

0 Z

Bm

V⊥0
V0

V110

B0

α0

Fig. 12.3 A simple magnetic mirror (top) and axial variation of magnetic field strength (bottom)

Coil

B†

Toroidal
angle

Z

Plasma B

Chamber

Major
radius

Minor
radius r

Poloidal
angle q

R
R0

r
q

f

Fig. 12.4 “Closed” (toroidal) magnetic field lines Bt (dashed lines) generated by circular magnet

coils carrying currents I, and the definitions of “major radius R” and “minor radius r.” The value of
r at the plasma edge is called “a”, and the value of R at the plasma center is called “Ro”
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Tokamaks

The name “tokamak” is an acronym for the Russian “тopoидaльнaя кaмepa
c мaгнитными кaтушкaми” (toroidal’naya kamera s magnitnymi katushkami

– toroidal chamber with magnetic coils). Fig. 12.6 shows the main components of

a tokamak.

Pulsing a current in the primary winding of the transformer induces a high

current in the plasma, which generates the poloidal magnetic field. (Although this

figure shows an iron core transformer, most modern tokamaks use air core

transformers.) When the transformer saturates, the current gradually dies away.

BP Bt
B

g

Fig. 12.5 A helical magnetic field. The field lines B have components Bt in the “toroidal”

direction (the long way around the torus) and Bp in the “poloidal” direction (the short way around

the torus). Twisting the magnetic field compensates for the tendency of particles to drift across the

magnetic field

Table 12.4 Plasma energy loss mechanisms

1. Particle and energy loss along magnetic field lines (open magnetic systems)

In simple magnetic mirrors, the loss time is roughly the time for collisions to increase the ion

velocity along the field lines. If electrostatic potential barriers are used, then the loss time is

roughly the time for collisions to increase the particle energies over the barriers.

2. Particle driftvelocities across the magnetic field, driven by magnetic field gradient and

curvature and by an electric field.

3. Magnetohydrodynamic (MHD) plasma instabilities, whereby the plasma boundary, affected

by gradients of pressure, current density, and magnetic field, pushes through the magnetic field

toward the chamber wall.

4. Radiation losses from line radiation, bremsstrahlung radiation (radiation from electrons

during deceleration by collisions), cyclotron radiation, and recombination radiation. Radiation

losses can be high when the plasma contains many impurity ions (such as iron), when the

temperature is very high, or when the magnetic field is very strong (cyclotron radiation).

5. Energy transport across the magnetic field by heat conduction and convection.

6. Interaction of electrons and ions with plasma waves can enhance energy transport. Such

“microinstabilities” have required many decades of plasma theory, experiment, and computer

simulation to be understood.

7. Ion energy loss by charge exchange. (A hot ion grabs an electron from an atom, becomes

neutralized, and is no longer confined by the magnetic field, which does not confine neutral

atoms.)
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A “current drive” system, such as electromagnetic waves or neutral beam injection,

is needed to sustain the current for long periods. Although Fig. 12.6 shows a plasma

with circular cross section, most modern tokamaks have noncircular cross sections,

in order to facilitate higher beta values (ratios of plasma pressure to magnetic field

pressure).

Over 200 tokamaks have been built worldwide. Table 12.5 shows the parameters

of a few of them.

Fig. 12.7 shows the interior of the European Fusion Development Agreement

(EFDA) Joint European Torus (JET), which has a noncircular cross section.

The walls are lined with refractory tiles to withstand high heat fluxes. Using DT

fuel JET briefly generated 16 MW of heat from fusion reactions. JET has also

demonstrated the feasibility of using beryllium tiles on the walls.

The National Spherical Torus Experiment (NSTX) and Mega Ampere Spherical

Torus (MAST) are smaller, with very low aspect ratios Ro/a� 1.4, which facilitates

high values of b (the ratio of plasma pressure to magnetic field pressure). They are

called “spherical tokamaks.”

In order to attain higher triple product values, larger experiments are needed.

The International Thermonuclear Experimental Reactor (ITER) Joint Project began

construction in 2008 with an estimated cost of about 5 billion Euro. It is to begin

operation in about 2019, reaching full power operation in about 2027. Fig. 12.8

shows how the experimentally attained values of the triple product have increased

over the years of fusion research.

ITER should demonstrate a power gain ratio Q > 10 for hundreds of seconds,

andQ> 5 for longer periods. The next step planned after ITER will be a technology

demonstration fusion power plant called “DEMO” that generates electricity for

commercial use.

Iron transformer coreTransformer
winding
(Primary
circuit)

Plasma current
(Secondary circuit)

Toroidal
magnetic field

Poloidal
magnetic
field

Toroidal field coils

Tokamak

Resultant
helical
field
(Twist exaggerated)

Fig. 12.6 Simplified diagram

of a tokamak with circular

plasma cross section

(Courtesy of Culham Centre

for Fusion Energy, UK)
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Stellarators

Stellarators (including “heliotrons” and “torsatrons”) produce rotational transform

by shaping the magnet coils, Figs. 12.9 and 12.10.

The Large Helical Device at the National Institute for Fusion Sciences in Japan,

Fig. 12.11, is a “heliotron” (torsatron) with two helical coils.

Fig. 12.12 shows the Wendelstein 7-X experiment, which uses modular coils to

achieve a magnetic field shape suitable for plasma confinement.

Table 12.6 shows some parameters of these stellarators.

Fig. 12.7 The interior of the

Joint European Torus (JET)

(Courtesy of Culham Centre

for Fusion Energy, UK)
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Fig. 12.8 Triple product

ntET (m�3 s-keV) attained by

tokamak experiments versus

year. The dashed arrow points

to planned ITER values [4]
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Since stellarators do not require a strong plasma current, they have the following

advantages over tokamaks:

• No strong disruptions of the plasma.

• Current drive is not required, so the input power is lower, and the energy gain

ratio Q can be higher.

• Potentially less plasma turbulence and better energy confinement.

Toroidal
field coils

Helical
windings

Plasma

–

–

–

+ +
+

+

+

–

–

–+

Fig. 12.9 Magnet coils of

a stellarator with three pairs

of helical windings, which

have currents in alternating

directions (indicated by + and

– signs). Other numbers of

helical windings are also

possible

Helical
coils

Plasma

–

– –
+

+

+

Fig. 12.10 A torsatron with

three helical coils and no

toroidal field coils

Fig. 12.11 The two helical

superconducting coils inside

the Large Helical Device,

operating since 1998

(Courtesy of the National

Institute for Fusion Science,

Japan)
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One the other hand, the coils of stellarators are difficult to wind, join, support,

and align, and space for energy recovery blankets is limited.

Reversed Field Pinch (RFP)

A reversed field pinch is a toroidal plasma with a relatively weak toroidal field and

a strong plasma current. The plasma currents evolve into a stable configuration in

which the direction of the toroidal component of the magnetic field at the plasma

edge is in the opposite direction from the internal toroidal field, Fig. 12.13.

This strong variation of magnetic field direction with radius, called magnetic

shear, helps preserve plasma stability. This type of experiment has been operated in

Italy, Japan, the UK, the USA, and elsewhere. It offers the potential of a compact

Fig. 12.12 The coils (blue) of the Wendelstein 7-X experiment in Greifswald, Germany, and the

resulting plasma shape (orange), expected to begin operation in 2014 (Courtesy of the Max-

Planck-Institut fuer Plasmaforschung, Greifswald, Germany)

Table 12.6 Main parameters of the LHD and Wendelstein 7-X experiments. The LHD values

shown here were not all attained simultaneously. The Wendelstein 7-X parameters are planned

values

Parameter Units LHD Wendelstein 7-X

Startup 1998 2014

Major radius R m 3.7 5.5

Approximate minor radius a m 0.64 0.53

Magnetic field on axis T 2.8 3

Heating power MW 20 15

Average plasma density n m�3 4 � 1019 �1020

Ion temperature keV 13.6 (Several)

Electron temperature keV 10 (Several)

Energy confinement time s 0.36 0.15

Beta % 5
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reactor with a simpler toroidal field system than tokamaks, but plasma energy

confinement times may be shorter, and efficient current drive to sustain the RFP

is difficult to achieve.

Compact Toroids

Fig. 12.14 compares a field-reversed configuration (FRC) and a spheromak.

The FRC has only poloidal magnetic field components, with zero (or nearly

zero) toroidal field. The spheromak is a naturally stable configuration having both

toroidal and poloidal magnetic field components. Fig. 12.15 illustrates one way of

generating a spheromak, by using a coaxial plasma gun.

In step (1). A coil (black) generates a magnetic field (blue). (2) A puff of

hydrogen is admitted into the vacuum (pink cloud). (3) A high voltage is applied

Metal shell

Plasma

B

Fig. 12.13 A reversed field pinch, showing how the direction of the magnetic field varies with

radius [5]

Axial-field
blas coils

Spheromak plasma with
magnetic field lines

Flux
conserver

Fig. 12.14 A field-reversed configuration (left) and a spheromak. Neither has any structure on the

axis of the torus [6]
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between the inner and outer cylinders, ionizing the gas. (4) The plasma current

flowing interacts with the magnetic field to produce a thrust that accelerates

the plasma downward. (5) The plasma (pink) expands into the metal chamber

(green). (6) Image currents in the walls create an opposing magnetic field that

retards the plasma penetration into the wall. This is called a “sustained spheromak”

configuration with quasi-closed field lines similar to tokamaks. The plasma has both

toroidal and poloidal magnetic fields without the need for toroidal field coils. It is

therefore simpler than tokamaks, and potentially less expensive. Some parameters

of the Sustained Spheromak Physics Experiment (SSPX) are shown in Table 12.7.

Spheromak experiments generally last only a few milliseconds, with electron

temperatures less than 1 keV. Larger spheromak experiments with more heating

auxiliary power and longer duration would be needed to test this concept

adequately.

Field-Reversed Configuration (FRC)

A field-reversed configuration may be formed by a theta pinch coil, as shown in

Fig. 12.16.

V

1. Magnetic field 2. Puff hydrogen 3. Apply high voltage

5. Plasma expansion 6. Sustained spheromak4. Plasma acceleration

Fig. 12.15 Formation of a spheromak by coaxial plasma gun injection into a flux conserving

chamber (Courtesy of Lawrence Livermore National Laboratory)
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A theta pinch coil is usually a one-turn coil with a sudden current flowing in the

theta (azimuthal) direction. The coil current may rise to its peak value in

microseconds, squeezing the plasma, hence the name “pinch.” With careful pro-

gramming of the coil current, the plasma may form into an elongated torus with the

internal magnetic field in the opposite direction from the external magnetic field

(indicated by the small arrows in Fig. 12.16), hence the name “field reversed.” FRC

plasmas can also be generated and sustained by rotating magnetic fields. They

appear to be stable, in spite of their weak or zero toroidal magnetic fields. After

formation, an FRC plasma may be moved axially to another chamber, where it can

be compressed by a converging magnetic field or by an imploding metallic liner [7].

FRC experiments have been conducted at Los Alamos National Laboratory, Uni-

versity of Tokyo, Osaka University, University of Washington, and TRINITI

Laboratory (Troitsk, Russia).

Table 12.7 Typical SSPX parameters (SSPX is now decommissioned) (Courtesy of Lawrence

Livermore National Laboratory)

Flux conserver radius and height 0.5 m � 0.5 m

Radius of magnetic axis 0.31 m

Plasma minor radius 0.17 m

Peak discharge current 0.45 MA

Toroidal current 0.6 MA

Peak toroidal field 0.6 T

Edge poloidal field 0.35 T

Plasma duration 4.5 ms

Plasma density 5 � 1019 m�3

Peak electron temperature 0.35 keV

Formation Translation Compression

Segmented
theta-pinch coil Separatrix

Cusp
mirror
coils

Quartz tube

R rs CL

Toroidal
plasma
current

Closed poloidal
magnetic field line

Open
magnetic
field lines

r

zq

Fig. 12.16 Formation of an FRC by a theta pinch coil, translation to another chamber, and

compression by a metallic liner (Courtesy of Los Alamos National Laboratory)
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Magnetized Target Fusion (MTF)

MTF target plasma parameters could be n� 1023 m�3, T� 0.3 keV, B� 3 T, and

duration t� 10 ms before compression. The target plasma could be moved axially

into another chamber (Fig. 12.16), where a metallic liner would compress it to

thermonuclear temperature (T� 10 keV). Intense DT fusion burn could occur until

the configuration disassembled, and it might be possible to achieve energy gain

ratios Q > 5 in a less expensive device than tokamaks or stellarators.

Pulsed, High-Density Fusion

A similar concept would accelerate an FRC axially to very high velocity, then inject

it into a converging magnetic field, which would compress the plasma up to

thermonuclear burn conditions. It would flow through the burn chamber, then

continue on into an expansion and exhaust chamber [8].

Open Magnetic Confinement Systems

Open magnetic confinement systems can avoid MHD instabilities if the magnetic

field pressure is lower in the plasma confinement region than around the outside,

a so-called “minimum-B” confinement system.

Tandem Mirror

Due to rapid particle loss along the magnetic field lines, a simple magnetic mirror

can only achieve a power gain ratio Q� 1, which is inadequate for a power plant.

This loss can be reduced by creating an electrostatic potential variation along the

magnetic field with hills and valleys, as illustrated in Fig. 12.17.

The positive peaks fc confine ions in the central cell, and the negative wells fb

confine electrons. The plasma density, temperature, and electrostatic potential in

tandem mirrors can be controlled by injection of neutral atom beams, by electron

cyclotron resonance heating (ECRH), and by radiofrequency (RF) wave heating at

selected axial locations. Such electrostatic potential control could make it possible

to reduce the required length of a power plant with Q� 10 from kilometers to less

than 200 m. There have been tandem mirror experiments in Japan, Russia, Korea,

and the USA. The Gamma-10 experiment in Japan with length L = 6 m, a = 0.36 m,

and central cell B = 0.41 T has confined plasma with n� 1018 m�3, Te� 0.3 keV,

Ti� 1 keV. It has achieved values of fc > 2 kV [9].
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Electrostatically Plugged Cusps

High-voltage electrodes can also produce electrostatic potential hills and valleys

along magnetic field lines, similar to those of a tandem mirror. The electrons are

confined by the magnetic field and the negative electrodes, and the ions are confined

in a negative electrostatic potential well created by the electrons’ negative charge.

For example, the Jupiter-IIM electrostatically plugged magnetic cusp experiment

in the Ukraine demonstrated low diffusion rates of plasma across the magnetic

field [10].

Rotating Plasmas

Rotating plasmas can be formed by putting high-voltage electrodes in the ends of

a magnetic mirror to create a strong radial electric field, which causes the plasma to

rotate azimuthally at high speed. This rotation can accelerate ions up to keV

energies, and the angular momentum reduces end losses from the magnetic mirror.

Fig. 12.18 shows the Maryland Centrifugal Experiment

Z

f (z)

fc

fb

+

e–

Fig. 12.17 Electrostatic potential versus axial position in a tandem mirror

Insulator Insulator

Metallic core

E

E

Ea
V

B
B

B UExB

UExB

UExB

Fig. 12.18 The Maryland centrifugal experiment (Courtesy of the University of Maryland)
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This experiment has a central B� 0.3 T, a� 0.2 m, L� 1.4 m, n� 3� 1020 m�3,

T� 20–60 eV, applied voltage 5–20 kV, pulse length 1–10 ms, and has achieved

rotational speeds of 100 km/s.

Other Concepts

Plasma Focus

The plasma focus uses a coaxial plasma gun to accelerate a blob of plasma to high

velocities, as illustrated in Fig. 12.19.

At time t1, high voltage breakdown along the insulator forms a plasma that is

accelerated axially by the J � B force. At t2 the plasma reaches the end of the gun,

and at t3 electromagnetic forces cause it to collapse into a high-density blob,

causing a brief burst of fusion reactions before the plasma expands and cools. At

low currents (<0.3 MA), the fusion yield increases proportional to I4, where I is the

plasma current, but this favorable scaling saturates at high currents, and economical

power production appears to be unlikely at reasonably attainable currents (� 10

MA). Plasma focus devices are useful as sources of neutrons and x-rays, and many

have been built around the world.

Levitated Dipole Experiment

The Levitated Dipole Experiment magnetically levitates a superconducting coil

ring, Fig. 12.20.

The resulting magnetic surfaces are good for plasma confinement. This experi-

ment has a low-density background plasma plus a hot electron plasma produced by

I

Insulator

t3

t2t1
J × B

Fig. 12.19 Plasma acceleration by a coaxial gun
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absorption of microwaves. The superconducting ring gradually absorbs heat, so it

must be periodically shut down and recooled. If this scheme were used for a fusion

reactor, heating and radiation damage to the ring would be significant issues.

Inertial Electrostatic Confinement (IEC)

Plasma may also be confined by concentric spherical grids, Fig. 12.21.

With tens of kilovolts applied and deuterium plasma, small devices of this type

have produced DD fusion reaction neutron emission rates � 107 neutrons/s. In a high-

power fusion reactor, however, the electrodes would tend to melt. IEC devices are

useful as sources of neutrons and energetic charged particles.

RF Plasma Confinement

Potential wells in standing radiofrequency (rf) fields can contain low-pressure

plasmas effectively, but for high-pressure plasmas of a fusion reactor excessively

Hoist
Levitation coil

Shaping
coils

2 m

Launcher
catcher

Inductive
charging

Fig. 12.20 The Levitated Dipole Experiment, showing the magnetic surfaces surrounding the

levitated coil. The dotted curves indicate the resonant surfaces for ECRH with frequencies 2.45

and 6.4 GHz (Courtesy of Columbia University and Massachusetts Institute of Technology [11]
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high rf power levels would be required. Rf fields have been used to reduce end

losses from open magnetic confinement systems, as in the RFC-XX experiment in

Japan. High-voltage rf electrodes accelerated ions to higher rotational energies,

which inhibited their ability to escape through the point cusps and line cusps.

Polywell

The Polywell concept has a spherical array of six or more point cusps, with electron

injection creating a negative potential well that focuses ions into the center of the

sphere. It is a form of electrostatic plugging of a cusped magnetic field. Good ion

focusing to small radii would be required to achieve satisfactory fusion power density.

Muon-Catalyzed Fusion

Negative mu mesons (muons) produced by accelerators can bind to deuterons to

form atoms. Since the muon is 207 times heavier than an electron, the radius of its

orbit is 207 times smaller. This small atomic size allows the shrunken deuterium

atom to approach very close to another deuteron or triton, close enough for

Accelerating
grid

Vacuum
chamber

Path of
ion

Path of
electron

Hot
cathode

Center
electrode

Fig. 12.21 Plasma

confinement by spherical

grids. In this configuration,

the accelerating grid is

positive, and the center

electrode is negative
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a nuclear fusion reaction to occur. After a fusion reaction occurs the muon is

released, and it can bind to another deuteron (or triton) and catalyze a second fusion

reaction. The muon may also be captured by other nuclei, such as by an alpha

particle (4He nucleus), which stops the reaction chain. This “helium sticking”

problem has limited the number of experimentally attained fusion reactions to

about 100 per muon, which is not enough to achieve an energy gain, since about

6 GeV energy are required to generate each muon by an accelerator, and the DT

fusion reaction yields only 17.6 MeV.

Cold Fusion

Evidence for low-energy nuclear reactions (LENR) has been reported from many

types of experiments: electrolysis of water, gas discharges, gas diffusion through

thin films, electron beam impact, exploding wires, and laser irradiation. The

evidence includes apparent heat generation, x-rays, and transmutations. Such phe-

nomena were once called “cold fusion” after the 1989 hypothesis by Fleischmann

and Pons that the energy generation by their electrolysis cell was a result of nuclear

fusion reactions [12]. Many theories have been proposed to explain the LENR

phenomena, but so far, no theory has gained widespread acceptance.

Inertial Confinement Fusion (ICF)

Target Compression

Fig. 12.22 shows the general idea of an inertial confinement fusion (ICF) power

plant.

The goal is to ignite frequent small explosions in a blast chamber. The target

injector shoots fuel capsules (“targets”) into the chamber several times per second.

When the target reaches the center of the chamber laser beams ablate its surface,

which causes an inwards force that compresses the target to ultrahigh density. Then

a high-power laser pulse raises part of the compressed target to ignition temperature,

and a thermonuclear burnwave causes aminiature explosion. The explosion energy is

deposited in the chamber walls and absorbed in a blanket and coolant, which could be

liquid metal, molten salt, or helium gas. The hot coolant boils water in a steam

generator, and the steam drives a turbine to generate electricity. (Helium gas coolant

could drive a gas turbine directly without needing to make steam.) Instead of using

laser beams, the target compression could also be done with heavy ion beams or

explodingwires and x-rays. Fig. 12.23 shows the steps of target compression and burn.

The laser beam heats the plasma surrounding the target shell (Step a of

Fig. 12.23). The plasma ablates the target surface away, causing an inward pressure
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similar to the forward thrust of a rocket caused by rearward expulsion of burning

fuel (Step b). The heating to ignition (Step c) may be done by a shock wave to the

center of the volume (Step c) or by a sudden PetaWatt laser beam impact on the

outside (“fast ignition”), which requires less heating energy. Then a thermonuclear

burn wave can spread to surrounding fuel (Step d).

The National Ignition Facility at Lawrence Livermore National Laboratory,

California; the Laser MegaJoule facility in France; and the GEKKO-XII in Japan

are all large laser facilities approaching ignition of targets. Fig. 12.24 shows the

National Ignition Facility (NIF) in Livermore, California.

Fig 12.25 shows a man inside the spherical NIF target chamber.

The NIF experiment is expected to demonstrate target ignition and energy gain

Q > 5 in 2010–2011. It uses glass lasers with low efficiency, and it requires hours

between shots to replace the target, which is suspended on a thin quartz fiber. For

“ignition campaign” experiments, the target holder must also provide cryogenic

refrigeration. The repetition rate is limited by replacement of the target, by evacua-

tion of the chamber, and by cooling of the walls.

If the target capsule irradiation is not extremely uniform, a Rayleigh-Taylor

instability [13] can break up the shell before compression is complete, as in

Fig. 12.26.

Target pellets may be irradiated directly by the laser beams, or they may be

mounted inside a hollow cylinder, called a “Hohlraum,” Fig. 12.27, to achieve more

uniform compression.

The laser beams would enter through holes in the ends of the cylinder and

irradiate the inside walls of the Hohlraum, causing them to emit intense x-rays.

The x-rays would illuminate the 2.2 mm diameter target capsule, ablating its

surface and compressing the frozen DT fuel to ultrahigh density. This “indirect

drive” may provide better compression than the “direct drive,” where the laser

Laser
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Target
injector

Coolant

Target

Steam
generator

Chamber

Vacuum
pumps

Fig. 12.22 The general idea

of a laser ICF power plant
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beams interact directly with the target surface, but the Hohlraum targets are more

complex and more difficult to inject into a chamber and align with the laser beams.

Table 12.8 shows that many issues must be resolved before ICF reactors can

become practical.

Potential solutions are available for most issues, but technology development

has not yet been completed, especially for efficient, reliable, cost-effective drivers.

Table 12.9 lists some issues of target design and manufacture.

Laser Development

Great improvements are needed in laser efficiency, pulse repetition rate, and target

injection rates. In the USA, two experiments are aimed at high average power

lasers: Electra and Mercury.

Laser beams

Plasma

Vacuum

Ablator

Pusher
Fuel

Compression

Ablation

Plasma formation at surface.
Laser beam absorption

End of thermonuclear burn.
Expansion of reaction
products. Breakup of
pusher shell

Explosion of debris

Ablation of surface
and compression of
pusher-tamper and fuel

End of compression.
Ignition of fuel at
center. Beginning of
thermonuclear
burn wave

a b

d e

c

Fig. 12.23 Ablation, compression, and burn of an ICF target
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The Electra KrF laser experiment at the Naval Research Laboratory is

illustrated in Fig. 12.28.

Electron beams in vacuum from the cathode pass through the foil into the Kr and

F2 gases in the laser cell, where they cause excitation, resulting in a laser beam that

exits through the amplifier window. Electra will run at 5 Hz with a laser output of

Fig. 12.24 The National Ignition Facility, USA. 192 laser beams (in red tubes) go to the target

chamber (Courtesy of Lawrence Livermore National Laboratory)

Fig. 12.25 The NIF target chamber, with holes where the laser beams enter. (The wide angle

photo makes the 10-m diameter chamber appear to be larger.) (Courtesy of Lawrence Livermore

National Laboratory)
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400–700 J. This will be large enough to develop technologies that can be scalable to

the 50–150 kJ needed for a fusion power plant beam line.

Fig. 12.29 shows the Mercurydiode-pumped solid state laser.
The material in which light amplification occurs is crystalline strontium fluoro-

apatite doped with ytterbium (Yb:S-FAP), which has a long excited state lifetime

Laser beam

Shell

D–T gas

Asymmetric irradiation Growth of bumps
on surface leads to
spikes

Spikes lead to
mixing of shell
with fuel

a

b c

Fig. 12.26 Growth of the Rayleigh-Taylor instability, causing breakup of the target shell

(exaggerated for clarity)
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(Be/Cu
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CH/Ge)

Laser Entrance Hole
(LEH) with window

Hohlraum fill

Ablator
(Be/Cu or
Ge/CH)

DT lce

DT gas fill

Hohlraum wall:
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~1.1 mm

10.8
mm

– Low pressure He/H

Fig. 12.27 A Hohlraum target (Courtesy of Lawrence Livermore National Laboratory)
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Table 12.8 Technical issues of ICF reactor development

Theory Understand the physics of energy absorption, reflection, heat transport,

compression, instabilities ignition, and burn

Experiments Attain satisfactory values of the critical elements for high energy gain

• Beam-to-fuel coupling efficiency

• Avoiding fuel preheating before compression is complete

• Implosion symmetry

• Driver energy per unit fuel mass

Target manufacture Develop an automated system to manufacture high-gain spherical targets

accurately and cheaply.

Select target materials to avoid production of long-lived radioisotopes.

Use cryogenic refrigeration to keep the DT fuel frozen.

Target shelf life Tritium decay heat can damage the cryogenic target, so targets have a finite

shelf life.

Target injection Develop a target injection and guidance system to ensure that the target is at

the focus of the beams when the driver is fired.

Diagnostics Measure the parameters of experiments, such as implosion velocity, density

distributions, energy distributions, ablated matter, laser beam reflection,

implosion symmetry, and fusion reaction products, with fine spatial and

temporal resolution.

Chambers Develop reactor chambers to withstand repeated (>3 � 108) explosions

without failure. (A 1,000 MJ yield has the explosive energy of 240 kg of

TNT, but less momentum).

Chamber Clearing Remove debris and gases rapidly between explosions, in order to avoid

attenuating the incident driver beams.

Drivers Develop laser or ion beams with high-energy (l–10 MJ), high-pulse

repetition rate (l–10 Hz), proper pulse shape (duration 10–20 ns), suitable

wavelength (lasers), good efficiency (�8%), and low enough cost.

Reliability Develop power supplies, power conditioning equipment, diodes, and optical

components to operate reliably for >109 shots.

Table 12.9 Target design and manufacture issues

Hydrodynamic stability and high compression

Good sphericity

Fast fill and layering

Uniform thickness shells

Very smooth surfaces

Minimum preheat of fuel

High-Z material to stop electrons and x-rays

Minimum production of long-lived radioisotopes

Easy handling and storage

Capable of high-velocity acceleration and injection without damage

Cheap materials, like plastics

Simple, inexpensive fabrication

Target cost goal typically <10 cents per target
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and high saturation fluence. High-power diodes inject 900 nm wavelength light into

the Yb:S-FAP, which emits near 1,047 nm. About 15–20% of the diode energy is

dissipated as heat in the Yb:S-FAP, which is removed by turbulently flowing

helium gas [14]. The Mercury laser should deliver 100 J pulses at a rate of 10 Hz.

If successful, this could be scaled up by using many units to MJ energies for a power

plant. With mass production of diodes, their cost may fall to pennies per Watt, as

needed for an economical power plant.

Hypervelocity Impact Fusion

Small pellets (mass� 1 g) would be accelerated to velocities >105 m/s and shot

at a solid target. Either the projectile or the target would contain DT fuel. During

impact, intense compression and shock heating would occur, igniting some of

the fuel. The compression could be made nearly three-dimensional by shaping the

projectile and target, Fig. 12.30.

If compression is great enough, a high energy gain ratio Q> 30 may be attained.

The fusion yield should be low enough that the blast chamber is not destroyed and

high enough for economical power generation. The required projectile energy is

about 25 MJ. Possible means of acceleration include electromagnetic rail guns,
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electrostatic accelerator, light gas guns, traveling electromagnetic wave accelerator,

and laser ablation.

Challenges of Plasma Theory

In order to model fusion reactor behavior plasma physics theory must take into

account many phenomena, Table 12.10.

Many of these models are based on simplifications of the Boltzmann transport

theory and Maxwell’s equations. Because these phenomena are diverse and often

involve nonlinear differential equations, there is no unified theory that encompasses

all of them. Instead, these phenomena may be modeled separately and the models

stitched together to get an approximate picture of plasma behavior. Analytic

theories are useful to understand how individual phenomena vary with input

parameters, but are limited by the simplifying assumptions that are needed to

make the equations solvable.

Large-scale computer simulations are widely used to model these effects. Three-

dimensional models can be used to predict plasma behavior. The successful

modeling of many phenomena lends confidence to predictions of the behavior of

future experiments, such as ITER, but experimental data will still be needed to

confirm the predictions.

Fusion Technology Issues

Many areas of technology are required for successful development of fusion power,

Table 12.11.

Most of these issues have been successfully resolved during the 6 decades of

fusion research. The ITER experiment should demonstrate the successful

Projectile

Target

Compressed
region

Fig. 12.30 Hypervelocity impact projectile and target shaped to provide good compression
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combination of many of these technologies, but will not demonstrate much tritium

breeding, durable wall materials, high availability, or electrical power generation.

ITER must deal with transient heat loads caused by “edge localized modes”

(ELMs) and disruptions, which can potentially damage the first wall or divertor.

A robotic system to replace damaged wall tiles will be tested under high radiation

levels in ITER. Development of first wall or divertor materials that can resist high

heat fluxes and are resistant to damage by 14-MeV neutrons will not be completed

by ITER, which uses more conventional structural materials.

In parallel with the ITER project, the International Fusion Materials Irradiation

Facility (IFMIF), planned to be built in Japan, will bombard a flowing lithium target

with 40 MeV deuteron beams to produce an intense flux of energetic neutrons for

testing small samples of candidate fusion reactor materials. Fig. 12.31 shows

a drawing of IFMIF [15].

Use of high-temperature superconductors is becoming feasible for fusion

devices [16]. They could operate near liquid nitrogen temperature (77 K), instead

of near liquid helium temperature (4 K). This would simplify the design of the coils,

cryostats, and instrumentation, and greatly reduce the refrigeration power and cost

of refrigeration systems.

Coating the plasma chamber walls with lithium may help improve plasma

performance. Usually, many of the deuterons escaping from the plasma hit the

wall, where they are neutralized. Some of them re-emerge from the wall as

cold neutral gas, which keeps the plasma edge temperature low, making a steep

temperature gradient, which causes rapid heat conduction. Lithium absorbs escap-

ing deuterium, reducing backflow of cold deuterium gas, and flattening

the temperature profile, which can reduce plasma electron turbulence and heat

conduction rates [17].

Table 12.10 Some phenomena to be modeled by plasma theory

Magnetohydrodynamic (MHD)

instabilities

Motion of plasma boundary, driven by plasma pressure and

Lorentz force

Radiation losses Line radiation, bremsstrahlung, cyclotron radiation

Coulomb collision effects on

velocity distributions

Boltzmann or Fokker-Planck equation

Plasma wave generation, cutoffs,

and resonances

Maxwell equations coupled to plasma current density and

magnetic field

Wave-particle interactions and

microinstabilities

Anisotropic or non-Maxwellian distributions; kinetic theory

(based on Boltzmann equation)

Nuclear fusion reactions Cross sections averaged over ion velocity distributions

Particle and energy transport Transport coefficients in conservation equations; scaling laws

derived from experimental data

Plasma–wall interactions Sputtering, vaporization

Impurity transport and control Edge plasma and divertor theory

Plasma heating and current drive Neutral beam injection, wave heating
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Fusion Reactor Design Studies

Electric power utility companies have many criteria for power plant selection and

siting [18] including:

• Output of power plant, compatibility with power grid

• Grid stability

• Required transmission lines

• Capital cost per kW

• Simplicity of plant

• Construction time

• Reliability and availability of power plant

• Ease and speed of maintenance

Table 12.11 Fusion technology issues

Component Issues

Magnet coil systems High magnetic field, superconducting cable, stresses, quench

protection

Plasma heating, fueling,

current drive

Plasma compression

Magnetic induction

Electromagnetic waves

Particle beam injection

Plasma guns

First wall Low-Z (atomic number), high heat flux, heat removal, radiation

damage, tritium trapping

Blanket, shield Tritium breeding ratio, neutron and gamma shielding, heat

removal, radiation damage

Divertors (channels that

remove plasma impurities)

High heat flux, sputtering, vaporization, tritium trapping,

vacuum pumping

Energy conversion Efficient conversion of fusion energy into electrical energy, such

as with a steam cycle or helium gas turbine. High efficiency

requires high coolant temperature, which causes materials

problems

Materials issues Stress, embrittlement, swelling, creep, fatigue, tritium trapping

Vacuum systems Pumping speed, conductance, cryopanels

Cryogenic systems Coolant flow, refrigeration, liquefaction, heat shields

Plasma diagnostic systems Space-time mapping of magnetic field, electric field, plasma

density, temperature, impurities, waves

Control systems Plasma control, heating, current drive, magnets, fusion burn,

electrical power plant

Maintenance Magnets, first wall, heating systems, diagnostics, heat transfer

systems

Safety and environmental

systems

Routine emissions, accident scenarios, decommissioning, waste

disposal

Power plant designs Criteria for attractive power plants

Reliability, availability, and maintenance

Economics

Fusion–fission hybrids

12 Nuclear Fusion 337



• Plant lifetime

• Load-following (ability to vary output to meet demand)

• Seismic activity and flood danger

• Availability of fuel, and fuel cycle costs

• Decommissioning costs

• Adequacy of resources, such as helium, lithium, and niobium

• Feasibility of shipping large, heavy components

• Staff numbers, skills, and costs

• Security requirements and costs

• Government laws and regulations

• Ease of licensing

• Intervener lawsuits

• Safety

• Environmental issues

• Plant emissions and waste products

• Willingness of financial institutions to invest

• Public acceptance

The availability of fusion power plants is difficult to predict, because current

experiments often have equipment failure rates that would be unacceptable to

utilities. The availability of some systems can sometimes be improved by providing

redundant components, with slight increases in cost. Repair of large

superconducting magnets would be difficult, if not impossible, so designers try to

ensure that they will last for the life of the plant.

Fusion reactors have an economy of scale, which means that a 3,000 MWe

power plant would probably have a much lower COE than a 300 MWe plant,
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PIE facilities
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High-energy beam
transport

Li target

Li loop
0 20 40 m

Fig. 12.31 The international fusion materials irradiation test facility (Courtesy of the Interna-

tional Energy Agency)
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but utilities may not wish to build very large power plants, to avoid large grid

perturbations during outages [19].

The electricity from a fusion power plant could also be used to make hydrogen

by high-temperature electrolysis. The hydrogen could be used as fuel for transpor-

tation and industrial processes. If the fusion reactor blanket could operate at

T > 800	C, then the heat could be used directly for hydrogen production

by a thermo-chemical system, such as one using a sulfur-iodine cycle [20].

Fusion–Fission Hybrids

Present light water fission reactors burn mainly the fissile isotope 235U, which is

only 0.711% of natural uranium. (“Fissile” means that it can be fissioned easily by

slow neutrons.) The other 99.27% is mostly 238U, which does not fission easily.

A strong neutron source is needed in order to convert the 238U into 239Pu, which is

another fissile fuel, if we are to generate energy from the other 99% of the uranium

resources.

That strong neutron source could be a “fast” fission reactor, such as a liquid

metal fast breeder reactor, but it takes years for such a reactor to generate enough

fuel to start up a second reactor. The neutron source could be a high-power

accelerator beam (like IFMIF), but fusion plasma neutron sources would be

better where large quantities of materials are to be irradiated.

A fusion–fission hybrid would use uranium or thorium in the fusion reactor

blanket, in addition to lithium. The blanket could be optimized either to produce

more heat and electricity from the hybrid plant or to breed fissile fuel (239Pu or
233U) for use in satellite fission reactors. Hybrid blanket design studies indicate that

one hybrid reactor could provide fuel for about five light water reactors. An

“Energy Park” could have a fusion reactor plus several fission reactors and

a fission reactor fuel reprocessing plant. With modern reactor designs, much of

the spent fuel radioactive wastes could be recycled in the fission reactors or

“incinerated” (transmuted to stable isotopes) in the fusion reactor blanket [21].

Future Directions

Most past magnetic fusion experiments have had small minor radii, so energy

confinement times were short (<0.1 s), and impurities from the wall prevented

optimum performance. The fusion research field needs bold investment to build

large, high-power devices, such as ITER, in several other areas:

• Large compact toroid experiments (FRC and spheromak)

• A high-power accelerator neutron source for materials testing

• A plasma-based volumetric neutron source for materials testing
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• Tokamak demonstration power plant construction during ITER operation

• Two reactor-sized stellarators following LHD and W 7-X

• A reactor-sized tandem mirror following Gamma-10

• Rapid-pulse, high-gain laser fusion demonstration power plants

• Full-scale heavy ion beam driver demonstration

Fusion reactor design teams in Europe, Japan, and the USA have done many

design studies of tokamaks, stellarators, inertial fusion, and other types of fusion

power plants. The capital costs of most fusion reactors are very high, but the fuel

costs are very low. The resulting cost of electricity (COE) is typically predicted to

be about 1.5–2 times as high as the COE from coal plants and nuclear fission

reactors. Fusion power plants could become competitive

• If cheaper fusion reactors were developed, such as from compact toroids

• If fusion–fission hybrids were developed

• If carbon emissions were taxed

• If public opposition made it difficult to build new fission reactors or coal power

plants
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Chapter 13

Radiation Sources

Richard E. Faw and J. Kenneth Shultis

Glossary

Absorbed dose A general term for the energy transferred from radiation to

matter. Specifically, the absorbed dose is the amount of energy

absorbed in a unit mass of matter from ionizing radiation. Units

are the gray (Gy) and rad, respectively, equivalent to 1 J/kg and

100 ergs/g. Thus, 1 Gy equals 100 rad.

Activity The decay rate (expected number of nuclear transformations per

unit time) in a radioactive sample. Units are the becquerel (Bq)

equal to one decay per second, and the curie (Ci) equal to 3.7 �
1010 decays per second.

Alpha particle The nucleus of a 4He atom, composed of two neutrons and two

protons and denoted by a.
Committed dose The dose equivalent accumulated over the rest of a person’s life

following the ingestion or inhalation of radioactive material

into the body.
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Coulomb force The electrostatic force between two charges. It is proportional to

the product of the charges and inversely proportional to the

square of the distance between them. The force is attractive if

the charges are of opposite sign, and repulsive if of like sign.

Dose equivalent A measure of the health risk associated with the absorption of

radiation locally in the human body. It equals the local absorbed

dose multiplied by a quality factor to correct for the relative

biological effect associated with different radiations. Units are

the sievert (Sv) or rem.

Effective dose An overall measure of the risk of cancer or hereditary illness

associated with radiation exposure. It is a weighted average

dose to multiple organs and tissues of the body, with weighting

over both quality factor and the relative sensitivity of each

organ or tissue. Units are the sievert (Sv) or rem for the dose

in grays and rads, respectively.

Hadron A subatomic particle that reacts via strong nuclear forces.

Hadrons include mesons (e.g., pions and kaons) and baryons

(e.g., protons and neutrons). Hadrons do not include bosons

(e.g., photons) and leptons (e.g., electrons, muons, and

neutrinos).

Meson A subatomic particle, a subclass of hadrons, composed of an

even number of other subatomic particles called quarks. Most

important are the pi meson (pion) and K meson (kaon).

Nuclide A term used to refer to a particular atom or nucleus with

a specific neutron number N and atomic (proton) number Z.
The nuclide with N neutrons and Z protons and electrons is

denoted as A
ZX where X is the chemical symbol (determined by

Z) and A = Z + N is the mass number. If the nuclide is radioac-

tive, it is called a radionuclide.
Photon A quantum of electromagnetic radiation with energy E =

hn where h is Planck’s constant and n is the frequency. Photons
produced by changes in the structure of a nucleus are called

gamma photons, and those produced by atomic electron rear-

rangement are called x-rays.
Positron The antiparticle of the electron with the same mass me but with

a positive charge equal in magnitude to the negative charge of

the electron. A positron, denoted by b+, quickly after its forma-

tion annihilates with an ambient electron converting the two

electron masses into two photons each with energy me c2 =

0.511 MeV.
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Definition of the Subject

This entry treats sources of only ionizing radiation, such as electrons, protons, high-

energy photons, neutrons, and similar radiations that have the ability to cause

ionization, either directly or indirectly, and, thus, to induce chemical and physical

changes along their passages through materials. Not included are sources of

relatively lower frequency electromagnetic radiation from radio waves to ultravio-

let light.

Characterization of sources requires characterization of radiations as well. Many

sources encountered are radioactive isotopes of elements in the periodic table.

These sources, as they decay radioactively, emit ionizing radiation. Some of the

ionizing radiation is in the form of alpha particles, gamma rays, and x-rays, all

characteristically monoenergetic in nature. Some is in the form of beta particles,

distributed in energy but with well-defined maxima. Other sources are not directly

associated with radioisotopes. X-ray machines and accelerators release ionizing

radiation generally distributed in energy but with some monoenergetic components.

The radiation belts surrounding the earth are composed of electrons and protons

distributed in energy. Solar radiation and galactic cosmic rays are ionizing

radiations widely distributed in type and energy. The nuclear fission process results

in prompt emission of gamma rays and neutrons very widely distributed in energy.

Fission also yields an extremely wide range of fission products, which radioactively
decay over long periods of time.

Characterization of sources, to be meaningful, also begs discussion of radiation

doses and radiation effects. There are acute effects accompanying high exposures.

There are also known carcinogenic effects of human exposure and suspected

mutational and hereditary effects. Therefore, a portion of this entry is devoted to

examination of health effects associated with exposure to ionizing radiation.

This entry is divided into two parts. In the first several sections, the quantitative

technical characterization of physical processes that produce ionizing radiation

are reviewed. In latter sections, a qualitative examination is given of the various

types of radiation sources encountered in the environment, workplace, laboratory,

or medical facility.

Introduction

Throughout our lives, ionizing radiation is ever present, though rarely sensed.

Radioactive sources are present in the food we eat, in the water we drink, and in

the air we breathe. Most of these sources have but brief sojourns in our bodies, but

some are taken up in bone and permanently retained. These sources, isotopes of

elements in the periodic table, decay radioactively, emitting ionizing radiation

most often in the form of gamma and x-rays, alpha particles, beta particles, and

electrons. The ionization taking place in the body accounts for biological effects,

good and bad.
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Radiation also reaches us from sources outside our bodies. Radioactivity is present

in our soils and minerals, and in our construction materials. Electromagnetic radiation

of all wavelengths, including radio waves, microwaves, radar, and light, of both man-

made and natural origins, constantly, bombard us. Photons are far more prevalent in

number than atoms in our universe; for every nucleon there are about 109 photons.

Cosmic rays and the subatomic debris they create during interactions in the atmo-

sphere also impinge on us. Neutrinos from fusion reactions in our sun reach us in such

numbers that tens of billions per second pass through every square centimeter of our

skin. Most of this radiation, for example, neutrinos and radio waves, fortunately,

passes harmlessly through us. Other radiation such as light and longer wavelength

electromagnetic radiation usually interacts harmlessly with our tissues. However,

shorter wavelength electromagnetic radiation, for example, ultraviolet light, x-rays

and gamma rays, and charged particles produced by nuclear reactions can cause

various degrees of damage to our cells.

The types and sources of radiation just described may be naturally occurring,

may be a legacy of the era of nuclear weapons testing, or may be a result of human

enterprise, for example, uranium in coal ash, radium in mine tailings, medical

wastes, and fission or activation products in wastes from nuclear power production.

All vary with latitude, longitude, and altitude – even on a small scale.

There are also population groups especially affected, but in different ways, by

exposure to ionizing radiation from many sources. First among these in importance

are patients and providers of medical radiation exposures. In the USA, as of 2006,

collective effective doses to patients accruing from medical exposure, about

900,000 person-Sv annually, amount to almost half the total for the entire popula-

tion. Computed tomography and nuclear medicine procedures dominate the expo-

sure, with fluoroscopy and radiology accounting for about 230,000 person-Sv

annual effective dose. Interventional fluoroscopy, while of great value to the

patient, contributes in a major way to provider dose. Brachytherapy and beam

therapy using photons, electrons, and protons lead to high therapeutic radiation

exposures to patients, of course. Modern beam therapy utilizes exquisite beam

shielding techniques to minimize doses to off-target patient tissues. Of all occupa-

tional groups, medical workers are greatest in number and accrue the highest

collective doses, namely, 549 person-Sv annually in the USA. However, recordable

individual worker annual doses are about 0.75 mSv as compared to 1.87 mSv for the

fewer workers in commercial nuclear power.

Another population group consists of astronauts and aviation flight crews espe-

cially in high-altitude, international flights. Radiation from solar and galactic

sources lead to high occupational radiation exposures. For astronauts, the life-

threatening risk of solar-flare radiation exposures is a major concern.

Radiation sources used in industry affect another significant occupational group.

Industrial radiography using x-ray, gamma-ray, or even neutron sources is an

important component of occupational exposure. Other sources find wide use in

measurement devices and sensor appliances.

For radiation to produce biological damage, it must first interact with tissue to

alter molecular bonds and change the chemistry of the cells. Likewise, for radiation

to produce damage in structural and electrical materials, it must cause interactions
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that disrupt crystalline and molecular bonds. Such radiation must be capable of

creating ion–electron pairs and is termed ionizing radiation. Fast-moving charged

particles, such as alpha particles, beta particles, and fission fragments, can directly

ionize matter. Neutral particles, such as photons and neutrons, cannot interact

directly with the electrons of the matter through they pass; rather they cause

interactions that transfer some of their energy to charged secondary particles,

which in turn produce ionization as they slow.

Radiation-Producing Reactions

Origins of Ionizing Radiation

Ionizing radiation is invariably the consequence of physical reactions, involving

subatomic particles, at the atomic or nuclear level. The possible radiation-producing

reactions are many, and usually, although not always, involve altering the configu-

ration of neutrons and protons in an atomic nucleus or the rearrangement of atomic

electrons about a nucleus. These reactions can be divided into two categories:

Radioactive decay. In the first type of radiation-producing reaction, the nucleus of

an atom spontaneously changes its internal arrangement of neutrons and protons to

achieve a more stable configuration. In such spontaneous radioactive
transmutations, ionizing radiation is almost always emitted. The number of

known different atoms, each with a distinct combination of Z and A is about

3,200. Of these, only 266 are stable and 65 are long-lived radioisotopes all of

which are found in nature. The remaining nuclides have been made by humans and

are radioactive with lifetimes much shorter than the age of the solar system. Both

naturally occurring and manufactured radionuclides are the mostly commonly

encountered sources of ionizing radiation.

Binary reactions. The second category of radiation-producing interactions involves
two impinging atomic or subatomic particles that react to form one or more reaction

products. Examples include neutrons interacting with nuclei of atoms, or photons

interacting with nuclei or atomic electrons. Many binary reactions, in which an

incident subatomic particle x strikes an atom or nucleus X, produce only two

reaction products, typically a residual atom or nucleus Y and some subatomic

particle y. These binary two-product reactions are often written as X(x,y)Y, for

example, 7

14
N a; pð Þ178O.

Energetics of Radiation-Producing Reactions

In any nuclear reaction, total energy must be conserved. The total energy (kinetic

plus rest-mass energy) of the initial particles must equal the total energy of the final

products, that is,
P

i Ei þ mic
2½ � ¼ P

i E
0
i þ m0

ic
2

� �
, where Ei (E

0
i) is the kinetic
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energy of the ith initial (final) particle with a rest mass mi (m
0
i), and c is the speed of

light.

Any change in the total kinetic energy of particles before and after the reaction,

DE, must be accompanied by an equivalent change in the total rest mass of the

particles before and after the reaction, Dm, that are related by Einstein’s famous

equation DE = Dmc2. To quantify this change in the kinetic or rest-mass energies,

a so-called Q-value is defined as

Q¼ ðrest mass of initial particlesÞc2�ðrest mass of final particlesÞc2
¼ ðKE of final particlesÞ� ðKE of intial particlesÞ

The Q value of a nuclear reaction may be either positive or negative. If the rest

masses of the reactants exceed the rest masses of the products, the Q value of the

reaction is positive with the decrease in rest mass being converted into a gain in

kinetic energy. Such a reaction is exoergic. Radioactive decay is such a spontaneous
exoergic nuclear reaction in which the Q-value energy is converted into the kinetic

energy of the products.

Conversely, if Q is negative, the reaction is endoergic. For this case, kinetic

energy of the initial particles is converted into rest-mass energy of the reaction

products. The kinetic energy decrease equals the rest-mass energy increase. Such

reactions cannot occur unless the colliding particles have at least a certain amount

of kinetic energy, the so-called threshold energy for the reaction. For the binary,

two-product reactionX(x,y)Y, the threshold kinetic energy of x incident on a stationary
X is, neglecting Coulombic barrier effects, given approximately by

Eth ’ � 1þ mx

mX

� �
Q:

In any reaction, linear momentum must also be conserved. Thus, the momentum

of the reaction products must equal that of the reactants. For two-product nuclear

reactions, conservation of linear momentum requires that the products, depending

on their recoil directions, have very definite amounts of kinetic energy. By contrast,

for reactions with three or more products, there is no unique division of the reaction

energy, and the products generally have a continuous distribution of kinetic

energies.

Physical Characterization of Sources

The most fundamental type of source is a point source. Clearly, no real source can

have zero size, but a real source can be approximated as a point source provided

(1) that the volume is sufficiently small, that is, with dimensions much smaller than
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the dimensions of the attenuating medium between source and detector, and (2) that

there is negligible interaction of radiation with the matter in the source volume.

The second requirement may be relaxed if source characteristics are modified to

account for source self-absorption and other source–particle interactions.

In general, a point source may be characterized as depending on energy, direc-

tion, and time. In almost all cases, time is not treated as an independent variable

because the time delay between a change in the source and the resulting change

in the radiation field is usually negligible. Therefore, the most general characteri-

zation of a point source used here is in terms of energy and direction. Most radiation

sources treated in shielding practice are isotropic, so that source characterization

requires only knowledge of energy dependence. Radioisotope sources are certainly

isotropic, as are fission sources and capture gamma-ray sources.

A careful distinction must be made between the activity of a radioisotope and its

source strength. Activity is precisely defined as the expected number of atoms

undergoing radioactive transformation per unit time. It is not defined as the number

of particles emitted per unit time. Decay of two very common laboratory

radioisotopes illustrate this point. Each transformation of 60Co, for example, results

in the emission of two gamma rays, one at 1.173 MeV and the other at 1.333 MeV.

Each transformation of 137Cs, accompanied by a transformation of its decay product
137mBa, results in emission of a 0.662-MeV gamma ray with probability 0.85.

The SI unit of activity is the becquerel (Bq), equivalent to one transformation per

second. In medical and health physics, radiation source strengths are commonly

calculated on the basis of accumulated activity, Bq s. Such time-integrated activities

account for the cumulative number of transformations in some biological entity during

the transient presence of radionuclides in the entity. Of interest in such circumstances

is not the time-dependent dose rate to that entity or some other nearby region, but

rather the total dose accumulated during the transient. Similar practices are followed

in dose evaluation for reactor transients, solar flares, nuclear weapons, and so on.

Radiation sources may be distributed along a line, over an area, or within

a volume. Source characterization requires, in general, spatial and energy depen-

dence. Occasionally, it is necessary to include angular dependence. This is espe-

cially true for effective area sources associated with computed angular flows across

certain planes. Energy dependence may be discrete, such as for radionuclide

sources, or continuous, as for bremsstrahlung or fission neutrons and photons.

Radioactivity

Radioactive Decay Dynamics

The decay of a radioactive nuclide is a stochastic phenomenon. The time an

individual radionuclide decays cannot be predicted; rather, only the probability of

decay in a specified time interval can be predicted. The rate at which a sample of
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a large number of identical radionuclides decays is determined by the radioactive
decay constant l for the nuclide. This constant is the probability, per unit time, that

a radionuclide decays in an infinitesimal time interval. That l is constant for a given
radionuclide species implies that the expected number of radionuclides, N(t), at
time t is N(t) = N(0)e�lt, where N(0) is the initial number of radionuclides in the

sample. The exponential decay of radionuclides is sometimes called the radioactive
decay law.

Generally, the number of radionuclides in a sample is not of interest. Rather the

activity A(t) or rate at which a radionuclide sample decays, dN(t)/dt, is desired since
this quantity determines the rate of radiation emission from the sample. From the

radioactive decay law, it is found that dNðtÞ dt ¼ lNðtÞ= � AðtÞ, so that the activity
of a radionuclide sample also decays exponentially, that is, A(t) = A(0)e�lt.

The standard unit of activity is the becquerel (Bq) equal to one radioactive decay

per second. The traditional unit is the curie (Ci) = 3.7� 1010 Bq (approximately the

activity of 1 g of 226Ra).

The rate at which a radioactive sample decays is commonly described by its half-
life T1/2. The half-life is the time required for half of the sample to decay,

or, equivalently, for the sample activity to halve. From the radioactive decay law,

it is found T1 2= ¼ ln 2 l= ’ 0:693 l= .

Types of Radioactive Decay

There are several types of spontaneous changes (or transmutations) that can occur

in radioactive nuclides. In each transmutation, the nucleus of the parent atom A
ZP is

altered in some manner and one or more particles of radiation are emitted. If the

number of protons in the nucleus is changed, then the number of orbital electrons in

the daughter atom D must subsequently also be changed, either by releasing an

electron to or absorbing an electron from the ambient medium. The most commonly

encountered types of radioactive decay are

Gamma decay (g) A
ZP

� !A
Z Pþ g : An excited nucleus decays (usually within 10�8

s) to its ground state by the emission of one or more gamma photons. The excited

parent is often the product of radioactive decay or a binary nuclear reaction.

Isomeric transition (IT) AmZ P� ! A
ZPþ g : This is a special case of gamma decay, in

which the excited parent has a lifetime much greater than usual nuclear lifetimes

(10�8 s), ranging from seconds to thousands of years. Such a long-lived excited

nucleus is said to be metastable and is called an isomer.

Internal conversion (IC) A
ZP

� ! ½AZP�þ1 þ e�: The excitation energy of a nucleus is

used to eject an orbital electron (usually a K-shell electron).

Alpha decay (a) AZP ! Z�4
Z�2Dþ a: An a particle is emitted leaving the daughter with

2 fewer neutrons and 2 fewer protons than the parent. The transition often is to an
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excited nuclear state of the daughter which decays by emission of one or more

gamma photons.

Beta decay (b�) AZP ! A
Zþ1Dþ b� þ �n: In effect, a neutron in the nucleus decays to

a proton. An electron (b�) and antineutrino (�n ) are emitted, which share the

decay energy. The daughter is often produced in an excited nuclear state and

subsequently emits gamma photons.

Positron decay (b+) A
ZP ! A

Z�1Dþ bþ þ n : In effect, a proton in the nucleus

changes into a neutron. A positron (b+) and neutrino (n) are emitted, which

share the decay energy. If the daughter is produced in an excited state, gamma

decay results. The emitted positron, after slowing in the ambient medium,

annihilates with an ambient electron producing two 0.511-MeV gamma rays.

Electron capture (EC) A
ZP ! A

Z�1D
� þ n : An orbital electron is absorbed by the

nucleus, converts a nuclear proton into a neutron, emits a neutrino (n), and,
generally, leaves the nucleus in an excited state, which decays by the emission of

one or more gamma photons.

Spontaneous fission (SP) A
ZP ! AH

ZH
DH þ AL

ZL
DLþ nð10nÞ þ mðgÞ : A heavy nucleus

spontaneously splits or fissions into a heavy (H) and light (L) fission fragment.

The fission fragments are produced in highly excited nuclear states and decay by

prompt neutron and gamma photon emission within 10�13 s of the fission event,

releasing, on the average, n neutrons and m g photons. The resulting fission
products are usually radioactive and undergo a chain of b� decays releasing

several delayed gamma photons and beta particles until a stable nucleus is

reached. In some instances, ternary rather than binary fission takes place,

releasing a light product such as tritium.

Many radionuclides decay by more than a single decay mechanism. For exam-

ple, electron capture is always in competition with positron decay. An example of

a radionuclide that decays by three mechanisms is 64Cu whose decay scheme is

shown in Fig. 13.1.

In any radioactive decay that alters the proton number Z, electron

rearrangements necessarily result. The resulting cascade of orbital electrons to

lower energy levels results in emission of x-rays and, in competition, ejection of

what are called Auger electrons.

Naturally Occurring Radionuclides

Singly Occurring Primordial Radionuclides

Of the many radioactive species present when the earth was formed, only those very

few with half-lives comparable to the age of the earth remain in the environment.

Of these few primordial radionuclides not belonging to a decay chain, only
40K and 87Rb contribute significantly to human exposure. Of minor consequence
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are the nuclides 138La, 147Sm, and 176Lu. The radionuclide 87Rb has a half-life of

4.8 � 1010 years and decays by beta-particle emission. In the human body, its main

impact is on bone-surface cells. The radionuclide 40K is a major contributor to

human exposure from natural radiation. Present in an isotopic abundance of

0.0118%, it has a half-life of 1.227 � 109 years, decaying both by electron capture

and beta-particle emission. Annual human doses are about 140 mGy to bone surface,
170 mGy on average to soft tissue, and 270 mGy to red marrow [1]. 40K also

contributes in a major way to external exposure. The population-average specific

activity of the nuclide in soil is 420 Bq/kg [2]. Based on a soil density of 1,600

kg/m3, and dose conversion factors from [3], 40K in the soil contributes 120 mSv
effective dose annually.

Decay Series of Terrestrial Origin

Two actinide decay series, identified by the long-lived parents 238U and 232Th

contribute appreciably to human exposure to natural radiation. Another series

headed by 235U contributes very little. Members of the two important series are

listed in Table 13.1. Many of the radionuclides in these series decay by emission of

alpha particles with energies from 4 to 6 MeV. Others in the series emit beta

particles accompanied by gamma rays. With long-lived parent radionuclides and

short-lived daughter products, the chain might be thought to exist in a state of

secular equilibrium, that is, each component having the same decay rate per unit

volume of the host medium. However, some of the chain members are more soluble

than others, and some are gaseous. Thus, unless the host medium is a rigid solid,

such as granite, decay rates are far from equilibrium state.

29Cu (12.7 h)

30 Zn (stable)

28 Ni (stable)

64

64

64

β– (38.5%)
Qβ– = 579.4 keV 

EC (0.5%)

γ (0.5%)

1345.8 keV

EC (43.4%)
β+ (17.6%)
Qβ+ = 653 keV

Fig. 13.1 The radioactive decay scheme for 64Cu per decay, on average a beta particle of

maximum energy 0.579 MeV is emitted with a probability of 0.385, a positron of maximum

energy 0.653 MeV is emitted with a probability of 0.176, and a gamma ray of energy 1.346 MeV is

emitted with a probability of 0.005. Source: NUDAT 2.5, National Nuclear Data Center,

Brookhaven National Laboratory
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Ingestion of elements in the uranium and thorium decay chains is unavoidable.

Table 13.2 illustrates the consequences in terms of the committed effective dose

incurred by ingestion but perhaps experienced long thereafter.

The portions of the series headed by the gases 220Rn and 222Rn are of special

importance in public health. The gases escape from soil and rock into the atmo-

sphere and into the airspace within homes. Their daughter products, some of which

Table 13.1 Principal radioisotopes in two naturally occurring primordial decay series. Source:

NUDAT 2.5, National Nuclear Data Center, Brookhaven National Laboratory

Thorium series Uranium series

Nuclide and decay mode Half-lifea T1/2 Nuclide and decay mode Half-lifea T1/2
232
90
Th a 14.05 Gy 238

92
U a 4.468 Gy

228
88Ra b 5.75 years 234

90Th b 24.10 days
228
89Ac b 6.15 h 234m

91Pa b 1.159 min
228
90Th a 1.912 years 234

92U a 245.5 ky
224
88Ra a 3.66 days 230

90Th a 75.4 ky
220
86Rn a 55.6 s 226

88Ra a 1,600 years
216
84Po a 0.145 s 222

86Rn a 3.8235 days
212
82Pb b 10.64 h 218

84Po a, b 3.098 min
212
83Bi a, b 60.55 min 214

82Pb b 26.8 min
212
84Po a 0.299 ms 214

83Bi a, b 19.9 min
208
81Ti b 3.053 min 214

84Po a, b 164 ms
208
82Pb 1 210

82Pb b 22.2 years
210
83Bi a, b 5.012 days

210
84Po a 138.4 days

206
82Pb 1

aGy = 109 years, ky = 103 years, ms = 10�6 s

Table 13.2 Annual intake and effective dose from ingestion of uranium, thorium, and daughters.

For population weighted averages, apply 5% infants, 30% children, and 65% adults

Activity intake (Bq/year) Committed effective dose (mSv/year)

Nuclide Infants Children Adults Infants Children Adults
238U 1.9 3.8 5.7 0.23 0.26 0.25
234U 1.9 3.8 5.7 0.25 0.28 0.28
230Th 1.0 2.0 3.0 0.42 0.48 0.58
226Ra 7.8 15 22 7.5 12 8.0
210Pb 11 21 30 40 40 28
210Po 21 39 58 180 100 85
232Th 0.6 1.1 1.7 0.26 0.32 0.36
228Ra 5.5 10 15 31 40 21
228Th 1.0 2.0 3.0 0.38 0.30 0.25
235U 0.1 0.2 0.2 0.011 0.011 0.011

Total 260 200 110

Source: Reference [2].

13 Radiation Sources 353



emit alpha particles, may be inhaled, with risk of radiation damage to radiation-

sensitive cells in the lungs potentially leading to lung cancer. 222Rn and its

daughters ordinarily present a greater hazard than 220Rn (thoron) and its daughters,

largely because the much shorter half-life of 220Rn makes decay more likely prior to

release into the atmosphere. Globally, the mean annual effective dose equivalent

due to 222Rn daughters is about 1 mSv (100 mrem) while that due to 220Rn

daughters is estimated to be about 0.2 mSv (20 mrem).

Cosmogenic Radionuclides

Cosmic-ray interactions with constituents of the atmosphere, sea, or earth, but

mostly with the atmosphere, lead directly to radioactive products. Capture of

secondary neutrons produced in primary interactions of cosmic rays, leads to the

formation of many more radionuclides. Of the nuclides produced in the atmosphere,

only 3H, 7Be, 14C, and 22Na contribute appreciably to human radiation exposure.

Over the past century, combustion of fossil fuels and the emission of carbon

dioxide not containing 14C has diluted the cosmogenic content of 14C in the

environment. Moreover, since World War II, artificial introduction of 14C, 3H,

and other nuclides into the environment by human activity has been significant,

especially as a result of atmospheric nuclear tests. Consequently, these

radionuclides no longer exist in natural equilibria in the environment.

The tritium 3H nuclide is produced mainly from interactions of neutrons with

nitrogen and oxygen. Tritium has a half-life of 12.3 years and, upon decay, releases

one low-energy beta particle of mean energy 5.7 keV. Tritium exists in nature

almost exclusively in water form (HTO) but, in foods, may be partially incorporated

into organic compounds. The nuclide 14C is produced mainly from the interactions

of neutrons with nitrogen in the atmosphere. It exists in the atmosphere as CO2, but

the main reservoir is the ocean. It has a half-life of 5,700 years and decays by beta

particle emission of mean energy 49.5 keV.
7Be is also produced by cosmic ray interactions with nitrogen and oxygen in the

atmosphere. It decays by electron capture, 10.4% of which events yield a 0.478-

MeV gamma ray. 22Na decays by positron emission (90%) and electron capture

(10%). The positron emission yields two annihilation photons as well as a positron

of mean energy 215 keV. Both the positron emission and electron capture yield

a 1.275-MeV gamma ray. Table 13.3 lists natural inventories, atmospheric

concentrations, and effective doses to populations. Note that 1 PBq = 1015 Bq.

Table 13.3 Cosmogenic radionuclides and consequential mean doses to the population

Nuclide Half-life

Global inventory

(PBq)

Troposphere

conc. (mBq/m3)

Annual effective

dose (mSv/year)
3H 12.32 years 1,275 1.4 0.01
7Be 53.22 days 413 12.5 0.03
14C 5,700 years 12,750 56.3 12
22Na 2.602 years 0.44 0.0021 0.15

Source: Reference [2].
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Sources of Neutrons

Fission Neutrons

Many heavy nuclides fission after the absorption of a neutron, or even spontane-

ously, producing several energetic fission neutrons. Almost all of the fast neutrons

produced from a fission event are emitted within 10�14 s of the fission event, and are

called prompt neutrons. Generally, less than 1% of the total fission neutrons are

emitted as delayed neutrons, which are produced by the neutron decay of fission

products at times up to many seconds or even minutes after the fission event. As the

energy of the neutron which induces the fission in a heavy nucleus increases, the

average number of fission neutrons also increases. For example, the fission of 235U by

a thermal neutron (average energy 0.025 eV) produces, on the average, 2.43 fission

neutrons. A fission caused by a 10-MeV neutron, by contrast, yields 3.8 fission

neutrons. For 239Pu, fission by thermal or 10MeV neutrons yield 2.87 or 4.2 neutrons.

The fission of 238U is induced only by fast neutrons, a 10-MeV neutron yielding 3.9

fission neutrons.

Since the advent of fission reactors, many transuranic isotopes have been

produced in significant quantities. Many of these isotopes have appreciable sponta-

neous fission probabilities, and consequently they can be used as very compact

sources of fission neutrons. For example, 1 g of 252Cf releases 2.3 � 1012 neutrons

per second, and very intense neutron sources can be made from this isotope, limited

in size only by the need to remove the fission heat through the necessary encapsu-

lation. Almost all spontaneously fissioning isotopes decay much more frequently by

a emission than by fission.

The energy dependence of the fission neutron spectrum has been investigated

extensively, particularly for the important isotope 235U. All fissionable nuclides

produce prompt-fission neutrons with energy frequency distributions that go to zero

at low and high energies, reaching a maximum at about 0.7 MeV, and have an

average energy of about 2 MeV. The fraction of prompt fission neutrons emitted per

unit energy about E, w(E), can be described quite accurately by a Watt distribution

wðEÞ ¼ ae�E=bsinh
ffiffiffiffiffiffi
cE

p
;

where the parameters a, b, and c depend on the fissioning isotope. For example, a =
0.5535 MeV, b = 1.0347 MeV, and c = 1.6214 MeV�1 for thermal-neutron fission

of 235U, whose fission-neutron spectrum is often used as an approximation for other

fissioning isotopes.
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Fusion Neutrons

Neutrons can be produced as products of nuclear reactions in which energetic

charged particles hit target atoms. Most such reactions require accelerators to

produce the energetic charged particles and, hence, such neutrons are to be encoun-

tered only near accelerator targets.

One major exception to the insignificance of charged-particle-induced reactions

are those in which light elements fuse exoergically to yield a heavier nucleus and

which are accompanied quite often by the release of energetic neutrons. The

resulting fusion neutrons are usually the major source of radiation to be shielded

against. The two neutron-producing fusion reactions of most interest in the devel-

opment of thermonuclear fusion power are

2Hþ 2H ! 3He 0:82 MeVð Þ þ 1n 2:45 MeVð Þ
2Hþ 3H ! 4He 3:5 MeVð Þ þ 1n 14:1 MeVð Þ:

When these reactions are produced by accelerating one nuclide toward the other,

the velocity of the center of mass must first be added to the center-of-mass neutron

velocity before determining the neutron energy in the laboratory coordinate system.

In most designs for fusion power, the velocity of the center of mass is negligible,

and the concern is with monoenergetic 2.45- or 14.1-MeV fusion neutrons. The

14.1-MeV fusion neutrons are also produced copiously in a thermonuclear

explosion.

A beam of relatively low-energy deuterons (100–300 keV) incident on

a deuterium or tritium target can produce a significant number of thermonuclear

neutrons. Thus, these D–D or D–T reactions are used in relatively compact

accelerators, called neutron generators, in which deuterium ions are accelerated

through a high voltage (100–300 kV) and allowed to fall on a thick deuterium- or

tritium-bearing target. Typically, in such devices, a 1-mA beam current produces up

to 109 14-MeV neutrons per second from a thick tritium target.

Photoneutrons

A gamma photon with energy sufficiently large to overcome the neutron binding

energy (about 7 MeV in most nuclides) may cause a (g,n) reaction. Very intense and
energetic photoneutron production can be realized in an electron accelerator where

the bombardment of an appropriate target material with the energetic electrons

produces intense bremsstrahlung (see “Sources of X-rays”) with a distribution of

energies up to that of the incident electrons. The probability a photon will cause

a (g,n) reaction increases with the photon energy, reaching a maximum over a broad
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energy range of approximately 20–23 MeV for light nuclei (A≲40) and 13–18 MeV

for medium and heavy nuclei. The peak energy of this broad (often called giant)
nuclear resonance can be approximated by 80 A�1/3 MeV for A > 40. The width of

the resonance varies from about 10 MeV for light nuclei to 3 MeV for heavy nuclei.

Consequently, in medical or accelerator facilities that produce photons with

energies above about 15 MeV, neutron production in the surrounding walls can

lead to a significant neutron field.

However, the gamma photons produced in radioactive decay of fission and

activation products in nuclear reactors generally have energies too low, and most

materials have a photoneutron threshold too high for photoneutrons to be of

concern. Only for the light elements 2H, 6Li, 7Li, 9Be, and 12C are the thresholds

for photoneutron production sufficiently low that these secondary neutrons may

have to be considered. In heavy-water- or beryllium-moderated reactors, the

photoneutron source may be very appreciable, and the neutron field deep within

an hydrogenous shield is often determined by photoneutron production in deute-

rium, which constitutes about 0.015 atom percent of the hydrogen. Capture gamma

photons arising from neutron absorption have particularly high energies, and thus

may also cause a significant production of energetic photoneutrons.

The photoneutron mechanism can be used to create laboratory neutron sources

by mixing intimately a beryllium or deuterium compound with a radioisotope

that decays with the emission of high-energy photons. Alternatively, the

encapsulated radioisotope may be surrounded by a beryllium- or deuterium-bearing

shell. A common reactor photoneutron source is an antimony–beryllium mixture,

which has the advantage of being rejuvenated by exposing the source to the

neutrons in the reactor to transmute the stable 123Sb into the required 124Sb isotope

(half-life of 60.2 days).

One very attractive feature of such (g,n) sources is the nearly monoenergetic

nature of the neutrons if the photons are monoenergetic. However, in large sources,

the neutrons may undergo significant scattering in the source material and thereby

degrade the nearly monoenergetic nature of their spectrum. These photoneutron

sources generally require careful use because of their inherently large photon emis-

sion rates. Because nominally only one in a million high-energy photons actually

interacts with the source material to produce a neutron, these sources generate

gamma rays that are of far greater biological concern than are the neutrons.

Alpha-Neutron Sources

Many compact laboratory neutron sources use energetic alpha particles from

various radioisotopes (emitters) to induce (a,n) reactions in appropriate materials

(converters). Although a large number of nuclides emit neutrons if bombarded with

alpha particles of sufficient energy, the energies of the alpha particles from

radioisotopes are capable of penetrating the potential barriers of only the lighter

nuclei.
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Of particular interest are those light isotopes for which the (a,n) reaction is

exoergic (Q > 0) or, at least, has a low threshold energy. For endoergic reactions

(Q > 0), the threshold alpha energy is � Q (1 + 4/A). Thus, for an (a,n) reaction to

occur, the alpha particle must (1) have enough energy to overcome the repulsive

Coulombic force field of the nucleus, and (2) exceed the threshold energy for the

reaction. Converter materials used to make practical (a,n) sources include lithium,

beryllium, boron, carbon, fluorine, and sodium.

The converter nuclides 18O and 19F are responsible for neutron production in

many areas of the nuclear fuel cycle. Alpha particles emitted by uranium and

plutonium range between 4 and 6 MeV in energy and can cause (a,n) neutron

production when in the presence of oxygen or fluorine. In particular, (a,n) neutrons
often dominate the spontaneous fission neutrons in UF6 or in aqueous mixtures of

uranium and plutonium such as found in nuclear waste.

A neutron source can be fabricated by mixing intimately a light converter

element, such as lithium or beryllium, with a radioisotope that emits energetic

alpha particles. Most of the practical alpha emitters are actinide elements, which

form intermetallic compounds with beryllium. Such a compound, for example,

PuBe13, ensures both that the emitted alpha particles immediately encounter con-

verter nuclei, thereby producing a maximum neutron yield, and that the radioactive

actinides are bound into the source material, thereby reducing the risk of leakage of

the alpha-emitting component.

The neutron yield from an (a,n) source varies strongly with the converter

material, the energy of the alpha particle, and the relative concentrations of the

emitter and converter elements. The degree of mixing between converter and

emitter and the size, geometry, and source encapsulation may also affect the

neutron yield. For example, a 239Pu/Be source has an optimum neutron yield of

about 60 neutrons per 106 primary alpha particles.

The energy distributions of neutrons emitted from (a,n) sources are continuous
below some maximum neutron energy with definite structure at well-defined

energies determined by the energy levels of the converter and the excited product

nuclei. The use of the same converter material with different alpha emitters

produces similar neutron spectra with different portions of the same basic spectrum

accentuated or reduced as a result of the different alpha-particle energies. Average

energies of neutrons typically are several MeV. For example, the neutrons produced

by a 239Pu/Be source have an average energy of 4.6 MeV.

Activation Neutrons

A few highly unstable nuclides decay by the emission of a neutron. The delayed

neutrons associated with fission arise from such decay of the fission products.

However, there are nuclides other than those in the fission-product decay chain

which also decay by neutron emission. Only one of these nuclides, 17N, is of
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importance in nuclear reactor situations. This isotope is produced in water-

moderated reactors by an (n,p) reaction with 17O (threshold energy, 8 MeV). The

decay of 17N by beta emission (half-life 4.4 s) produces 17O in a highly excited

state, which in turn decays rapidly by neutron emission. Most of the decay neutrons

are emitted within �0.2 MeV of the most probable energy of about 1 MeV,

although neutrons with energies up to 2 MeV may be produced.

Spallation Neutron Sources

In a spallation neutron source, pulses of very energetic protons (up to 1 GeV),

produced by an accelerator, strike a heavy metal target such as mercury or liquid

bismuth. Such an energetic proton when it strikes a target nucleus “spalls” or

knocks out neutrons. Additional neutrons boil off as the struck nucleus heats up.

Typically, 20–30 neutrons are produced per spallation reaction. These pulses of

neutrons are then slowed down or thermalized by passing them through cells filled

with water, or even liquid hydrogen if very slow neutrons are needed.

Sources of Gamma Photons

Radioactive Decay

Radioactive sources serve a wide variety of purposes in educational, medical,

research, industrial, governmental, and commercial activities. The radionuclides

in these sources almost always leave their decay daughters in excited nuclear states

whose subsequent transitions to lower-energy states usually result in the emission

of one or more gamma photons.

Prompt Fission Photons

The fission process produces copious gamma photons either within the first 6� 10�8

s after the fission event (the prompt fission gamma photons) or from the subsequent

decay of the fission products. These photons are of extreme importance in the

shielding and gamma-heating calculations for a nuclear reactor. Consequently,

much effort has been directed toward determining their nature.

Most investigations of prompt fission gamma photons have centered on the

thermal-neutron-induced fission of 235U. For this nuclide, it has been found that

the number of prompt fission photons is 8.13 � 0.35 photons per fission over the
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energy range 0.1–10.5 MeV, and the energy carried by this number of photons is

7.25 � 0.26 MeV per fission. The energy spectrum of prompt gamma photons from

the thermal fission of 235U between 0.1 and 0.6 MeV is approximately constant

at 6.6 photons MeV�1 fission�1. At higher energies, the spectrum falls off

sharply with increasing energy. The measured energy distribution of the prompt

fission photons can be represented by the following empirical fit over the range

0.1–10.5 MeV:

NðEÞ ¼
6:6 0.1 < E < 0.6 MeV

20:2e�1:78E 0.6 < E < 1.5 MeV

7:2e�1:09E 1.5 < E < 10.5 MeV,

(

where E is in MeV and N(E) is in units of photons MeV�1 fission�1.

Investigation of 233U, 239Pu, and 252Cf indicates that the prompt fission photon

energy spectra for these isotopes resembles very closely that for 235U, and hence for

most purposes, it is reasonable to use the 235U spectrum for other fissioning

isotopes.

Fission-Product Photons

With the widespread application of nuclear fission, an important concern is the

consideration of the very long lasting gamma activity produced by the decay of

fission products.

In the fission process, most often two fragments are produced (binary fission)
with a distribution in mass shown in Fig. 13.2. About 0.3% of the time, a third light

fragment is produced (ternary fission), most often 3H. As seen in Fig. 13.2, the mass

distribution or fission-product chain yield is bimodal, with many products having

atomic mass number around 95 and around 140. Among the former are the

important long-lived radionuclide 90Sr, several isotopes of the halogen bromine,

and various isotopes of the noble gas krypton. Among the heavy fragments are the

important long-lived radionuclide 137Cs, radioisotopes of halogen iodine, notably
131I, and isotopes of the noble gas xenon. The fission-products are neutron-rich and

decay almost exclusively by b� emission, often forming long decay chains. From

the range of mass numbers produced (see Fig. 13.2), about 100 different decay

chains are formed. An example of a short chain is

140
54Xe�!

b�

16 s

140
55Cs�!

b�

66 s

140
56Ba �!b

�

12:8 days

140
57La�!

b�

40 h

140
58CeðstableÞ:

The total gamma-ray energy released by the fission product chains is comparable

to that released as prompt fission gamma photons. The gamma-ray energy release

rate declines rapidly in the time after fission. About three-fourths of the delayed
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gamma-ray energy is released in the first 1,000 s after fission. In most calculations

involving spent nuclear fuel, the gamma activity at several months or even years

after removal of fuel from the nuclear reactor is of interest and only the long-lived

fission products need be considered.

It has been found that the gamma energy released from fission products is

relatively independent of the energy of the neutrons causing the fissions. However,

the gamma-ray energy released and the photon energy spectrum depend signifi-

cantly on the fissioning isotope, particularly in the first 10 s after fission. Generally,

fissioning isotopes having a greater proportion of neutrons to protons produce

fission-product chains of longer average length, with isotopes richer in neutrons

and hence with greater available decay energy. Also, the photon energy spectrum

generally becomes less energetic as the time after fission increases.

For very approximate calculations, the energy spectrum of delayed gamma

photons from the fission of 235U, at times up to about 500 s, may be approximated

by the proportionality N(E) �e�1.1E, where N(E) is the delayed gamma yield

(photons MeV�1 fission�1) and E is the photon energy in MeV. The time depen-

dence for the total gamma photon energy emission rate F(t) (MeV s�1 fission�1) is

often described by the simple decay formula F(t) = 1.4 t�1.2, 10 s< t< 107 s, where

t is in seconds. More complicated (and accurate) expressions for F(t) have been

obtained from fits to experimental data; but for preliminary calculations the simpler

result is usually adequate. It is observed that both 235U and 239Pu have roughly the

same total gamma-ray-energy decay characteristics for up to 200 days after fission,

at which time 235U products begin to decay more rapidly until at 1 year after fission,

the 239Pu gamma activity is about 60% greater than that of 235U.

For accurate calculations involving fission products, the variation with time after

fission of the energy spectra of the photons must be taken into account. Often the

energy spectra are averaged over discrete energy intervals and the energy emission
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rate in each energy group is considered as a function of time after fission. Computer

codes, based on extensive libraries of radionuclide data, have been developed to

compute the abundances and decay rates of the hundreds of fission-product

radionuclides. An example of such calculations is shown in Fig. 13.3.

Capture Gamma Photons

The compound nucleus formed by neutron absorption is initially created in a highly

excited state with excitation energy equal to the kinetic energy of the incident

neutron plus the neutron binding energy, which averages about 7 MeV. The decay

of this nucleus, usually within 10�12 s, and usually by way of intermediate states,

typically produces several energetic photons. Generally, the probability a neutron

causes an (n,g) reaction is greatest for slow-moving thermal neutrons, that is,
neutrons whose speed is in equilibrium with the thermal motion of the atoms in

a medium. At high energies, it is more likely that a neutron scatters, thereby losing

some of its kinetic energy, and then slows toward thermal energies.

Capture photons may be created intentionally by placing a material with a high

thermal-neutron (n,g) cross section in a thermal neutron beam. The energy spectrum

of the resulting capture gamma photons can then be used to identify trace elements

in the sample. More often, however, capture gamma photons are an undesired

secondary source of radiation.
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Inelastic Scattering Photons

The excited nucleus formed when a neutron is inelastically scattered decays to the

ground state within about 10�14 s, with the excitation energy being released via one

or more photons. Because of the constraints imposed by the conservation of energy

and momentum in all scattering interactions, inelastic neutron scattering cannot

occur unless the incident neutron energy is greater than (A + 1)/A times the energy

required to excite the scattering nucleus to its first excited state. Except for the

heavy nuclides, neutron energies above about 0.5 MeV are typically required for

inelastic scattering.

The detailed calculation of secondary photon source strengths from inelastic

neutron scattering requires knowledge of the fast-neutron fluence, the inelastic

scattering cross sections, and spectra of resultant photons, all as functions of the

incident neutron energy. The cross sections and energy spectra of the secondary

photons depend strongly on the incident neutron energy and the particular nuclide.

Such inelastic scattering data are known only for the more important structural and

shielding materials, and even the known data require extensive data libraries.

Fortunately, in most situations, these secondary photons are of little importance

compared to the capture photons. Although inelastic neutron scattering is usually

neglected with regard to its secondary-photon radiation, it is a very important

mechanism in the attenuation of fast neutrons, better even than elastic scattering

in some cases.

Activation Photons

For many materials, absorption of a neutron produces a radionuclide with a half-life

ranging from a fraction of a second to many years. The radiation produced by the

subsequent decay of these activation nuclei may be very significant for materials

that have been exposed to large neutron fluences, especially structural components

in a reactor or accelerator. Many radionuclides encountered in research

laboratories, medical facilities, and industry are produced as activation nuclides

from neutron absorption in some parent material (see Table 13.4). Such nuclides

decay, usually by beta emission, leaving the daughter nucleus in an excited state,

which usually decays quickly to its ground state with the emission of one or more

gamma photons. Thus, the apparent half-life of the photon emitter is that of the

parent (or activation nuclide), while the number and energy of the photons are

characteristic of the nuclear structure of the decay daughter.

Although most activation products of concern in shielding problems arise from

neutron absorption, there is one important exception in water-moderated nuclear

reactors. The 16O in the water can be transmuted to 16 N in the presence of fission

neutrons by an (n,p) reaction with a threshold energy of 9.6 MeV. 16N decays with

a 7.4-s half-life emitting gamma photons of 6.13 and 7.10 MeV (yields of 0.69 and

0.05 per decay). This gamma-ray source is very important in coolant channels of

power reactors.
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Positron Annihilation Photons

Positrons, generated either from the positron decay of radionuclides or from pair

production interactions induced by high-energy photons, slow down in matter

within about 10�10 s and are subsequently annihilated with electrons. With rare

exception, the rest-mass energy of the electron and positron is emitted in the form of

two annihilation photons, each of energy mec
2 (= 0.511 MeV).

Table 13.4 Important radioisotopes produced by reactors and accelerators for use in medical,

research, and industrial applications. Those isotopes commercially available for medical use are

shown in bold. Decay data from NUDAT 2.5, National Nuclear Data Center, Brookhaven National

Laboratory

Nuclide Half-life Decay modesa Nuclide Half-life Decay modesa

3
H 12.33 years b� * 81mKr 13.1 s EC IT
11C 20.39 min b+ EC 85Kr 10.76 years b�
13N 9.965 min b+ EC 82Srb 25.6 days EC *
14
C 5,730 years b� * 89

Sr 50.5 days b�
15O 122.2 s b+ EC 90Src 28.90 years b� *
18F 109.8 min b+ EC 99Mod 65.94 h b�
22Na 2.602 years b+ EC 103Pd 16.99 days EC
26Al 7.17E5 years b+ EC 110mAg 249.8 days b� IT
28Mg 20.91 h b� 111In 2.80 days EC
32Si 153 years b� * 113mIn 99.48 min IT
32P 14.26 days b� * 123I 13.27 h EC
33P 25.3 days b� * 125I 59.40 days EC
35S 87.51 days b� * 131

I 8.025 days b�
36Cl 3.01E5 years b� EC 133

Xe 5.243 days b�
46Sc 83.79 days b� 137Cse 30.1 years b� *
51Cr 27.70 days EC 140La 1.679 days b�
54Mn 312.1 days b� EC 148Gd 70.9 years a *
57Co 271.7 days EC 153Sm 46.3 h b�
57Cu 196 ms b+ EC 159Gd 18.48 h b�
57Cr 21.1 s b� * 169Yb 32.02 days EC
59Fe 44.50 days b� 170Tm 128.6 days b� EC
60Co 5.271 years b� 186Re 89.25 h b� EC
64Cu 12.70 h b� EC 191Os 15.4 days b�
65Zn 244.1 days b+ EC 192Ir 73.83 days b� EC
67Ga 3.261 days EC 198Au 2.696 days b�
68Ga 67.71 min b+ EC 201TI 73 h EC
75Se 119.8 days EC 204Tl 3.78 years b� EC *
81Rb 4.570 h b+ EC 210Pb 22.2 years ab�
82Rb 1.273 min b+ EC 241Am 432.6 years a
aDecays without any gamma photon emission are denoted by *
bIn equilibrium with decay product 32Rb (1.273 min, b+ EC)
cIn equilibrium with decay product 90Y (64 h, b�)
dIn equilibrium with decay product 99mTc (6.01 h, IT)
eIn equilibrium with decay product 137mBa (2.552 min, IT)

Source: References [4, 5].
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Sources of X-rays

The interaction of photons or charged particles with matter leads inevitably to the

production of secondary x-ray photons. The x-rays in many applications have

energies ≲100 keV, and hence are easily attenuated by any shield adequate for

the primary radiation. Consequently, the secondary x-rays are often completely

neglected in analyses involving higher-energy photons. There are many cases,

though, when the energies of x-rays and Auger electrons must be accounted for

as well as those of the x-rays. An example is the evaluation of radiation dose to the

total body, or an organ of the body, after a radionuclide intake. This is a situation in

which the source and receiver volumes may be the same.

There are important situations in which x-ray production is the only source of

photons. To estimate the intensity, energies, and doses from the x-ray photons, it is

necessary to understand how the x-rays are produced and some characteristics of

the production mechanisms. There are two principal methods whereby secondary x-

ray photons are generated: the rearrangement of atomic electron configurations

leads to characteristic x-rays, and the deflection of charged particles in the nuclear

electric field results in bremsstrahlung.

Characteristic X-rays and Fluorescence

The electrons around a nucleus are arranged in shells or layers, each of which can

hold a maximum number of electrons. The two electrons in the innermost shell

(K shell) are the most tightly bound, the six electrons in the next shell (L shell) are

the next most tightly bound, and so on outward for theM, N,. . . shells. If the normal

electron arrangement around a nucleus is altered, say by ejection of an inner

electron, the electrons begin a complex series of transitions to vacancies in the

inner shells (thereby acquiring higher binding energies) until the unexcited state of

the atom is achieved. In each electronic transition, the difference in binding energy

between the final and initial states is either emitted as a photon, called

a characteristic x-ray, or given up to another electron which is ejected from the

atom, called an Auger electron. The discrete electron energy levels and the transi-

tion probabilities between levels vary with the Z number of the atom, and thus the

characteristic x-rays provide a unique signature for each element.

The number of x-rays with different energies is greatly increased by the multi-

plicity of electron energy levels available in each shell (1, 3, 5, 7, . . . distinct energy
levels for the K, L, M, N, . . . shells, respectively). To identify the various

characteristic x-rays for an element, many different schemes have been proposed.

One of the more popular uses the letter of the shell whose vacancy is filled together

with a numbered Greek subscript to identify a particular electron transition

(e.g., Ka1 and Lg5).
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Production of Characteristic X-Rays

There are several methods whereby atoms may be excited and characteristic x-rays

produced. A photoelectric absorption leaves the absorbing atom in an ionized state.

If the incident photon energy is sufficiently greater than the binding energy of the K-
shell electron, which ranges from 14 eV for hydrogen to 115 keV for uranium, it is

most likely (80–100%) that a vacancy is created in the K shell and thus that the K
series of x-rays dominates the subsequent secondary radiation. These x-ray photons

produced from photoelectric absorption are often called fluorescent radiation and

are widely used to identify trace elements in a sample by bombarding the sample

with low-energy photons from a radioactive source or with x-rays from an x-ray

machine and then observing the induced fluorescent radiation.

Characteristic x-rays can also arise following the decay of a radionuclide. In the

decay process known as electron capture, an orbital electron, most likely from the

K shell, is absorbed into the nucleus, thereby decreasing the nuclear charge by one

unit. The resulting K-shell vacancy then gives rise to the K series of characteristic x-

rays. A second source of characteristic x-rays which occurs in many radionuclides

is a result of internal conversion. Most daughter nuclei formed as a result of any

type of nuclear decay are left in excited states. This excitation energy may be either

emitted as a gamma photon or transferred to an orbital electron which is ejected

from the atom. Again, it is most likely that a K-shell electron is involved in this

internal conversion process.

X-Ray Energies

To generate a particular series of characteristic x-rays, an electron vacancy must be

created in an appropriate electron shell. Such vacancies are created only when

sufficient energy is transferred to an electron in that shell so as to allow it to break

free of the atom or at least be transferred to an energy level above all the other

electrons. The characteristic x-rays emitted when electrons fill a vacancy in a shell

always have less energy than that required to create the vacancy. The most ener-

getic x-rays arise from an electron filling a K-shell vacancy and, since the binding

energy of K-shell electrons increases with the atomic number Z, the most energetic

x-rays are K-shell x-rays from heavy atoms. For example, the Ka x-ray energy

varies from only 0.52 keV for oxygen (Z = 8) to 6.4 keV for iron (Z = 26) to 98 keV

for uranium (Z = 92). By comparison, the L series of x-rays for uranium occurs at

energies around 15 keV. Thus, in most shielding situations, only the K series of x-

rays from heavy elements are sufficiently penetrating to be of concern.

X-Ray Yields

The fluorescent yield of a material is the fraction of the atoms with a vacancy in

an inner electron shell that emit an x-ray upon the filling of the vacancy.

The fluorescent yield increases dramatically with the Z number of the atom.
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For example, the fluorescent yield for vacancies in the K shell increases from

0.0069 for oxygen (Z = 8) to 0.97 for uranium (Z = 92). Thus, the secondary

fluorescent radiation is of more concern for heavy materials.

Bremsstrahlung

A charged particle gives up its kinetic energy either by collisions with electrons

along its path or by photon emission as it is deflected, and hence accelerated, by the

electric fields of nuclei. The photons produced by the deflection of the charged

particle are called bremsstrahlung (literally, “braking radiation”). For a given type

of charged particle, the ratio of the rate at which the particle loses energy by

bremsstrahlung to that by ionizing and exciting the surrounding medium is

Radiation loss

Ionization loss
’ EZ

700

me

M

� �2

;

where E is in MeV, me is the electron mass, and M is the mass of the charged

particle. From this result, it is seen that bremsstrahlung is more important for high-

energy particles of small mass incident on high-Z material. In shielding situations,

only electrons (me /M = 1) are ever of importance for their associated bremsstrah-

lung. All other charged particles are far too massive to produce significant amounts

of bremsstrahlung. Bremsstrahlung from electrons, however, is of particular radio-

logical interest for devices that accelerate electrons, such as betatrons and x-ray

tubes, or for situations involving radionuclides that emit only beta particles.

Energy Distribution of Bremsstrahlung

The energy distribution of the photons produced by the bremsstrahlung mechanism

is continuous up to a maximum energy corresponding to the maximum kinetic

energy of the incident charged particles. The exact shape of the continuous brems-

strahlung spectrum depends on many factors, including the energy distribution of

the incident charged particles, the thickness of the target, and the amount of

bremsstrahlung absorbed in the target and other masking material.

For monoenergetic electrons of energy Eo incident on a target thick compared to

the electron range, the number of bremsstrahlung photons of energy E, per unit
energy and per incident electron, emitted as the electron is completely slowed down

can be approximated by the Kramer distribution

NðEo;EÞ ’ 2kZ
Eo

E
� 1

� �
; E 	 Eo;
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where k ’ 0:0007 MeV�1 is a normalization constant. The fraction of the incident

electron’s kinetic energy that is subsequently emitted as bremsstrahlung can then be

calculated from this approximation as kZEo, which is usually a small fraction.

For example, about 10% of the energy of a 2-MeV electron, when stopped in

lead, is converted into bremsstrahlung.

Angular Distribution of Bremsstrahlung

The angular distribution of bremsstrahlung is generally quite anisotropic and varies

with the incident electron energy. Bremsstrahlung induced by low-energy electrons

ð≲100 keVÞ is emitted over a relatively broad range of directions around the

direction of the incident electron. As the electron energy increases, the direction

of the peak intensity shifts increasingly toward the forward direction until, for

electrons above a few MeV, the bremsstrahlung is confined to a very narrow

forward beam. The angular distribution of radiation leaving a target is very difficult

to compute since it depends on the target size and orientation. For thin targets, the

anisotropy of the bremsstrahlung resembles that for a single electron–nucleus

interaction, while for thick targets multiple electron interactions and photon absorp-

tion in the target must be considered.

X-ray Machines

The production of x-ray photons as bremsstrahlung and fluorescence occurs in any

device that produces high-energy electrons. Devices that can produce significant

quantities of x-rays are those in which a high voltage is used to accelerate electrons,

which then strike an appropriate target material. Such is the basic principle of all x-

ray tubes used in medical diagnosis and therapy, industrial applications, and

research laboratories.

Although there are many different designs of x-ray sources for different

applications, most designs for low-to-medium voltage sources ð≲180 kVÞ place

the electron source (cathode) and electron target (anode) in a sealed glass tube. The

glass tube acts as both an insulator between the anode and cathode and a chamber

for the necessary vacuum through which the electrons are accelerated. The anodes

of x-ray tubes incorporate a suitable metal upon which the electrons impinge and

generate the bremsstrahlung and characteristic x-rays. Most of the electron energy

is deposited in the anode as heat rather than being radiated away as x-rays, and thus

heat removal is an important aspect in the design of x-ray tubes. Tungsten is the

most commonly used target material because of its high atomic number and

because of its high melting point, high thermal conductivity, and low vapor

pressure. Occasionally, other target materials are used when different characteristic

x-ray energies are desired. For most medical and dental diagnostic units, voltages

368 R.E. Faw and J.K. Shultis



between 40 and 150 kV are used, while medical therapy units may use 6–150 kV for

superficial treatment or 180 kV to 50 MV for treatment requiring very penetrating

radiation.

The energy spectrum of x-ray photons emitted from an x-ray tube has

a continuous bremsstrahlung component up to the maximum electron energy, that

is, the maximum voltage applied to the tube. If the applied voltage is sufficiently

high as to cause ionization in the target material, there will also be characteristic x-

ray lines superimposed on the continuous bremsstrahlung spectrum. Absorbing

filters are used to minimize low-energy x-rays, which are damaging to skin. As

the beam filtration increases, the low-energy x-rays are preferentially attenuated

and the x-ray spectrum hardens and becomes more penetrating. These phenomena

are illustrated in Fig. 13.4. Calculated exposure spectra of x-rays are shown for the

same operating voltage but for two different amounts of beam filtration. As the

filtration increases, lower energy x-rays are preferentially attenuated; the spectrum

hardens and becomes more penetrating. Readily apparent in these spectra are the

tungsten Ka1 and Ka2 characteristic x-rays.

The characteristic x-rays may contribute a substantial fraction of the total x-ray

emission. For example, the L-shell radiation from a tungsten target is between 20%

and 35% of the total energy emission when voltages between 15 and 50 kV

are used. Above and below this voltage range, the L component rapidly decreases

in importance. However, even a small degree of filtering of the x-ray beam

effectively eliminates the low-energy portion of the spectrum containing the

L-shell x-rays. The higher-energy K-series x-rays from a tungsten target contribute

a maximum of 12% of the x-ray emission from the target for operating voltages

between 100 and 200 kV.
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Fig. 13.4 Measured photon spectra from a Machlett Aeromax x-ray tube (tungsten anode)

operated at a constant 140 kV potential. This tube has an inherent filter thickness of 2.50-mm

aluminum equivalent and produces the spectrum shown by the thick line. The addition of an

external 6-mm aluminum filter hardens the spectrum shown by the thin line. Both spectra are

normalized to unit area. Data are from [6]
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Synchrotron Photons

When a charged particle moving in a straight line is accelerated by deflecting it in

an electromagnetic field, the perturbation in the particle’s electric field travels away

from the particle at the speed of light and is observed as electromagnetic radiation

(photons). Such is the origin of bremsstrahlung produced when fast electrons (beta

particles) are deflected by the electric field of a nucleus.

This same mechanism can be used to produce intense photon radiation by

deflecting an electron beam by magnetic fields. In a special accelerator called

a synchrotron, highly relativistic electrons are forced to move in a circular path

inside a storage ring by placing bending magnets along the ring. Photons are

emitted when the beam is accelerated transversely by (1) the bending magnets

(used to form the circular electron beam), and by (2) insertion device magnets such

as undulators, wigglers, and wavelength shifters.
Because the electrons are very relativistic, the synchrotron radiation is emitted in

a very narrow cone in the direction of electron travel as they are deflected.

Undulators cause the beam to be deflected sinusoidally by a weak oscillatory

magnetic field, thereby producing nearly monochromatic photons. By contrast,

a wiggler uses a strong oscillatory magnetic field which, because of relativistic

effects, produces distorted sinusoidal deflections of the electron beam and synchro-

tron radiation with multiple harmonics, that is, a line spectrum. If very strong

magnetic fields are used, many harmonics are produced that merge to yield

a continuous spectrum ranging from the infrared to hard x-rays. By placing

undulators or wigglers at a specific location in the storage ring, very intense and

narrowly collimated beams of photons with energies up to a few keV can be

produced to use, for example, in x-ray diffraction analysis.

Cosmic Rays, Solar Radiation, and Trapped Radiation Belts

The earth is subjected continuously to radiation with sources in our sun and its

corona, from sources within our galaxy, and from sources beyond our galaxy.

In addition, surrounding the earth are belts of trapped particles with solar origins.

Radiation reaching the earth’s atmosphere consists of high-energy electrons and

atomic nuclei. Hydrogen nuclei (protons) constitute the major component, with

heavier atoms decreasing in importance with increasing atomic number. The

highest energy particles originate in our galaxy and more distant galaxies and are

referred to as galactic cosmic radiation (GCR). Cascades of nuclear interactions in

the atmosphere give rise to many types of secondary particles. Of much lower

energy are particles of solar origin, which are highly variable in time and are

associated with solar activity. Sources of these particles are sometimes associated

with solar flares but are more generally identified with solar particle events (SPE) or

coronal mass ejections (CME). The number of solar flare events and SPE emissions
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fluctuate with the 11-year cycle associated with solar activity. GCR intensity is

modulated by SPE emissions, being minimal when solar activity is maximal.

Galactic Cosmic Radiation

At the earth’s surface, cosmic radiation dose rates are largely due to muons and

electrons. The intensity and angular distribution of galactic radiation reaching the

earth is affected by the earth’s magnetic field and perturbed by magnetic

disturbances generated by solar flare activity. Consequently, at any given location,

cosmic ray doses may vary in time by a factor of 3. At any given time, cosmic ray

dose rates at sea level may vary with geomagnetic latitude by as much as a factor of

8, being greatest at the pole and least at the equator. Cosmic ray dose rates also

increase with altitude. At geomagnetic latitude 55
N, for example, the absorbed

dose rate in tissue approximately doubles with each 2.75 km (9,000 ft) increase in

altitude, up to 10 km (33,000 ft). Fig. 13.5 illustrates the relative importance, in

terms of dose rate, for cosmic rays and their reaction products in the atmosphere.

Cosmic ray dose rates affecting populations vary strongly with latitude. Table 13.5

describes this variation. The outdoor and indoor average effective dose rates for

space radiation in the most heavily populated urban areas in the USA are 45 and 36

nSv/h [7]. Population averaged annual doses are about the same in the northern and

southern hemispheres, and globally amount to 31 nSv/h for charged particles plus

5.5 nSv/h for neutrons. GCR energies span a vast range and there is no way of

shielding astronauts from GCR effects. On the earth’s surface, the GCR presence

results in a source of steady low-dose-rate radiation.

As a result of nuclear reactions of cosmic rays with constituents of the atmo-

sphere, secondary neutrons, protons, and pions, mainly, are produced. Subsequent
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pion decay results in electrons, photons, and muons. Muon decay, in turn, leads to

secondary electrons, as do scattering interactions of charged particles in the atmo-

sphere. Cosmic ray debris that reaches the surface of the earth consists mainly of

muons and electrons with a few neutrons. Except for short-term influences of solar

activity, galactic cosmic radiation has been constant in intensity for at least several

thousand years. The influence of solar activity is cyclical and the principal variation

is on an 11-year cycle. The geomagnetic field of the earth is responsible for limiting

the number of cosmic rays that can reach the atmosphere thus accounting for the

strong effect of latitude on cosmic-ray dose rates.

Solar Particle Events

Both SPE and CME emissions are mainly hydrogen and helium nuclei, that is,

protons and alpha particles, predominantly the former. Electrons are thought to be

emitted as well, but with energies less than those of protons by a factor equal to the

ratio of the rest masses. Energy spectra are highly variable, as are temporal

variations of intensity. A typical course of events for a flare is as follows. Gamma

and x-ray emission takes place over about 4 h as is evidenced by radio interference.

The first significant quantities of protons reach the earth after about 15 h and peak

proton intensity occurs at about 40 h after the solar eruption.

Solar particle events are closely related to solar flares associated with sunspots

with intense magnetic fields linking the corona to the solar interior. CME emissions

are not directly connected to flares, but originate in the corona driven by the energy

of the sun’s magnetic field. While of too low energy to contribute to radiation doses

at the surface of the earth, these radiations, which fluctuate cyclically with an 11-

year period, perturb earth’s magnetic field and thereby modulate galactic cosmic-

ray intensities with the same period. Maxima in solar flare activity lead to minimal

GCR intensity. SPE and CME emissions, in comparison to galactic cosmic rays, are

of little significance as a hazard in aircraft flight or low orbital space travel. On the

other hand, these radiations present considerable, life-threatening risk to personnel

Table 13.5 Cosmic ray dose rate variation at sea level as a function of latitude for the northern

and southern hemispheres

Latitude (deg N–S) Population% in latitude band (N–S)

Effective dose rate (nSv/h)

Charged particles Neutrons

60–70 0.4–0 32 10.9

50–60 13.7–0.5 32 10

40–50 15.5–0.9 32 7.8

30–40 20.4–13 32 5.3

20–30 32.7–14.9 30 4

10–20 11–16.7 30 3.7

0–10 6.3–54 30 3.6

Source: Reference [2].
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and equipment in space travel outside the earth’s magnetic field. Protection of

astronauts in space missions beyond low-earth orbit is addressed in [8].

Trapped Radiation Belts

Released continuously from the sun, as an extension of the corona, is the solar wind,

a plasma of low-energy protons and electrons. The solar wind does not present

a radiation hazard, even in interplanetary space travel. However, it does affect the

interplanetary magnetic field and the shape of the geomagnetically trapped radia-

tion belts. These radiation belts are thought to be supplied by captured solar-wind

particles and by decay into protons and electrons of neutrons created by interactions

of galactic cosmic rays in the atmosphere. The trapped radiation can present

a significant hazard to personnel and equipment in space missions.

The earth’s geomagnetically trapped radiation belts are also known as Van Allen

belts in recognition of James A. Van Allen and his coworkers who discovered their

existence in 1958. There are two belts. The inner belt consists of protons and

electrons, the protons being responsible for radiation doses in the region. The

outer belt consists primarily of electrons. The particles travel in helical trajectories

determined by the magnetic field surrounding the planet. They occur at maximum

altitude at the equator and approach the earth most closely near the poles. At the

equator, the inner belt extends to about 2.8 earth radii. The center of the outer belt is

at about 5 earth radii. The solar wind compresses the trapped radiation on the sunny

side of the earth and the compression is enhanced by solar flare activity. In the

earth’s shadow, the belts are distended as the solar wind sweeps the magnetosphere

outward. In a plane through the earth, perpendicular to the earth–sun axis, the

proton and electron belts are maximum in intensity at altitudes of about 3,000 and

18,000 km, respectively.

In the southern Atlantic Ocean, there is an eccentricity of the geomagnetic field

with respect to the earth’s center, and magnetic field lines dip closer to earth. This

region, the South Atlantic Anomaly, is the primary source of radiation exposure to

astronaut crew members in low-altitude and low-inclination missions. Radiation

protection guidance for low-earth orbit missions is found in [9] and [10].

Radiation Sources Used in Human Activities

Life on earth is continually subjected to radiation of natural origin. Exposure is

from sources outside the body, arising from cosmic radiation and radionuclides in

the environment, and from sources inside the body, arising from ingested or inhaled

radionuclides retained in the body. Natural sources are the major contributors

to human radiation exposure and represent a reference against which exposure to

13 Radiation Sources 373



man-made sources may be compared. Table 13.6 summarizes radiation doses to

man resulting from natural sources. Listed in the table are both doses to individual

organs or tissues of the body and the effective dose equivalent, which is a composite

dose weighted by the relative radiation sensitivities of many organs and tissues of the

body.

Since the early 1980s, there has been negligible change in exposure to naturally

occurring radiation, an increase estimated from 3 to 3.1 mSv annually. However, in

the USA, medical diagnostic exposures have increased by a factor of 5.5 by 2006,

an increase from 0.53 to 3 mSv annually. Of the 3 mSv total, 1.47 mSv is from

computed tomography (CT) scans, 0.43 mSv for interventional fluoroscopy, 0.77

mSv for nuclear medicine procedures, and 0.33 mSv for conventional radiography

and fluoroscopy (10).

Sources in Medicine

Very shortly after their discoveries at the end of the nineteenth century, radium and

x-rays were used for medical purposes – radium sources being concentrated from

natural materials and x-rays being generated using new technology. These were the

only radiation sources seeing significant use until the 1930s, when research into

nuclear fission began and when high-energy particle accelerators were developed

for nuclear research. In the first half of the twentieth century, x-rays revolutionized

diagnostic medicine. In the second half, accelerator radiation and radionuclides

produced by accelerators and nuclear reactors established radiography, radiation

therapy, and nuclear medicine, both diagnostic and therapeutic, as mature medical

sciences. Table 13.4 lists the radioisotopes commonly used in medicine and indus-

try. Some of these radionuclides are produced in nuclear reactors, either as products

Table 13.6 Summary of US annual doses from natural background radiation

Average annual dose equivalent (mrem)

Radiation source

Bronchial

epithelium

Other soft

tissues

Bone

surfaces

Bone

marrow

Effective

dose equivalent

Cosmic

radiation

27 27 27 27 27

Cosmogenic

nuclides

1 1 1 3 1

External

terrestrial

28 28 28 28 28

Inhaled nuclides 2,400 200

Nuclides in

the body

36 36 110 50 39

Totals (rounded) 2,500 90 170 110 300

Source: Reference [11].
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of fission or as products of neutron absorption. Nuclei of these isotopes are rich in

neutrons and tend to decay by emission of negative beta particles, thereby becom-

ing more positive in charge and more stable. Other isotopes are produced in

accelerators. These generally have nuclei deficient in neutrons and tend to decay

either by emission of a position or capture of an electron, either process leaving the

nucleus more negative and more stable.

There are three broad categories of medical procedures resulting in human

radiation exposure: (1) diagnostic x-ray examinations, including mammography

and computed tomographic (CT) scans, (2) diagnostic nuclear medicine, and

(3) radiation therapy.

Diagnostic X-Rays

Of all the radiation exposures to the general public arising from human activity, the

greatest is due to medical procedures, and collective exposures from diagnostic x-

rays dominate all other medical exposures. Also, the population subgroup receiving

diagnostic x-rays is not small. In the USA, about 250 million medical x rays are

delivered annually, as are about 70 million CT scans. About 900 thousand persons

receive radiation therapy annually [2, 7].

Diagnostic Nuclear Medicine

Internally administered radionuclides are used medically for imaging studies of

various body organs and for non-imaging studies such as thyroid uptake and blood

volume measurements. Such uses present hazards for both patients and medical

staff. Radiopharmaceuticals are also used for in vitro studies such as radioimmuno-

assay measurements and thus are of potential hazard to medical staff. Frequencies

of procedures, while steadily increasing, vary widely from country to country. As of

2000, in industrialized countries, about 10–40 examinations involving radiophar-

maceuticals are carried out annually per 1,000 population. In developing countries,

annual frequencies are on the order of 0.2–2 examinations per 1,000 population. In

the USA in 2006, for example, some 18 million radionuclide administrations were

performed annually for diagnostic purposes [2, 7].

Radiation Therapy

There are three broad categories of radiation therapy– teletherapy, brachytherapy,

and therapy using administered radiation sources. Teletherapy involves external

beams from sources such as sealed 60Co sources, x-ray machines, and accelerators

that generate electron, proton, neutron, or x-ray beams. Brachytherapy involves

sources placed within body cavities (intracavitary means) or placed directly within

tumor-bearing tissue (interstitial means). In the USA, Europe, and Japan, the
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frequencies for teletherapy and brachytherapy procedures exceed 2,000 annually

per million population.

Thyroid disorders, including cancer, for many years have been treated by 131I,

usually by oral administration. Introduced about 1980, in association with the

development of techniques for producing monoclonal antibodies, were new cancer

diagnosis and treatment methodologies called radioimmunoimaging and

radioimmunotherapy. The therapy involves administration of large doses of

antibodies tagged with radionuclides and selected to bind with antigens on the

surfaces of tumor cells. Imaging involves administration of very much smaller

doses, with the goal of detecting the presence of tumor cells using standard camera

and scanner imaging techniques. Imaging requires the use of radionuclides such as
99mTc, which emit low-energy gamma rays. Therapy involves the use of

radionuclides emitting beta particles and electrons, with minimum emission of

gamma rays, thus limiting radiation exposure, to the extent possible, to tumor

cells alone. Among radionuclides used in radioimmunotherapy are 75Se, 90Y,
111In, 125I, 186Re, and 191Os.

Occupational Medical Exposure

A world survey conducted by the United Nations for the years 1990–1994 reports

the annual average effective dose 1.39 mSv to some 550,000 workers receiving

measurable doses (2.3 million total). Of this group, the greatest number were

involved in diagnostic radiology (350,000 at 1.34 mSv). Overall, exposures were

in the range of 0.9–1.7 mSv annually [2].

Accelerator Sources

The earliest particle accelerators were the x-ray tubes of the late nineteenth century.

Indeed, the radio and television (cathode-ray) tubes of the twentieth century are

low-voltage electron accelerators. As electrons beams are stopped, x-rays are

produced, inadvertently in the case of radio tubes, and deliberately in the case of

x-ray generators.

Modern charged-particle accelerators date from the early 1930s, when Cockroft

and Walton in England, and Lawrence and Livingston in America developed

particle accelerators for research purposes using beams of electrons or ions. Over

the years, steady advances have been made in types of accelerators, in the energies

of the particles accelerated, and in the magnitude of the current carried by the

charged particle beams. Accelerators continue to serve at the frontiers of atomic and

nuclear physics as well as the materials sciences. Moreover, accelerators play an

ever more important role in diagnostic and therapeutic medicine and in industrial

production processes such as radiography, analysis of materials, radiation

processing, and radioisotope production.
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Particle accelerators may be classified technologically as direct (potential drop)

accelerators and indirect (radio-frequency, plasma) accelerators. Among the former

are the Van de Graaff and Cockroft-Walton devices. Among the latter are linear

accelerators, betatrons, cyclotrons, and synchrotrons. In the linear accelerator, the

particles travel in straight lines, accelerated by the electric fields along their paths.

In cyclic accelerators, magnets are used to direct particles into approximately

circular paths, along which they may pass through the same accelerating electric

fields many times along their paths. The ultimate energies reached by the

accelerated particles have increased from about 106 eV in the accelerators of the

1930s to 1012 eV in modern research accelerators.

By their very nature and function, accelerators are intense radiation sources. In

certain applications, accelerated beams of charged particles are extracted from

accelerators and directed onto external receivers. Medical applications and radia-

tion processing see this use of accelerators. In other applications, charged particle

beams impinge on internal target receivers designed to act as desired sources of

secondary radiations such as x-rays or neutrons. In all cases, beams are stopped by

targets within which secondary x-rays, neutrons, and other particles such as mesons

may be produced as undesirable but unavoidable by-product radiations. Radiation

shielding integral with the accelerator as well as structural radiation shielding

surrounding the accelerator are necessary for personnel protection.

The production of secondary radiations arises mainly from three phenomena,

direct nuclear reactions of ions or electron with accelerator components,

electromagnetic cascades, and hadronic cascades. Among the secondary radiations

are neutrons, which in turn may be absorbed in accelerator and structural materials

thereby leading to capture gamma rays and radioactive reaction products.

Representative of the direct nuclear reactions are those of relatively low-energy

proton or deuteron beams in light-element targets. A popular method of generating

energetic neutrons, for example, involves interactions of deuterons accelerated to

150 keV with tritium atoms in a target. The resulting reaction, 3H(d,n)4He,
produces an approximately isotropic and monoenergetic source of 14-MeV

neutrons. Other such reactions include 3H(p,n)3He, 2H(d,n)3He, and 7Li(p,n)7Be.
The electromagnetic cascade involves exchanges of the kinetic energy of an

electron to electromagnetic energy of multiple photons in the bremsstrahlung

process, followed by creation of the rest-mass and kinetic energies of an

electron–positron pair in the pair-production process experienced by the photons.

As the positrons and electrons lose kinetic energy radiatively, more photons are

produced, and the cascade continues. The cascade is quenched when photons have

insufficient energy to generate the rest masses of the electron–positron pair and

when electron radiative energy losses fall below collisional energy losses.

In high-energy electron or proton accelerators, hadronic cascades may be pro-

duced when particles collide with atoms in the accelerator target or, inadvertently,

with some other accelerator component, giving rise to many reaction products,

including pions, kaons, protons, and neutrons. There is also exchange with the

electromagnetic cascade via photodisintegration reactions and by production of

energetic gamma rays upon decay of p0 mesons. Propagation of the hadronic
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cascade occurs through reactions of the secondary protons and neutrons, and is

especially important for nucleon energies of 150 MeV or greater. The cascade

process produces most of the induced radioactivity at high-energy accelerators.

Many reaction-product nuclei are in highly excited nuclear states and relax by

emission of neutrons, whose subsequent absorption leads, in many cases, to radio-

active by-products.

Water, plastics, and oils in the radiation environs of high-energy accelerators

yield 7Be and 11C. Aluminum yields these same radionuclides plus 18F, 22Na, and
24Na. Steel, stainless steel, and copper yield all the aforementioned, plus a very

wide range of radionuclides, especially those of V, Cr, Mn, Co, Fe, Ni, Cu, and Zn.

Neutron absorption in structural concrete also leads to a wide range of

radionuclides, among which 24Na is a major concern. This nuclide has a half-life

of 15 h and, in each decay, emits high-energy beta particles and gamma rays.

Industrial Isotope Sources

Radionuclides used in industry contribute very little to collective population doses,

although individual occupational exposures may be significant. The largest sources

are those used in radiography, typically comprising 10–100 Ci of 192Ir, 137Cs,
170Tm, or 60Co. Borehole logging is accomplished using somewhat lower activity

gamma-ray sources and neutron sources such as mixtures of plutonium, americium,

or californium with beryllium. Much lower activity sources, often 90Sr � 90Y beta-

particle sources, are used for various instrumentation and gaging applications.

There are many consumer products containing radiation sources. While these

sources are very weak and no one individual receives significant radiation exposure,

many persons are involved. For example, the soil, water supplies, and building

materials contain low concentrations of naturally occurring radionuclides. Elec-

tronic devices emit very low levels of x-rays, and devices ranging from luminous

timepieces to smoke detectors contain weak radiation sources. Even the use of

tobacco exposes smokers to alpha particles from naturally occurring 210Po in the

tobacco leaf.

Various modern technologies have led to human radiation exposures in excess of

those which would have occurred in the absence of the technologies. For example,

the mining of coal and other minerals and their use is responsible for increased

releases of naturally occurring radionuclides to the environment. World production

of coal is about 4 billion tonnes annually. About 70% is used in generation of

electricity, the balance mainly in domestic heating and cooking. Coal contains 40K,

and the 238U and 232Th decay chains in widely varying concentrations. Depending

on the nature of combustion, radionuclides are partitioned between fly ash and

bottom ash. The smaller-sized fly ash particles are more heavily enriched with

radionuclides, particularly 210Pb and 210Po. The average ash content of coal is about

10% by weight, but may be as high as 40%. Efficiency of ash removal in power
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plants is quite variable– from only 80% removal to as much as 99% removal, the

average being about 97.5%. In domestic use of coal, as much as 50% of the total ash

is released into the atmosphere. In terms of doses to individual tissues, the main

impact of atmospheric releases during combustion is the dose to bone surface cells

accruing from inhalation of 232Th present in the downwind plumes of particulates

from plants.

Annually, some 1.4 billion tonnes of phosphate rock are mined and processed for

use in production of fertilizers and phosphoric acid. By-product (phospho)gypsum

finds wide use in the construction industry. The USA produces about 38% of the

phosphate rock, the former Soviet Union 19%, and Morocco 14%. Sedimentary

phosphate rock contains high concentrations of radionuclides in the 238U decay

chain. Most airborne radioactivity releases are associated with dust produced in

strip mining, grinding, and drying of the ore. Utilization of the phosphates leads to

both internal and external radiation exposure, the greatest exposure resulting from

use of by-product gypsum in construction.

The Nuclear Power Industry

In mid-2008, there were 439 nuclear power plants operating around the world, with

a total electrical generating capacity of 372,000 MW. An additional 42 nuclear

plants were under construction in 15 countries. Most of the generating capacity

consisted of pressurized-water and boiling-water reactors, which use ordinary water

as coolant. Gas-cooled reactors, heavy-water reactors, light-water graphite reactors,

and sodium-cooled reactors provided the balance of the capacity.

Nuclear Power Reactors

The fission process and production of neutrons associated with reactor operation

lead to a wide array of radioactive fission products and activation products arising

from neutron absorption. Moreover, large quantities of uranium and plutonium are

fissioned in modern nuclear power plants (typically 3 kg/day) to produce the

thermal energy needed to produce electricity. Consequently, large quantities of

fission products are produced and accumulate in the fuel. Also contained within the

fuel are actinides produced by cumulative neutron absorption in uranium, thorium,

and plutonium fuels. The actinides are characterized by spontaneous fission in

competition with alpha-particle decay, and require sequestration to the same degree

as the fission products.

One way of categorizing the generated radionuclides is by their physical–-

chemical behavior, namely, (1) noble gases (2) 3H and 14C, (3) halogens, and

(4) particulates. These divisions are based on the relative ease of isolation of the

radionuclides from airborne effluents. The noble gases include the many isotopes of
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the krypton and xenon fission products as well as the activation product 41Ar. These

elements cannot be removed from a gas stream by filtration. Halogens include the

many isotopes of the bromine and iodine fission products. If they are present in

a gas stream, they are likely to be in a chemical form unsuitable for filtration, and

effective removal requires adsorption on a material such as activated charcoal.

Other radionuclides and the halogens in ionic form may be removed from a gas

stream by filtration. In aqueous liquids, the particulates may be isolated by evapo-

ration, filtration, or ion exchange. The halogens, unless in ionic form, cannot be

isolated by evaporation or filtration, nor can noble gases. Special cases are 3H in the

form of tritiated water and 14C as carbon dioxide. The tritium can be isolated only

with very great difficulty, and CO2 removal requires chemical treatment.

There are two sources of radionuclides in reactor coolant, leakage from defective

fuel rods and activation products produced by neutron interactions in the coolant

itself or with fuel and structure in contact with the coolant. Activation product

sources are inevitable, and include a number of radionuclides which may be

produced in the coolant. For example, 16N is produced as a result of neutron

interactions with oxygen, 41Ar as a result of neutron absorption in naturally

occurring argon in the atmosphere and 3H as a result of neutron absorption in

deuterium and, especially in pressurized-water reactors, by neutron-induced

breakup of 10B. Of course, in a sodium-cooled fast reactor, activation of natural

sodium to short-lived 24Na is an important consideration for in-plant radiation

protection. Other activation products include isotopes of iron, cobalt, chromium,

manganese, and other constituents of structural and special-purpose alloys. The

radionuclides are leached into the coolant stream. They then may be adsorbed on

surfaces or trapped as particulates in the boundaries of coolant streams within the

plant, only later to be resuspended in the coolant. These sources can be minimized

by carefully specifying the alloy and trace-element concentrations in plant

components.

Uranium Mining and Fuel Fabrication

In the preparation of new fuel for nuclear reactors, the radiation sources encoun-

tered are natural sources associated with the uranium and thorium decay chains.

The principal release of radiation sources associated with uranium mining,

underground or open pit, is release of natural 222Rn to the atmosphere. Airborne

particulates containing natural uranium daughter products also arise from open pit

mining and from ore crushing and grinding in the milling process. Mill tailings can

also become a long-term source of radiative contamination due to wind and water

erosion, leaching, and radon release, the degree depending on the tailing-

stabilization program followed. Mining and milling operations are generally

conducted in remote areas, and liquid releases containing dissolved uranium

daughter products are of little impact on human populations.

The product of milling is U3O8 “yellow cake” ore concentrate. In this phase of

the nuclear fuel cycle, the concentrate is purified and most often converted to UF6
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for enrichment in 235U via gaseous diffusion or centrifuge processes. Prior to fuel

fabrication, the uranium is converted to the metallic or the ceramic UO2 form

suitable for use in fuel elements. Large quantities of uranium depleted in 235U are

by-products of the enrichment process. Under current practice, the depleted ura-

nium is held in storage as being potentially valuable for use in breeder reactors. In

this stage of the nuclear fuel cycle, there are relatively minor liquid and gaseous

releases of uranium and daughter products to the environment.

Fuel Reprocessing

As nuclear fuel reaches the end of its useful life in power generation, there remain

within the fuel recoverable quantities of uranium and plutonium which may be

extracted for reuse in the fuel reprocessing stage of the nuclear fuel cycle. Whether

or not the fuel is reprocessed is governed by economic and political considerations.

Among the former are costs of reprocessing as compared to costs of mining, milling,

conversion, and enrichment of new stocks of uranium. Among the latter are concerns

over the potential diversion of plutonium to nuclear-weapons use.

In the reprocessing of oxide fuels, the spent fuel is first dissolved in nitric acid.

Plutonium and uranium are extracted into a separate organic phase from which they

are ultimately recovered and converted into the oxide form. The aqueous phase

containing fission and activation products is then neutralized and stored in liquid

form pending solidification and ultimate disposal. Because one reprocessing plant

may serve scores of power plants, inventories of radionuclides in process may be

very great and extraordinary design features and safety procedures are called for.

Because of the time delays between removal of fuel from service and reprocessing,

concerns are with only relatively long-lived radionuclides, notably 3H, 14C, 85Kr,
90Sr, 106Ru, 129I, 134Cs, and 137Cs.

During the dissolution step of reprocessing, all the 85Kr, the bulk of the 14C (as

CO2), and portions of the 3H and 129I appear in a gas phase. This gas is cleaned,

dried, and released through a tall stack to the atmosphere. All the 85Kr is thus

released; however, the major part of the 3H is removed in the drying process and the

bulk of the 129I and 14C is removed by reaction with caustic soda. The 14C may then

be precipitated and held as solid waste. Depending on the degree of liquid-effluent

cleanup, some of the 129I and other fission products subsequently may be released to

the environment.

Waste Storage and Disposal

Wastes generated in the nuclear fuel cycle fall into the broad categories of high-

level wastes (HLW) and low-level wastes (LLW). The former, comprising unpro-

cessed spent fuel or liquid residues from fuel reprocessing, accounts for only about

1–5% of the waste volume, but about 99% of the waste activity. The latter is

comprised of in-reactor components, filter media, ion-exchange resins,
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contaminated clothing and tools, and laboratory wastes. For the most part, LLW

consists of short-lived beta-particle and gamma-ray emitters. Wastes of low specific

activity, but containing long-lived alpha-particle emitters, for example, 239Pu,

require special handling more in the nature of that required for HLW.

In the USA, fuel elements from commercial reactors are presently not processed.

By the year 2000, the cumulative spent fuel reached about 16,000 m3, amounting to

40,000 t of uranium and fission products. Most of this spent fuel will be stored at the

plant sites where it is generated which are primarily in eastern states.

Nuclear Power and Occupational Exposure

Table 13.7 summarizes a United Nations survey of occupational exposures as well

as public exposures based on nuclear power operations in the 1990s. Improvements

continue to be made and US occupational annual committed occupational doses

have by 2007 declined from about 3 to 1.1 person Sv per GWy(e).

Nuclear Explosives

Large fractions of radioactive debris from atmospheric nuclear weapons tests are

distributed globally, and the radionuclides remain in the biosphere indefinitely.

The hazard is better characterized by the long-term dose commitment than by the

dose rate at any instant and location. The fusion and fission energy released in

Table 13.7 Collective doses incurred by the public and workers from the nuclear fuel cycle,

normalized to unit electrical energy generation

Committed dose (person Sv) per GWy(e)

General population

OccupationalOperation Local/regional Waste/globala

Mining 0.19 – 1.72

Milling 0.008 – 0.11

Mine tailings 0.04 7.5 –

Fuel fabrication 0.003 – 0.1

Reactor operation 0.44 0.5 3.9

Fuel reprocessing 0.13 0.05 3.0

Transportation <0.1 – –

Global dispersion – 40 –

Research – – 1.0

Enrichment – – 0.02

Total 0.91 50 9.8
aFor solid waste and global dispersion, committed dose is for 10,000 years

Source: Reference [2]: (1995–1997 general, 1990–1994 occupational).
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a nuclear-weapon explosion is usually measured in units of megatons (Mt). One

megaton refers to the release of 1015 cal of explosive energy– approximately

the amount of energy released in the detonation of 106 metric tons of TNT. The

quantity of fission products produced in a nuclear explosion is proportional to

the weapon fission yield. For a 1-Mt weapon fission yield, there must be the

complete fissioning of about 56 kg of uranium or plutonium. The quantities of 3H

and 14C, which are produced in the atmosphere by interactions of high-energy

fission neutrons, are also proportional to the weapon fusion yield. There are several
fusion reactions used in thermonuclear devices, with a 1-Mt weapon fusion yield

requiring, for example, the fusion of 7.4 kg of tritium with 4.9 kg of deuterium.

The disposition of weapon debris may be divided into three categories, local

fallout, tropospheric fallout, and stratospheric fallout. Local fallout, comprising as

much as 50% of the debris and consisting of large particles, is defined as that

deposited within 100 miles of the detonation site. Depending on detonation altitude

and weather conditions, a portion of the weapon’s debris is injected into the

stratosphere and a portion remains in the troposphere. These two atmospheric

regions are separated by the tropopause (about 16 km altitude at the equator and

9 km at the poles). Temperature decreases with elevation in the troposphere.

This hydrodynamically unstable condition leads to the development of convective

weather patterns superimposed upon generally westerly winds. In the stratosphere,

temperature is more nearly constant or, in equatorial regions, even rises with

elevation. Vertical convective motion is relatively slight and the tropical tempera-

ture inversion restricts transfer of material in the stratosphere from hemisphere to

hemisphere.

Debris in the troposphere is distributed in longitude but remains within a band of

about 30
 of latitude. The mean lifetime of radioactive debris in the troposphere is

about 30 days and tropospheric fallout is important for radionuclides with half-lives

of a few days to several months. Over the years, the bulk of the radioactive debris

from weapons tests has been injected into the stratosphere in the northern hemi-

sphere and at altitudes less than 20 km. Mechanisms for transfer of the debris to the

troposphere and thence to fallout on the earth’s surface are complex. At elevations

less than 20 km, the half-life for transfer of aerosols between hemispheres is about

60 months, while the half-life for transfer to the troposphere is only about 10

months, with little material crossing the tropopause in equatorial regions. Conse-

quently, the bulk of the fallout from any one test occurs over the hemisphere of

injection and in temperate regions. In terms of the megatons of fission energy, in the

period prior to 1980, 78% of the debris was injected into the stratosphere– 70% into

the northern hemisphere and 8% into the southern.

Eight radionuclides contribute significantly to the committed effective dose

equivalent to the population. These are 137Cs, 131I, 14C, 239Pu, 90Sr, 106Ru, 144Ce,

and 3H. Because of its long half-life, 5,730 years, the commitment from 14C extends

over many human generations. The collective effective dose equivalent commit-

ment into the indefinite future due to weapons tests to date is equivalent to about

four extra years of exposure of the current world population to natural background

radiation.
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High-level radioactive wastes generated in the USA in the production of nuclear

weapons have accumulated for decades. The wastes are stored at three sites, one in

the state of Washington, one in Idaho, and one in South Carolina. The approxi-

mately 9,000 t of waste has a volume of 380,000 cubic meters and there are plans to

dispose of this waste in a repository used also for disposal of spent fuel for nuclear

power plants.

Future Directions

Accelerators

Research, materials processing, and teletherapy accelerators employ higher and

higher energy beams and beam currents. The production of secondary radiations

associated with beam interactions with targets and structure lead to radiation

sources of new types and increased magnitudes. Proton-beam accelerators grow

in use for specialized radiation therapy. Synchrotrons deliver beams of protons with

energies up to 250 MeV, with increased demands for new and better radiation

surveillance, shielding, and dosimetry. Minimization of radiation damage to accel-

erator components calls for more precise beam simulation in the design process as

well as more robust components.

Space Activities

In low-earth orbit, galactic cosmic rays (GCR) properties are well known except for

short-term enhancements caused by solar particle events (SPE), especially in polar

regions [10]. Consequences may be important in extravehicular activities (EVA)

outside the Space Shuttle or International Space Station. There is a need for real-

time measurement of instantaneous absorbed dose and effective dose rates as well

as cumulative doses. Improved modeling of the space environment is needed so that

longer-term predictions may be of conditions in orbit.

For activities beyond low-earth orbit, there is also a need for improved

forecasting capabilities [8] for SPE. There is also a need for development and

validation of space radiation transport codes, accounting for neutrons, protons, light

and heavy ions, mesons, and electromagnetic cascades. Radiation spectrometers are

needed for combined measurements of neutron doses and doses from high-energy

charged particles. As to biological effects, there is need for more sophisticated risk

assessment methodology – at one extreme addressing late somatic and carcinogenic

effects – at the other extreme addressing thresholds for symptoms affecting mission

requirements, namely, central nervous system effects, dermal and immune issues.
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Nuclear Power

Extending the operating lives of nuclear power plants brings on the need for

increased attention to maintenance, corrosion control, and surveillance of piping

and components. Similarly, extending the in-core operating life of individual fuel

assemblies places intense demands on design, manufacturing, and quality

assurance. Likewise, greater fuel “burnup” requires increased attention to actinide

source inventories and secondary neutron production in spent fuels. Plant operating

lives of 60 or more years need support of strong technical and manufacturing

infrastructure.

No doubt the future will also see new generations of plants operating with

radically advanced designs, with breeding capability, and using mixed 235U/239Pu

fuels as well as fuels utilizing the 232Th fuel cycle. These changes will bring on new

design and operational challenges as well as the continued support of the physics

community in broadening the evaluated nuclear data files (ENDF) and the

evaluated nuclear structure data files (ENSDF).

Methods of storage and disposal of spent nuclear fuel continues to involve

a complex mixture of technical, economic, political, and emotional issues. Resolu-

tion of the political and emotional issues seems to be the more demanding challenge.

Medical Applications

Challenges in nuclear medicine vary from nation to nation, but a recent survey [4]

identified a number of universal concerns.

Hybrid imaging, employing dual use of CT, PET, MRI, and SPECT methods,

introduces new combinations of radiation sources – positron emitters for PET, x-

rays for CT, and gamma ray emitters for SPECT. Accounting for these mixed

sources brings new challenges in facility design, treatment planning, patient and

staff protection, as well as management of wastes. The same is true for

radionuclides used in nuclear-medicine therapy such as delivery of radionuclides

to malignant tumor cells using monoclonal antibody and related techniques.

In many countries, there is a need for improvement of domestic medical radio-

nuclide production to alleviate the shortage of accelerator- and nuclear

reactor–produced medical radionuclides available for research, diagnosis, and

treatment. Finally, improvements in detector technology, image reconstruction

algorithms, and advanced data processing techniques are needed to facilitate

translation from research laboratory to the clinic.

Industrial and Commercial Activities

Sources of ionizing radiation find use in a very broad array of applications,

examples being radiography and tracer techniques in manufacturing and density

13 Radiation Sources 385



and moisture gauging in highway construction. Sources find their way into the

home via 241Am in smoke detectors and into public buildings via 3H in exit signs.

There is a very sad history of injury and death caused by the loss, abandonment, and

theft of such sources. Better control of inventory, use, storage, and disposal of such

sources is badly needed as well as better oversight by regulatory bodies.
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Chapter 14

Radiation Shielding

J. Kenneth Shultis and Richard E. Faw

Glossary

Albedo A quantity describing how neutrons or photons incident on the

surface of some medium (e.g., a wall) are reflected or reemitted

from the surface.

Buildup factor A factor to account for production of secondary photons in

a shield. The transmitted dose from only uncollided photons

times the buildup factor equals the dose from all photons,

uncollided plus secondary photons.

Dose A general term for the energy transferred from radiation to matter.

Specifically, the absorbed dose is the amount of energy imparted

to matter from ionizing radiation in a unit mass of that matter.

Units are the gray (Gy) and rad, respectively, equivalent to 1 J/kg

and 100 ergs/g.

Flux A measure of the intensity of a radiation field. Specifically,

it equals the number of radiation particles entering, in a unit

time, a sphere of cross-sectional area DA divided by DA, as DA
! 0. The flux, integrated over a specified time interval is called

the fluence.
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Interaction

coefficient

A quantity, denoted by m , describing how readily a photon or

neutron interacts with a given medium. Specifically, it is the

probability a radiation particle of energy E will interact in

a specified manner per unit distance of travel, for infinitesimal

distances. It thus has units of inverse length. The total interaction

coefficient m ¼ P
i mi where mi is the coefficient for the ith type of

interaction (e.g., scattering, absorption).

Neutron A neutral subatomic particle that collectively with positively

charged protons forms an atomic nucleus. Although both are

composite particles composed of quarks and gluons, for the

energies considered in this entry they can be viewed as funda-

mental unchangeable particles.

Photon A quantum of electromagnetic radiation with energy E ¼ hn ,
where h is Planck’s constant and n is the frequency. Photons

produced by a change in the structure of the nucleus are called

gamma photons and those produced by atomic electron rearrange-

ment are called x-rays.
Skyshine A term for the radiation that reaches some point of interest after

being scattered by the atoms in the atmosphere back to the point

of interest.

Transport

equation

Also known as the linearized Boltzmann equation, it describes

rigorously the spatial, energy, and angular distribution of neutrons

or photons in any medium with arbitrary source distributions.

From its solution, the radiation flux or dose anywhere in the

medium can be determined.

Definition of the Subject

We live in a world that abounds in radiation of all types. Many radiations, such as

the neutrinos or visible light from our sun present little risk to us. Other radiations,

such as medical x-rays or gamma rays emitted by radioactive materials, have the

potential to cause us harm. In this entry, only the transport of indirectly ionizing
radiation is considered. These radiations consist of chargeless particles such as

neutrons or photons that, upon interacting with matter, produce energetic secondary

charged particles called directly ionizing radiation. It is these secondary charged

particles that, through ionization and excitation of ambient atoms along their paths,

cause radiation damage to biological tissues or other sensitive materials.

To mitigate radiation damage, a shield is often interposed between a source of

ionizing radiation and the object to be protected so that the radiation levels near the

object are reduced to tolerable levels. Typically, a shield is composed of matter that
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effectively diminishes the radiation that is transmitted. (However, there are

noncorporeal shields such as magnetic fields that deflect moving charged particles.

The earth’s magnetic field serves as such a shield to protect us from charged

particles reaching earth from outer space.) The term radiation shielding refers

usually to a system of shields constructed for a specific radiation protection

purpose. The term also refers to the study of shields – the topic of this entry.

Introduction

The origins of shielding go back to the science of optics in which the exponential

attenuation of light was long recognized. The exponential attenuation of radiation

rays is still widely used for neutron and photon shielding. Also the governing field

equation that describes how radiation migrates through matter was introduced in

1872 by Ludwig Boltzmann who used it to study the kinetic theory of gas. All this

occurred before the discovery of ionizing radiation! The radiation transport equa-
tion is just a special case of the Boltzmann equation applied to situations in which

radiation particles do not interact among themselves.

The study of shielding has many aspects: transport of (deeply penetrating)

indirectly ionizing radiation in the shield, the production of very slightly

penetrating secondary (directly ionizing) radiation in the shield and its surround-

ings, the radiation levels in the vicinity of the shield, deposition of heat in the shield,

radiation penetration through holes in the shield, radiation scattered around the

shield, selection of shielding materials, optimization of the shielding configuration,

and the economics of shield design. It also involves understanding of related

matters such as radiation source characteristics, radiation protection standards,

and the fundamentals of how radiation interacts with matter.

The restriction of this entry to indirectly ionizing radiation is of a practical

nature. Sources of charged particles, such as the alpha and beta particles emitted in

some types of radioactive decay, can and do cause biological damage, particularly

if the radioactive material is ingested. Here, however, it is assumed that the

radiation sources are external to the body or the sensitive material of interest.

Such external sources also usually emit far more penetrating indirectly ionizing

radiation, and any shield that is effective against indirectly ionizing radiation is

usually more than adequate to stop the directly ionizing radiation.

History of Shielding

To appreciate better the current state of shielding practice, it is important to

understand how the discipline developed and what were the driving forces that

caused it to mature. In this section, a brief overview of the history of shielding is

presented. (A greatly expanded version of the following synopsis is provided by

Shultis and Faw [1].)
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Early History

The hazards of x-rays were recognized within months of Roentgen’s 1895 discovery,

but dose limitation by time, distance, and shielding was at the discretion of the

individual researcher until about 1913. Only then were there organized efforts to

create groups to establish guidelines for radiation protection. And it was not until

about 1925 that instruments became available to quantify radiation exposure.

In 1925, Mutscheller [2] introduced important concepts in x-ray shielding. He

expressed the erythema dose (An ED value of unity represents a combination of

time, distance, and beam current just leading to a first-degree burn) ED quantita-

tively in terms of the beam current i (mA), exposure time t (min), and source-to-

receiver distance r (m), namely, ED ¼ 0:00368it=r2, independent of x-ray energy.

Mutscheller also published attenuation factors in lead as a function of lead thickness

and x-ray average wavelength.

Evolutionary changes to x-ray shielding were made during the decades preced-

ing World War II. These included consideration of scattered x-rays, refinements in

shielding requirements in terms of x-ray tube voltages, recommendations for use of

goggles (0.25-mm Pb equivalent) and aprons (0.5-mm Pb equivalent) for fluoros-

copy, and specifications for tube-enclosure shielding and structural shielding for

control rooms.

The other major source of ionizing radiation before World War II was the

medical and industrial use of radioactive radium discovered by Marie and Pierre

Curie in 1898. Not until 1927 were lead shielding standards recommended for

radium applicators, solutions, and storage containers. For example, the Interna-

tional X-Ray and Radium Protection Committee recommended that tubes and

applicators should have at least 5 cm of lead shielding per 100 mg of radium.

It was not until 1941 that a tolerance dose for radium, expressed in terms of

a maximum permissible body burden of 0.1 m Ci, was established. This was

done largely in consideration of the experiences of early “radium-dial” painters

and the need for standards on safe handling of radioactive luminous compounds [3].

Manhattan Project and the Early Postwar Period

Early reactor shielding. During World War II, research on nuclear fission,

construction of nuclear reactors, production of enriched uranium, generation of

plutonium and its separation from fission products, and the design, construction,

testing, and deployment of nuclear weapons all were accomplished at breakneck

speed in the Manhattan Project. Radiation sources new in type and magnitude

demanded not only protective measures such as shielding but also examination of

biological effects and establishment of work rules.

The construction of nuclear reactors for research and for plutonium production

required shield designs for both gamma rays and neutrons. However, with only
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sparse empirical data and large uncertainties about how neutrons and gamma rays

migrate through shields, shield designers acted very conservatively. For example,

shielding for both Fermi’s 1943 graphite pile in Chicago and the 1947 X-10

research reactor at what is now Oak Ridge National Laboratory was adequate for

gamma rays and overdesigned for neutrons. Operation of the X-10 reactor, built to

provide data for the design of plutonium-production reactors, revealed problems

with streaming of gamma rays and neutrons around access holes in the shield.

The water-cooled graphite plutonium-production reactors at Hanford, Washington

used iron thermal shields and high-density limonite and magnetite concrete as

biological shields.

By the 1940s, the importance of scattered gamma rays was certainly known

from measurements, and use of the term buildup factor to characterize the relative

importance of scattered and unscattered gamma rays had its origin during the days

of the Manhattan Project. Neutron diffusion theory and Fermi age theory were

established, but shielding requirements for high-energy neutrons were not well

understood. Wartime radiation shielding was an empirical, rule-of-thumb craft.

Nuclear reactors for propulsion. The Atomic Energy Act of 1946 transferred

control of nuclear matters from the Army to the civilian Atomic Energy Commis-

sion (AEC). That same year, working with the AEC, the US Navy began develop-

ment of a nuclear powered submarine and the US Air Force, a nuclear powered

aircraft. Both of these enterprises demanded minimization of space and weight of

the nuclear-reactor power source. Such could be accomplished only by minimizing

design margins and that required knowledge of mechanical, thermal, and nuclear

properties of materials with greater precision than known before.

Research reactors were constructed at various national laboratories in the USA

and Britain to provide the much needed shielding data. The first such research

program was begun in 1947 at Oak Ridge National Laboratory with the construc-

tion of the X-10 graphite reactor. The X-10 graphite reactor had a 2-ft square

aperture in its shielding from which a neutron beam could be extracted, the intensity

being augmented by placement of fuel slugs in front of the aperture. Attenuation of

neutrons could then be measured within layers of shielding materials placed against

the beam aperture. Early measurements revealed the importance of capture gamma

rays produced when neutrons were absorbed. Improved experimental geometry was

obtained by using a converter plate containing enriched uranium instead of relying

on fission neutrons from fuel slugs. A broadly uniform beam of thermal neutrons

incident on the plate generated a well-defined source of fission neutrons. A water

tank was adjacent to the fission source, with shielding slabs and instrumentation

within the tank. This Lid Tank Shielding Facility, LTSF, was the precursor of

many so-called bulk-shielding facilities incorporated into many water-cooled

research reactors.

Although a nuclear powered aircraft never flew, the wealth of information

gained on the thermal, mechanical, and shielding properties of many special

materials is a valuable legacy. To obtain shielding data in the absence of ground

reflection of radiation, several specialized facilities were constructed. A test reactor
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was suspended by crane for tests of ground reflection. Then an aircraft shield test

reactor was flown in the bomb-bay of a B-36 aircraft to allow measurements at

altitude. The Oak Ridge tower shielding facility (TSF) went into operation in 1954,

and remained in operation for almost 40 years. Designed for the aircraft nuclear

propulsion program, the facility allowed suspension of a reactor hundreds of feet

above grade and separate suspension of aircraft crew compartments. In its long life,

the TSF also supported nuclear defense and space nuclear applications.

Streaming of radiation through shield penetrations and heating in concrete

shields due to neutron and gamma-ray absorption were early shielding studies

conducted in support of gas-cooled reactor design. Additional efforts were

undertaken soon thereafter at universities as well as government and industrial

laboratories. Shielding material properties, neutron attenuation, the creation of

capture and inelastic scattering gamma rays, reflection and streaming of neutrons

and gamma rays through ducts and passages, and radiation effects on materials

were major research topics.

The Decade of the 1950s

This era saw the passage in the USA of the Atomic Energy Act of 1954, the Atoms

for Peace program, and the declassification of nuclear data. During this decade,

many simplified shielding methods were developed that were suitable for hand

calculations. The first digital computers appeared and were quickly used for radia-

tion transport calculations. The US Air Force also started a short-lived nuclear

rocket program.

Advances in neutron shielding methods. These advances resulted from

measurements at the LTSF and other bulk-shielding facilities. One advancement

was the measurement of point kernels, or Green’s functions, for attenuation of

fission neutrons in water and other hydrogenous media. The other was the discovery

that the effect of water-bound oxygen, indeed the effect of homogeneous or

heterogeneous shielding materials in hydrogenous media, could be modeled by

exponential attenuation governed by effective “removal” cross sections for the non-

hydrogen components. The LTSF allowed measurement of removal cross section

for many materials.

Advances in gamma-ray shielding methods. As the decade began, researchers at the
National Bureau of Standards investigated electron and photon transport. Much of

this effort dealt with the moments method for solving the transport equation

describing the spatial, energy, and angular distributions of radiation particles

emitted from fixed sources. From such calculations, buildup factors to account

for scattered photons were determined for various shielding media and shield

thicknesses. Various empirical formulas were also developed to aid in the interpo-

lation of the buildup-factor data.
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Advances in Monte Carlo computational methods. The Monte Carlo method of

simulating radiation transport computationally has its roots in the work of John von

Neumann and Stanislaw Ulam at Los Alamos in the 1940s. Neutron-transport

calculations were performed in 1948 using the ENIAC digital computer which

had commenced operations in 1945. In this decade, major theoretical advances in

Monte Carlo methods were made and many clever algorithms were invented to

allow Monte Carlo simulations of radiation transport through matter. Little did the

pioneers of this transport approach realize that Monte Carlo techniques would

become indispensable in modern shielding practice.

The Decade of the 1960s

The 1960s saw the technology of nuclear-reactor shielding consolidated in several

important publications. Blizard and Abbott [4] edited and released a revision of

a portion of the 1955 Reactor Handbook as a separate volume on radiation

shielding, recognizing that reactor shielding had emerged from nuclear-reactor

physics into a discipline of its own. In a similar vein, the first volume of the

Engineering Compendium on Radiation Shielding [5] was published. These two

volumes brought together contributions from scores of authors and had a great

influence on both practice and education in the field of radiation shielding.

This exciting decade also saw the beginning of the Apollo program, the start of

the NASA NERVA (Nuclear Engine for Rocket Vehicle Application) program, the

deployments in space of SNAP-3, a radioisotope thermoelectric generator in 1961,

and SNAP-10A nuclear-reactor power system in 1965. It also saw the Cuban

missile crisis in October 1962 and a major increase in the cold-war apprehension

about possible use of nuclear weapons. The Apollo program demanded attention to

solar flare and cosmic radiation sources and the shielding of space vehicles. Cold-

war concerns demanded attention to nuclear-weapon effects, particularly structure

shielding from nuclear-weapon fallout. Reflection of gamma rays and neutrons and

their transmission through ducts and passages took on special importance in

structure shielding. The rapid growth in access to digital computers allowed

introduction of many computer codes for shielding design and fostered advances

in solving various approximations to the Boltzmann transport equation for neutrons

and gamma rays. Similar advances were made in treating the slowing down and

transport of charged particles.

Space shielding. Data gathered over many years revealed a very complicated

radiation environment in space. Two trapped-radiation belts had been found to

surround the earth, an inner proton belt and an outer electron belt. Energy spectra

and spatial distributions in these belts are determined by the earth’s magnetic field

and by the solar wind, a plasma of low-energy protons and electrons. The radiations

pose a risk to astronauts and to sensitive electronic equipment. Uniform intensities

of very-high-energy galactic cosmic rays demand charged-particle shielding for
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protection of astronauts in long duration missions. The greatest radiation risk faced

by Apollo astronauts was from solar flare protons and alpha particles with energies

as great as 100 MeV for the former and 400 MeV for the latter. The overall subject

of space radiation shielding is treated by Haffner [6].

Structure shielding. Structure shielding from nuclear-weapon fallout required care-

ful examination of the atmospheric transport of gamma rays of a wide range of

energies and expression of angular distributions and related data in a manner easily

adopted to analysis of structures. There was a need to assess, at points within

a structure, the ratios of interior dose rates to that outside the building, called

reduction factors. These factors were measured experimentally and also calculated

with the transport moments method which had been used so successfully in

calculation of buildup factors.

Other shielding advances. Of great importance to structure shielding, but also of

interest in reactor and nuclear plant shielding, were the development of simplified

methods to quantify neutron and gamma-ray streaming through ducts and voids in

shields. This decade saw the development of removal-diffusion methods to describe

quite accurately the penetration and slowing down of fast fission neutrons in

shields. Finally, a simplified approach was developed to describe how gamma

rays or neutrons incident on some material are scattered back. The central concept

in this approach is the particle albedo, a function that describes how radiation

incident on a thick medium, a concrete wall for example, is reemitted or reflected

back from the surface. Measurements, theoretical calculations, and approximating

formulas for both neutron and gamma-ray albedos were developed in this decade.

Digital computer applications. Radiation transport calculations are by nature very

demanding of computer resources. The community of interest in radiation transport

and shielding has been served magnificently for more than 4 decades by the

Radiation Safety Information Computational Center (RSICC). Established in

1962 as the Radiation Shielding Information Center (RSIC) at Oak Ridge National

Laboratory, RSICC’s mission is to provide in-depth coverage of the radiation

transport field to meet the needs of the international shielding community.

The 1960s saw many new “mainframe” computer codes developed and disseminated.

Among these codes were gamma-ray “point-kernel” codes such as ISOSHLD and

QAD, with versions of both still in use after almost 4 decades. The discrete-ordinates

method of solving the Boltzmann transport equation was devised in the 1950s and put

into practice in the 1960s in a series of computer codes, such as DTF, DOT,

and ANISN. The spherical harmonics method of treating neutron spatial and energy

distributions in shields was advanced by Shure [7] in one-dimensionalP3 calculations.

Progress in Monte Carlo methods advanced in pace with discrete-ordinates methods,

and the multigroupMonte Carlo code for neutron and gamma-ray transport, MORSE,

was introduced at the end of the decade. The continuous energy Monte Carlo

code, now known as MCNP, also began in this decade at Los Alamos National

Laboratory. A general-purpose particle-transport code MCS was written in 1963 to

be followed by the MCN code for three-dimensional calculations written in 1965.
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The Decade of the 1970s

The Nuclear Non-Proliferation Treaty (NPT) of 1968 and the National

Environmental Policy Act (NEPA) of 1969 had major impacts on the radiation

shielding field in the 1970s and succeeding decades. The NPT precluded nuclear

fuel reprocessing and led to ever-increasing needs for on-site storage of spent fuel at

nuclear power plants. NEPA required exhaustive studies of off-site radiation doses

around nuclear power plants and environmental impacts of plant operations. Early

in the 1970s, there were major disruptions in oil supplies caused by the OPEC

embargo. The response in the USA was an energy policy that forbade electricity

production using oil or natural gas. The result was placement of many orders for

nuclear power plants despite NPT and NEPA constraints. In the field of radiation

shielding, special attention was given to plant design issues such as streaming of

neutrons and gamma rays through voids, passageways, and shield penetrations, and

to operational issues such as fission-product inventories in fuels and gamma-ray

skyshine, particularly associated with 16N sources.

Information essential for plant design, fuel management, and waste management

is data tracking radionuclide activities in reactor fuel and process streams, and

corresponding strengths and energy spectra of sources, including fission products,

activation products, and actinides. To accomplish this, the ORIGEN codes were

developed at Oak Ridge National Laboratory and the CINDER code was developed

at Los Alamos National Laboratory. Assessment of radiation doses from airborne

beta-particle emitters was also studied for the first time. Although the ETRAN

Monte Carlo code for electron transport was available at the National Bureau of

Standards, work began in the mid-1970s at Sandia Laboratory on the TIGER code

and at Stanford Linear Accelerator Center on the EGS code, both for coupled

photon and electron transport by the Monte Carlo method.

Design needs brought new attention to buildup factors and to attenuation of

broad beams of neutrons and gamma rays. Definitive compilations were made of

buildup factors and also the attenuation and reflection by shields obliquely

illuminated by photons. Detailed results were also obtained for transmission of

neutrons and secondary gamma rays through shielding barriers. This decade also

saw the publication of two important NCRP reports [8,9] dealing with neutron

shielding and dosimetry and with design of medical facilities that protected against

effects of gamma rays and high-energy x-rays.

Design and analysis needs also fostered continuing attention to computer codes

for criticality and neutron-transport calculations. A series of more robust discrete-

ordinates transport codes were developed. Advances in Monte Carlo calculations

were also made. The MCN code was merged with the MCG code in 1973 to form

the MCNG code for treating coupled neutron–photon transport. Another merger

took place with the MCP code in 1977, allowing detailed treatment of photon

transport at energies as low as 1 keV. This new code was known, then and now,

as MCNP.
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The 1980s and 1990s

These years saw the consolidation of resources for design and analysis work. In

the 1980s, personal computers allowed methods such as point-kernel calculations to

be programmed. In the 1990s, personal computers took over from the mainframe

computers in even the most demanding shielding design and analysis. Comprehen-

sive sets of fluence-to-dose conversion factors became available for widespread

use. Radionuclide decay data became available in databases easily used for

characterizing sources. Gamma-ray buildup factors were computed with precision

and a superb method of data fitting was devised. All these carried point-kernel as

well as more advanced shielding methodology to a new plateau.

Databases. Kocher [10] published radioisotope decay data for shielding design and
analysis that largely supplanted earlier compilations. Then a new MIRD compen-

dium [11] and ICRP-38 database became the norms, with the latter especially useful

for characterizing low-energy x-ray and Auger electron emission. Today a wealth

of nuclear structure and decay data is available on the web from the National

Nuclear Data Center at Brookhaven National Laboratory (http://www.nndc.bnl.

gov/index.jsp).

Advances in buildup factors. Refinements in the computation of buildup factors

continued to be made over the years. Computer codes now could account for not

only Compton scattering and photoelectric absorption, but also positron creation and

annihilation, fluorescence, and bremsstrahlung. Calculation of buildup factors

incorporating all these sources of secondary photon radiation was made leading to

a comprehensive set of precise buildup factors standardized for use in design and

analysis [12]. Also a new five-parameter buildup-factor formulation, called the

geometric progression formula, was introduced. Although difficult to use for hand

calculations, it is an extraordinarily precise formula and is today used in most modern

point-kernel codes. Both the calculated buildup factors and the coefficients for the

geometric progression buildup factors are tabulated in the design standard [12].

Cross sections and dose conversion factors. Authoritative cross-section data are

now available in the ENDF/B (evaluated nuclear data file) (http://www.nndc.bnl.

gov/exfor/endf00.htm) database containing evaluated cross sections, spectra, angu-

lar distributions, fission product yields, photo-atomic and thermal scattering law

data, with emphasis on neutron-induced reactions. The National Institute of Science

and Technology (NIST) has long been the repository for gamma-ray interaction

coefficients. The Institute also sponsors the XCOM cross-section code, which may

be executed on the NIST Internet site (http://physics.nist.gov/PhysRefData/Xcom/

Text/XCOM.html) or downloaded for personal use.

Gamma-ray fluence-to-dose conversion factors for local values of exposure or

kerma may be computed directly from readily available energy transfer or energy

absorption coefficients for air, tissue, etc. Neutron conversion factors for local values

of tissue kerma were computed by Caswell et al. [13]. As the second century of

radiation protection begins, there are two classes of fluence-to-dose conversion factors

in use for neutrons and gamma rays. One very conservative class is to be used for
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operational purposes at doses well below regulatory limits. This class is based on

doses at fixed depths in 30-cm diameter spherical phantoms irradiated in variousways.

The other class is to be used for dose assessment purposes, and not for personnel

dosimetry. This class is based on the anthropomorphic human phantom and weight

factors for effective dose equivalent [14] or effective dose [15].

Computer applications. The 1980s and 1990s were decades of revolution for the

computational aspects of radiation shield design and analysis. The advent of

inexpensive personal computers with rapidly increasing speeds and memory freed

the shielding analyst from dependence on a few supercomputers at national

laboratories. Many shielding codes that could previously run only on large main-

frame computers were reworked to run on small personal computers, thereby,

allowing any shielding analysts to perform detailed calculations that only

a privileged few were able to do previously.

At the same time, many improvements were made to the transport codes and

their algorithms. MCNP has gone through a series of improvements adding new

capabilities and improvements, such as new variance reduction methods, tallies,

and physics models. It has also spun off a second version MCNPX with a capability

of treating 34 types of particles with energies up to 150 MeV. Also in these decades

many other Monte Carlo transport codes were developed by researchers in many

nations. Each version has unique features and capabilities. General-purpose dis-

crete-ordinates codes were also extensively improved with many novel acceleration

schemes introduced to improve their speeds. An excellent review of many such

improvements is given by Adams and Larsen [16].

Practice of Radiation Shielding

Shielding design and shielding analysis are complementary activities. In design, the

source and maximum target dose are specified, and the task is to determine the type

and amount of the shielding required to reduce the target dose to that specified. In

analysis, the source and shielding are identified and the task is to determine the dose

at some point(s) of interest. Whether one is engaged in a hand calculation or in

a most elaborate Monte Carlo simulation, one is faced with the tasks of

(1) characterizing the source, (2) characterizing the nature and attenuating

properties of the shielding materials, (3) evaluating at a target location the radiation

intensity and perhaps its angular and energy distributions, and (4) converting the

intensity to a dose or response meaningful in terms of radiation effects.

Source Characterization

Source geometry, energy, and angular distribution are required characteristics.

Radionuclide sources, with isotropic emission and unique energies of gamma and

x-rays are relatively easy to characterize. Activity and source strength must be
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carefully distinguished, as not every decay results in emission of a particular

gamma or x-ray. Careful consideration must be given to a low-energy limit below

which source particles may be ignored, else computation resources may be wasted.

Similarly, when photons of many energies are emitted, as in the case of fission-

product sources, one is compelled to use a group structure in source characteriza-

tion, and much care is needed in establishing efficient and appropriate group energy

limits and group average energies. When the source energies are continuously

distributed, as is the case with fission neutrons and gamma rays, one option is to

use a multigroup approach, as might be used in point-kernel calculations. Another

option, useful in Monte Carlo simulations, is to sample source energies from a

mathematical representation of the energy spectrum.

A point source is very often an appropriate approximation of a physical source of

small size. It is also appropriate to represent a line, plane, or volume source as

a collection of point sources, as is done in the point-kernel method of shielding

analysis. Radionuclide and fission sources are isotropic in angular distribution;

however, there are cases for which it is efficient to identify a surface and to

characterize the surface as a secondary source surface. Such surface sources are

very often non-isotropic in angular distribution. For example, consider the radiation

emitted into the atmosphere from a large body of water containing a distributed

radiation source. The interface may be treated approximately, but very effectively,

as a plane source emitting radiation not isotropically, but with an intensity varying

with the angle of emission from the surface.

Attenuating Properties

The total microscopic cross section for an element or nuclide, sðEÞ, multiplied by

the atomic density, is the linear interaction coefficient mðEÞ , also called the

macroscopic cross section, the probability per unit (differential) path length that

a particle of energy E interacts with the medium in some way. Its reciprocal, called

the mean free path, is the average distance traveled before interaction. Usually, the

ratio m=r, called the mass interaction coefficient, is tabulated because it is indepen-

dent of density. Various subscripts may be used to designate particular types of

interactions, for example, saðEÞ for absorption or sfðEÞ for fission. Likewise,

additional independent variables may be introduced, with, for example, ssðE;E0Þd
E0 representing the cross section for scattering from energy E to an energy between

E0 and E0 þ dE0 . Information resources for attenuating properties are described in

this entry’s historical review, as are resources for radionuclide decay data.

Intensity Characterization

The intensity of a neutron or photon field is usually described in terms of radiation

crossing the surface of a small spherical volume V. The fluence F is defined, in the

limit V ! 0, as the expected or average sum of the path lengths in V traveled by
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entering particles divided by the volume V. Equivalently, F is, again in the limit

V ! 0, the expected number of particles crossing the surface of V divided by the

cross-sectional area of the volume. The time derivative of the fluence is the fluence

rate or flux density F. Note that the fluence, though having units of reciprocal area,

has no reference area or orientation. Note too that the fluence and flux are

point functions. The fluence, a function of position, may also be a distribution

function for particle energies and directions. For example, Fðr;E;OÞ dEdO is

the fluence at r of particles with energies in dE about E and with directions in

solid angle dO about the direction O . When a particular surface, with outward

normal n, is used as a reference, it is useful to define radiation intensity in terms of

the flow Jnðr;E;OÞ dEdO � n � OFðr;E;OÞ dEdO across the reference surface.

Fluence-to-Dose Conversion Factors

Whether the shield designer uses the simplest of the point-kernel methods or the

most comprehensive of the Monte Carlo or discrete-ordinates methods, fluence-to-

dose conversion factors generally have to be used. The radiation attenuation

calculation deals with the particle fluence, the direct measure of radiation intensity.

To convert that intensity into a measure of radiation damage or heating of

a material, to a field measurement such as exposure, or to a measure of health

risk, conversion factors must be applied.

The shielding analysis ordinarily yields the energy spectrum Fðr;EÞ of the

photon or neutron fluence at a point identified by the vector r. Use of a Monte Carlo

code normally yields the energy spectrum as a function of energy, whence the dose

or, more generally, responseRðrÞ is given by the convolution of the fluence with the
fluence-to-dose factor, here called the response function RðEÞ, so that

RðrÞ ¼
ð
E

dER r;Eð ÞF r;Eð Þ: (14.1)

Point-kernel, or other energy-multigroup methods yield the energy spectrum at

discrete energies, or in energy groups, and the dose convolution is a summation

rather than an integration.

While the fluence is most always computed as a point function of position, the

response of interest may be a dose at a point (called a local dose) or it may be

a much more complicated function such as the average radiation dose in a physical

volume such as an anthropomorphic phantom. Local and phantom-related doses are

briefly discussed later.

Suppose the local dose of interest is the kerma, defined as the expected sum of

the initial kinetic energies of all charged particles produced by the radiation field in

a mass m, in the limit as m ! 0. Then the response function is given by

RKðEÞ ¼ k
X
i

Ni

r

X
j

sjiðEÞEjiðEÞ: (14.2)
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in which r is the mass density, Ni is the atoms of species i per unit volume

(proportional to r), sjiðEÞ is the cross section for the jth interaction with species i,
and EjiðEÞ is the average energy transferred to secondary charged particles in the jth
interaction with species i. A units conversion factork is needed to convert from, say,

units of MeV cm2/g to units of rad cm2 or Gy cm2. For neutrons, a quality factor

multiplier QðEÞ is needed to convert to units of dose equivalent (rem or Sv). For

photons, Eq. 2 reduces to

RKðEÞ ðGy cm2Þ ¼ 1:602� 10�10E½mtrðEÞ=r�; (14.3)

where E is in MeV andmtr=r is the mass energy transfer coefficient in units of cm2/g

for the material to which energy is transferred.

More related to radiation damage is the local absorbed dose, defined as the

expected energy imparted, through ionization, excitation, chemical changes, and

heat, to a mass m, in the limit as m ! 0. Under conditions of charged-particle
equilibrium, the neutron or gamma-ray kerma equals the absorbed dose, less the

energy radiated away as bremsstrahlung. Such equilibrium is approached in

a region of homogeneity in composition and uniformity in neutron or photon

intensity. Then the absorbed dose is given by Eq. 3 with mtr replaced by the energy

absorption coefficient men to account for any bremsstrahlung losses.

The second type of response function or dose is that related to the local dose

within a simple geometric phantom or some sort of average dose within an

anthropomorphic phantom. The phantom dose, in fact, is a point function and

serves as a standardized reference dose for instrument calibration and radia-

tion protection purposes. Even though the radiation fluence, itself a point function,

may have strong spatial and angular variation as well as energy variation, it is still

possible to associate with the radiation fluence a phantom-related dose. The proce-

dure is as follows. The fluence is treated, for example, as a very broad parallel beam

of the same intensity as the actual radiation field, incident in some fixed way on the

phantom. This is the so-called expanded and aligned field. For a geometric phan-

tom, the dose is computed at a fixed depth. For an anthropomorphic phantom, the

dose is computed as an average of doses to particular tissues and organs, weighted

by the susceptibility of the tissues and organs to radiation carcinogenesis or

hereditary illness. Many phantoms have been used with various directions of

incident radiation. The calculated response functions are then tabulated as

a function of the radiation energy. Additional details of phantom doses and their

tabulations are given by Shultis and Faw [17].

Basic Analysis Methods

To say modern shielding practice has been reduced to running large “black-box”

codes is very misleading. Randomly varying model parameters, such as shield

dimensions, placement, and material, is a very inefficient way to optimize shielding
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for a given situation. Using the concepts and ideas behind the earlier simplified

methods often allows a shield analyst to select materials and geometry for

a preliminary design before using large transport codes to refine the design. In

this section, fundamental methods for estimating neutron or photon doses are

reviewed. Such indirectly ionizing radiation is characterized by straight-line

trajectories punctuated by “point” interactions. The basic concepts presented here

apply equally to all particles of such radiation.

It should be noted that throughout this entry, calculated doses are the expected or
average value of the stochastic measured doses, that is, the mechanistically calcu-

lated dose represents the statistical average of a large number of dose measurements

which exhibit random fluctuations as a consequence of the stochastic nature of the

source emission and interactions in the detector and surrounding material.

Uncollided Radiation Doses

In many situations, the dose at some point of interest is dominated by particles

streaming directly from the source without interacting in the surrounding medium.

For example, if only air separates a gamma-ray or neutron source from a detector,

interactions in the intervening air or in nearby solid objects, such as the ground or

building walls, are often negligible, and the radiation field at the detector is due

almost entirely to uncollided radiation coming directly from the source.

In an attenuating medium, the uncollided dose at a distance r from a point

isotropic source emitting Sp particles of energy E is

DoðrÞ ¼ SpR
4pr2

e�l; (14.4)

where l is the total number of mean-free-path lengths of material a particle must

traverse before reaching the detector, namely,
Ð r
0
ds mðsÞ. HereR is the appropriate

response function. The 1=ð4pr2Þ term in Eq. 4 is often referred to as the geometric

attenuation and the e�l term the material attenuation. Equation 4 can be extended

easily to a source emitting particles with different discrete energies or a continuous

spectrum of energies.

Point Kernel for Uncollided Dose

Consider an isotropic point source placed at rs and an isotropic point detector

(or target) placed at rt in a homogeneous medium. The detector response depends

not on rs and rt separately, but only on the distance jrs � rtj between the source and
detector. For a unit strength source, the detector response is (cf. Eq. 4)
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G oðrs; rt; EÞ ¼ RðEÞ
4pjrs � rtj2

e�mðEÞjrs�rtj: (14.5)

Here Goðrs; rt;EÞ is the uncollided dose point kernel and equals the dose at rt per
particle of energy E emitted isotropically at rs. This result holds for any geometry or

medium provided that the material through which a ray from rs to rt passes has

a constant interaction coefficient m.
With this point kernel, the uncollided dose due to an arbitrarily distributed

source can be found by first decomposing (conceptually) the source into a set of

contiguous effective point sources and then summing (integrating) the dose pro-

duced by each point source.

Applications to Selected Geometries

The results for the uncollided dose from a point source can be used to derive

expressions for the uncollided dose arising from a wide variety of distributed

sources such as line sources, area sources, and volumetric sources [4, 5, 18, 19].

An example to illustrate the method is as follows:

An isotropic disk source of radius a emitting isotropically Sa particles per unit

area at energy E is depicted in Fig. 14.1. A detector is positioned at point P a

distance h above the center of the disk. Suppose the only material separating the

disk source and the receptor at P is a slab of thickness t with a total attenuation

coefficient m.
Consider a differential area dA between distance r and rþ dr from the disk

center and between c and cþ dc . The source within dA may be treated as an

effective point isotropic source emitting SadA ¼ Sardrdc particles which produces

an uncollided dose at P of dDo. The ray from the source in dA must pass through

a slant distance of the shield tsec y so that the dose at P from particles emitted in dr
about r is

dDoðPÞ ¼ RSardrdc
4pr2

exp �mt sec y½ �; (14.6)

whereR andm generally depend on the particle energy E. To obtain the total dose at
P from all differential areas of the disk source, one then must sum, or rather

integrate, dDo over all differential areas. Thus, the total uncollided dose at P is

DoðPÞ ¼ SaR
4p

ð2p
0

dc
ða
0

dr
rexp½�mtsec y�

r2
: (14.7)

Because h is fixed, rdr ¼ rdr , and from Fig. 14.1 it is seen that r ¼ hsec y .
Integration over c and changing variables yields
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DoðPÞ ¼ SaR
2

ðhsec yo
h

dr r�1e�mrt=h (14.8)

¼ SaR
2

ðmtsec yo
mt

dx x�1e�x (14.9)

¼ SaR
2

E1ðmtÞ � E1ðmtsec yoÞ½ �; (14.10)

where the exponential integral function En is defined as EnðxÞ � xn�1
Ð1
x du u�ne�u

and is tabulated in many compilations [4, 5, 17].

Intermediate Methods for Photon Shielding

In this section, several special techniques are summarized for the design and

analysis of shielding for gamma and x-rays with energies from about 1 keV to

about 20 MeV. These techniques are founded on very precise radiation transport

calculations for a wide range of carefully prescribed situations. These techniques,

which rely on buildup factors, attenuation factors, albedos or reflection factors, and

line-beam response functions, then allow estimation of photon doses for many

frequently encountered shielding situations without the need of transport

calculations.

P

t

a

h

dA

r

θo
θ

dρ
dψ ρ

ψ

Fig. 14.1 An isotropic disk

source is shielded by

a parallel slab shield of

thickness t
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Buildup-Factor Concept

The total photon fluence Fðr;EÞ at some point of interest r is the sum of two

components: the uncollided fluence Foðr;EÞ of photons that have streamed to r

directly from the source without interaction, and the fluence of scattered and

secondary photons Fsðr;EÞ consisting of source photons scattered one or more

times, as well as secondary photons such as x-rays and annihilation gamma rays.

The buildup factor BðrÞ is defined as

BðrÞ � DðrÞ
DoðrÞ ¼ 1þ DsðrÞ

DoðrÞ ; (14.11)

where DðrÞ is the total dose equal to the sum of the uncollided dose DoðrÞ and

the scattered or secondary photon dose DsðrÞ . For a monoenergetic source this

reduces to

BðEo; rÞ ¼ 1þ 1

FoðrÞ
ðEo

0

dE
RðEÞ
RðEoÞF

sðr;EÞ: (14.12)

In this case, the nature of the dose or response is fully accounted for in the ratio

RðEÞ=RðEoÞ. By far the largest body of buildup-factor data is for point, isotropic,

and monoenergetic sources of photons in infinite homogeneous media. Calculation

of buildup factors for high-energy photons requires consideration of the paths

traveled by positrons from their creation until their annihilation. Such calculations

have been performed by Hirayama [20] and by Faw and Shultis [21] for photon

energies as great as 100 MeV. Because incoherent scattering was neglected in many

buildup-factor calculations, coherent scattering should also be neglected in calcu-

lating the uncollided dose, a significant consideration only for low-energy photons

at deep penetration.

Buildup-Factor Geometry

Generally, buildup factors depend on the source and shield geometries. For a given

material thickness between source and detector, buildup factors are slightly differ-

ent for point isotropic sources in (a) an infinite medium, (b) at the surface of a bare

sphere, and for a slab shield between source and detector. However, the use of

buildup factors for a point isotropic source is almost always conservative, that is,

the estimated dose is greater than that for a finite shield [17]. Adjustment factors for

buildup factors at the surface of a finite medium in terms of the infinite-medium

buildup factors is illustrated in Fig. 14.2.

Buildup factors are also available for plane isotopic (PLI) and plane

monodirectional (PLM) gamma-ray sources in infinite media. Indeed, Fano et al.

[22], Goldstein [23], and Spencer [24], in their moments-method calculations,
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obtained buildup factors for plane sources first and, from these, buildup factors for

point sources were derived. Buildup factors at depth in a half-space shield are also

available for the PLM source, that is, normally incident photons [20, 25, 26]. The

use of buildup factors for a point isotropic source in an infinite medium is conser-

vative, that is, overpredictive, for the PLI and PLM geometries.

Buildup Factors for Stratified Shields

Sometimes shields are stratified, that is, composed of layers of different materials.

The use of the buildup-factor concept for such heterogeneous shields is, for the

most part, of dubious merit. Nevertheless, implementation of point-kernel codes for

shielding design and analysis demands some way of treating buildup when the ray

from source point to dose point is through more than one shielding material.

However, certain regularities do exist, which permit approximate use of homoge-

neous-medium buildup factors for stratified shields. Many approximate buildup

methods have been suggested, as described by Shultis and Faw [17]; however, they

are of little use in most point-kernel codes and are not needed at all for shielding

analysis based on transport methods.

Point-Kernel Computer Codes

There are many codes in wide use that are based on the point-kernel technique. In

these codes, a distributed source is decomposed into small but finite elements and

the dose at some receptor point from each element is computed using the uncollided

dose kernel and a buildup factor based on the optical thickness of material between

the source element and the receptor. The results for all the source elements are then

added together to obtain the total dose. Some that have been widely used are

MicroShield [27], the QAD series [28], QADMOD-GP [29], QAD-CGGP [30],

and G3 [31].
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Broad-Beam Attenuation

Often a point radionuclide or x-ray source in air is located sufficiently far from

a wall or shielding slab that the radiation reaches the wall in nearly parallel rays.

Further, the attenuation in the air is usually quite negligible in comparison to

that provided by the shielding wall. Shielding design and analysis for such broad-

beam illumination of a slab shield are addressed by NCRP Report 49 [9], Archer

[32], and Simpkin [33]. The dose at the surface of the cold side of the wall can be

computed as

D ¼ DoAf : (14.13)

For a radionuclide source of activity A, the dose Do without the wall can be

expressed in terms of the source energy spectrum, response functions, and distance

r from the source to the cold side of the wall. Then,

D ¼ DoAf ¼ A
r2
GAf ; (14.14)

whereG, called the specific gamma-ray constant, is the dose rate in vacuum at a unit

distance from a source with unit activity, and Af is an attenuation factor which

depends on the nature and thickness of the shielding material, the source energy

characteristics, and the angle of incidence y (with respect to the wall normal).

Values for G and Af are provided by NCRP [9].

Oblique Incidence

Attenuation factors for obliquely incident beams are presented in NCRP Report 49

[9]. For such cases, special three-argument slant-incidence buildup factors should

be used [17]. For a shield wall of thickness t mean free paths, slant incidence at

angle ywith respect to the normal to the wall, and source energy Eo, the attenuation

factor is in function form AfðEo; t; yÞ. However, a common, but erroneous, practice

has been to use a two-argument attenuation factor based on an infinite-medium

buildup factor for slant penetration distance tsec y, in the form AfðEo; tsec yÞ. This
practice can lead to severe underprediction of transmitted radiation doses.

X-ray Beam Attenuation

For x-ray sources, the appropriate measure of source strength is the electron-beam

current i, and the appropriate characterization of photon energies, in principle,

involves the peak accelerating voltage (kVp), the wave form, and the degree of
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filtration (e.g., beam half-value thickness). If i is the beam current (mA) and r is the
source-detector distance ðmÞ, the dose behind a broadly illuminated shield wall is

DðPÞ ¼ i

r2
KoAf ; (14.15)

in which Ko, called the radiation output (factor), is the dose rate in vacuum (or air)

per unit beam current at unit distance from the source in the absence of the shield.

Empirical formulas for computing Af are available for shield design [34, 35].

Intermediate Methods for Neutron Shielding

Shielding design for fast neutrons is generally far more complex than shielding

design for photons. Not only does one have to protect against the neutrons emitted

by some source, one also needs to protect against primary gamma rays emitted by

most neutron sources as well as secondary photons produced by inelastic neutron

scattering and from radiative capture. There may also be secondary neutrons

produced from ðn; 2nÞ and fission reactions. In many instances, secondary photons

produce greater radiological risks than do the primary neutrons. Fast-neutron

sources include spontaneous and induced fission, fusion, ða; nÞ reactions, ðg; nÞ
reactions, and spallation reactions in accelerators, each producing neutrons with

a different distribution of energies.

Unlike photon cross sections, neutron cross sections usually vary greatly with

neutron energy and among the different isotopes of the same element. Comprehen-

sive cross-section databases are needed. Also, because of the erratic variation of the

cross sections with energy, it is difficult to calculate uncollided doses needed in

order to use the buildup-factor approach. Moreover, buildup factors are very

geometry dependent and sensitive to the energy spectrum of the neutron fluence

and, consequently, point-kernel methods can be applied to neutron shielding only in

very limited circumstances.

Early work led to kernels for fission sources in aqueous systems and the use of

removal cross sections to account for shielding barriers. Over the years, the

methodology was stretched to apply to nonaqueous hydrogenous media, then to

non-hydrogenous media, then to fast-neutron sources other than fission. Elements

of diffusion and age theory were melded with the point kernels. Today, with the

availability of massive computer resources, neutron shielding design and analysis is

largely done using transport methods. Nevertheless, the earlier methodologies offer

insight and allow more critical interpretation of transport calculations.

Also, unlike ratios of different photon response functions, those for neutrons

vary, often strongly, with neutron energy. Hence, neutrons doses cannot be

converted to different dose units by simply multiplying by an appropriate constant.

The energy spectrum of the neutron fluence is needed to obtain doses in different

units. Consequently, many old measurements or calculations of point kernels,
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albedo functions, transmission factors, etc., made with obsolete dose units cannot

be converted to modern units because the energy spectrum is unknown. In this case,

there is no recourse but to repeat the measurements or calculations.

Capture Gamma Photons

A significant, often dominant, component of the total dose at the surface of a shield

accrues from capture gamma photons produced deep within the shield and arising

from neutron absorption. Of lesser significance are secondary photons produced in

the inelastic scattering of fast neutrons. Secondary neutrons are also produced as

a result of ðg; nÞ reactions. Thus, in transport methods, gamma-ray and neutron

transport are almost always coupled.

Historically, capture gamma-ray analysis was appended to neutron removal

calculations. Most neutrons are absorbed only when they reach thermal energies,

and, consequently, only the absorption of thermal neutrons was considered. (Excep-

tional cases include the strong absorption of epithermal neutrons in fast reactor

cores or in thick slabs of low-moderating, high-absorbing material.) For this reason,

it is important to calculate accurately the thermal neutron fluence FthðrÞ in the

shield. The volumetric source strength of capture photons per unit energy about E is

then given by

Sgðr;EÞ ¼ FthðrÞmgðrÞf ðr;EÞ; (14.16)

where mgðrÞ is the absorption coefficient at r for thermal neutrons and f ðr;EÞ is the
number of photons produced in unit energy about E per thermal neutron absorption

at r.

Once the capture gamma-ray source term Sgðr;EÞ is known throughout the

shield, point-kernel techniques using exponential attenuation and buildup factors

can be used to calculate the capture gamma-ray dose at the shield surface.

Neutron Shielding with Concrete

Concrete is probably the most widely used shielding material because of its

relatively low cost and the ease with which it can be cast into large and variously

shaped shields. However, unlike that for photon attenuation in concrete, the con-

crete composition, especially the water content, has a strong influence on its neutron

attenuation properties. Other important factors that influence the effectiveness of

concrete as a neutron shield include type of aggregate, the dose–response function,

and the angle of incidence of the neutrons.
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Because concrete is so widely used as a shield material, its effectiveness for

a monoenergetic, broad, parallel beam of incident neutrons has been extensively

studied, both for normal and slant incidence, and many tabulated results for shields

of various thickness are available [36–40]. These results, incorporated into design

and manufacturing standards (standards are available from professional societies

such as the American Nuclear Society and the American Society of Mechanical

Engineers) are extremely useful in the preliminary design of concrete shields.

Gamma-Ray and Neutron Reflection

Until now only shielding situations have been considered in which the radiation

reaching a target contains an uncollided component. For these situations,

point-kernel approximations, in principle, may be used and concepts such as

particle buildup may be applied. However, in many problems encountered in

shielding design and analysis, only scattered radiation may reach the target. Radia-

tion doses due to reflection from a surface are examples that arise in treatment of

streaming of radiation through multi-legged ducts and passageways. Treatment of

radiation reflection from surfaces of structures is also a necessary adjunct to precise

calibration of nuclear instrumentation. Skyshine, that is, reflection in the atmo-

sphere of radiation from fixed sources to distant points is another example of this

class of reflected-radiation problems. All such reflection problems are impossible to

treat using elementary point-kernel methods and are also very difficult and ineffi-

cient to treat using transport-based methods. For reflection from a surface of

radiation from a point source to a point receiver, the albedo function has come to

be very useful in design and analysis. The same can be said for use of the line-beam
response function in treatment of skyshine. Both are discussed below.

Albedo Methods

There are frequent instances for which the dose at some location from radiation

reflected from walls and floors may be comparable to the line-of-sight dose. The

term reflection in this context does not imply a surface scattering. Rather, gamma

rays or neutrons penetrate the surface of a shielding or structural material, scatter

within the material, and then emerge from the material with reduced energy and at

some location other than the point of entry.

In many such analyses, a simplified method, called the albedo method, may be

used. The albedo method is based on the following approximations. (1) The dis-

placement between points of entry and emergence may be neglected. (2) The

reflecting medium is effectively a half-space, a conservative approximation.

(3) Scattering in air between a source and the reflecting surface and between the

reflecting surface and the detector may be neglected.
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Application of the Albedo Method

Radiation reflection may be described in terms of the geometry shown in Fig. 14.3.

Suppose that a point isotropic and monoenergetic source is located distance r1 from
area dA along incident directionOo and that a dose point is located distance r2 from
area dA along emergent direction O . Suppose also the source has an angular

distribution such that SðyoÞ is the source intensity per steradian evaluated at the

direction from the source to the reflecting area dA. Then the dose dDr at the detector

from particles reflected from dA can be shown to be [17]

dDr ¼ DoaDðEo; yo; y;cÞ dAcos yo
r22

; (14.17)

in which Do is the dose at dA due to incident particles. Here aDðEo; yo; y;cÞ is the
dose albedo. Determination of the total reflected dose Dr requires integration over

the area of the reflecting surface. In doing so one must be aware that, as the location

on the surface changes, all the variables yo, y,c, r1, and r2 change as well. Also, it is
necessary to know aDðEo; yo; y;cÞ or, more usefully, to have some analytical

approximation for the dose albedo so that numerical integration over all the surface

area can be performed efficiently.
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Fig. 14.3 Angular and energy relationships in the albedo formulation
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Gamma-Ray Dose Albedo Approximations

A two-parameter approximation for the photon dose albedo was first devised by

Chilton and Huddleston [41] and later extended by Chilton et al. [42]. Chilton [43]

later proposed a more accurate seven-parameter albedo formula for concrete.

Brockhoff [44] published seven-parameter fit data for albedos from water, concrete,

iron, and lead. Two examples of this dose albedo approximation are shown

in Fig. 14.4.

Neutron Dose Albedo Approximations

The dose albedo concept is very useful for streaming problems that involve

“reflection” of neutrons or photons from some material interface. However, unlike

photon albedos, the neutron albedos are seldom tabulated or approximated for

monoenergetic incident neutrons because of the rapid variation with energy of

neutron cross sections. Rather, albedos for neutrons with a specific range of

energies (energy group) are usually considered, thereby, averaging over all the
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cross-section resonances in the group. Also unlike photon albedos, neutron albedos

involve reflected dose from both neutrons and secondary capture gamma rays.

There are many studies of the neutron albedos in the literature. Selph [45]

published a detailed review. Extensive compilations of neutron albedo data are

available, for example, SAIL [46] and BREESE-II [47]. Of more utility are analytic

approximations for the albedo based on measured or calculated albedos. Neutrons

albedos are often divided into three types: (1) fast-neutron albedos (E � 0:2 MeV),

(2) intermediate-energy albedos, and (3) thermal-neutron albedos. Selph [45] reviews

early approximations for neutron albedos, among which is a 24-parameter approxi-

mation developed by Maerker and Muckenthaler [48]. Newly computed and more

accurate fast-neutron albedos, based on different 24-parameter approximations, have

been computed by Brockhoff [44] for several shielding materials.

For neutrons with energy less than about 100 keV, the various dose equivalent

response functions are very insensitive to neutron energy. Consequently, the dose

albedo aD is very closely approximated by the number albedo aN. Thus, for reflected
dose calculations involving intermediate or thermal neutrons, the number albedo is

almost always used. Coleman et al. [49] calculated neutron albedos for intermedi-

ate-energy neutrons (200 keV to 0.5 eV) incident monodirectionally on reinforced

concrete slabs and developed a nine-parameter formula for the albedo.

Thermal neutrons entering a shield undergo isotropic scattering that, on the

average, does not change their energies. For one-speed particles incident in an

azimuthally symmetric fashion on a half-space of material that isotropically scatters

particles, Chandrasekhar [50] derived an exact expression for the differential

albedo. A purely empirical and particularly simple formula, based on Monte

Carlo data for thermal neutrons, has been proposed by Wells [51] for ordinary

concrete, namely,

aNðyo; y;cÞ ¼ 0:21cos yðcos yoÞ�1=3: (14.18)

Radiation Streaming Through Ducts

Except in the simplest cases, the analysis of radiation streaming requires advanced

computational procedures. However, even within the framework of Monte Carlo

transport calculations, albedo methods are commonly used, and special data sets

have been developed for such use [46, 47, 52].

Elementary methods for gamma-ray streaming are limited to straight cylindrical

ducts, with incident radiation symmetric about the duct axis and uniform over the

duct entrance. Transmitted radiation generally may be subdivided into three

components: line-of-sight, lip-penetrated, and wall scattered. The first two may

be treated using point-kernel methodology. The last requires use of albedo methods

to account for scattering over the entire surface area of the duct walls. Selph [45]
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reviews the methodology of duct transmission calculations and LeDoux and

Chilton [53] devised a method of treating two-legged rectangular ducts, important

in analysis of structure shielding.

Neutron streaming through gaps and ducts in a shield is much more serious for

neutrons than for gamma photons. Neutron albedos, especially for thermal

neutrons, are generally much higher than those for photons, and multiple scattering

within the duct is very important. Placing bends in a duct, which is very effective

for reducing gamma-ray penetration, is far less effective for neutrons. Fast neutrons

entering a duct in a concrete shield become thermalized and thereafter are capable

of scattering many times, allowing the neutrons to stream through the duct, even

those with several bends. Also, unlike gamma-ray streaming, the duct need not be

a void (or gas filled) but can be any part of a heterogeneous shield that is

“transparent” to neutrons. For example, the steel walls of a water pipe embedded

in a concrete shield (such as the cooling pipes that penetrate the biological shield of

a nuclear reactor) act as an annular duct for fast neutrons.

There is much literature on experimental and calculational studies of gamma-ray

and neutron streaming through ducts. In many of these studies, empirical formulas,

obtained by fits to the data, have been proposed. These formulas are often useful for

estimating duct-transmitted doses under similar circumstances. As a starting point

for finding such information, the interested reader is referred to Rockwell [18],

Selph [45], and NCRP [54].

Gamma-Ray and Neutron Skyshine

For many intense localized sources of radiation, the shielding against radiation that is

directed skyward is usually far less than that for the radiation emitted laterally. How-

ever, the radiation emitted vertically into the air undergoes scattering interactions and

some radiation is reflected back to the ground, often at distances far from the original

source. This atmospherically reflected radiation, referred to as skyshine, is of concern
both to workers at a facility and to the general population outside the facility site.

As alternatives to rigorous transport-theory treatment of the skyshine problem

several approximate procedures have been developed for both gamma-photon and

neutron skyshine sources [54]. This section summarizes one approximate method,

which has been found useful for bare or shielded skyshine sources. The integral
line-beam skyshine method, is based on the availability of a line-beam response
functionRðE;f; xÞ, which gives the dose (air kerma or ambient dose) at a distance x
from a point source emitting a photon or neutron of energy E at an angle f from the

source-to-detector axis into an infinite air medium. The air–ground interface is

neglected in this method. This response function can be fit over a large range of x to
the following three-parameter empirical formula, for a fixed value of E and f [55]:

RðE;f; xÞ ¼ kðr=roÞ2E½xðr=roÞ�bexp½a� cxðr=roÞ�; (14.19)
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in which r is the air density in the same units as the reference density ro ¼ 0:001

2 g=cm3. The constant k depends on the choice of units.

The parameters a, b, and c in Eq. 19 depend on the photon or neutron energy and
the source emission angle. These parameters have been estimated and tabulated, for

fixed values of E and f , by fitting Eq. 19 to values of the line-beam response

function, at different x distances, usually obtained by Monte Carlo calculations.

Gamma-ray response functions have been published by Lampley [56] and

Brockhoff et al. [57]. Neutron and secondary gamma-ray response functions have

been published by Lampley [56] and Gui et al. [58]. These data and their method of

application are presented by Shultis and Faw [17].

To obtain the skyshine dose DðdÞ at a distance d from a bare collimated source,

the line-beam response function, weighted by the energy and angular distribution of

the source, is integrated over all source energies and emission directions. Thus, if

the collimated source emits SðE;OÞ photons, the skyshine dose is

DðdÞ ¼
ð1
0

dE

ð
Os

dO SðE;OÞRðE;f; dÞ; (14.20)

where the angular integration is over all emission directions Os allowed by the

source collimation. Here, f is a function of the emission direction O. To obtain

this result, it has been assumed that the presence of an air–ground interface can be

neglected by replacing the ground by an infinite air medium. The effect

of the ground interface on the skyshine radiation, except at positions very near

a broadly collimated source, has been found to be very small.

The presence of a shield over a skyshine source, for example, a building roof,

causes some of the source particles penetrating the shield to be degraded in energy

and angularly redirected before being transported through the atmosphere.

The effect of an overhead shield on the skyshine dose far from the source

can be accurately treated by a two-step hybrid method [59,60]. First a transport

calculation is performed to determine the energy and angular distribution of the

radiation penetrating the shield, and then, with this distribution as an effective

point, bare, skyshine source, the integral line-beam method is used to evaluate the

skyshine dose.

The integral line-beam method for gamma-ray and neutron skyshine calculations

has been applied to a variety of source configurations and found to give generally

excellent agreement with benchmark calculations and experimental results [59].

It has been used as the basis of the microcomputer code MicroSkyshine [61]

for gamma rays. A code package for both neutron and gamma-ray calculations

is available from the Radiation Safety Computation Information Center. (Code

package CCC-646: SKYSHINE-KSU: Code System to Calculate Neutron and

Gamma-Ray Skyshine Doses Using the Integral Line-Beam Method, and data

library DLC-188: SKYDATA-KSU: Parameters for Approximate Neutron and

Gamma-Ray Skyshine Response Functions and Ground Correction Factors.)

416 J.K. Shultis and R.E. Faw



Transport Theory

For difficult shielding problems in which simplified techniques such as point

kernels with buildup corrections cannot be used, calculations based on transport

theory must often be used. There are two basic approaches for transport

calculations: deterministic transport calculations in which the linear Boltzmann

equation is solved numerically, andMonte Carlo calculations in which a simulation

is made of how particles migrate stochastically through the problem geometry. Both

approaches have their advantages and weaknesses. Because of space limitations, it

is not possible to give a detailed review of the vast literature supporting both

approaches. What follows is a brief explanation of the basic ideas involved and

some general references are supplied.

Deterministic Transport Theory

The neutron or photon flux fðr;E;OÞ for particles with energy E and directionO is

rigorously given by the linear Boltzmann equation or, simply, the transport

equation

O � rfðr;E;OÞ þ mðr;EÞfðr;E;OÞ ¼ Sðr;E;OÞ þð1
0

dE0
ð
4p
dO0 msðr;E0;O0 ! E;OÞfðr;E0;O0Þ; (14.21)

where S is the volumetric source strength of particles. This equation can be formally

integrated to yield the integral form of the transport equation, namely,

fðr;E;OÞ ¼ fðr� RO;E;OÞf ðRÞ

þ
ðR
0

dR0qðr� R0O;OÞf ðR0Þ;
(14.22)

where f ðxÞ � exp � Ð x
0
mðr� R00O;EÞ dR00� �

and q is given by

qðr;E;OÞ � Sðr;E;OÞ þð1
0

dE0
ð
4p
dO0msðr;E0;O0 ! E;OÞfðr;E0;O0Þ: (14.23)

Unfortunately, neither of these formulations of the transport equation can be

solved analytically except for idealistic cases, for example, infinite medium with

monoenergetic particles or a purely absorbingmedium. Numerical solutions must be

used for all practical shielding analyses. Many approximations of the transport

equation are used, such as diffusion theory, to allow easier calculations. Also the
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energy region of interest is usually divided into a few or even hundreds of contiguous

energy subintervals and average cross sections are calculated for each group using

an assumed energy spectrum of the radiation. In this manner, the transport equation

is approximated by a set of coupled equations in which energy is no longer an

independent variable. Even with an energy-multigroup approximation, numerical

solutions are still computationally formidable.

The most widely used deterministic transport approach is the discrete-ordinates

method. In this method, a spatial and directional mesh is created for the problem

geometry, and the multigroup form of the transport equation is then integrated over

each spatial and directional cell. The solution of the approximating algebraic

equations is then accomplished by introducing another approximation that relates

the cell-centered flux densities to those on the cell boundaries, and an iterative

procedure between the source (scattered particles and true source particles) and flux

density calculation is then used to calculate the fluxes at the mesh nodes. For details

of this method, the reader is referred to Carlson and Lathrop [62], Duderstadt and

Martin [63], and Lewis and Miller [64].

Discrete-ordinates calculations can be computationally expensive because of the

usually enormous number of mesh nodes and the fact that the convergence of an

iterative solution is often very slow. A subject of great interest in the last 30 years

has been the development of numerous methods to accelerate convergence of the

iterations. Without convergence acceleration schemes, discrete-ordinate solutions

would be computationally impractical for many shielding problems. An excellent

description of the various acceleration schemes that have been used is provided by

Adams and Larsen [16].

Mature computer codes based on the discrete-ordinates method are widely

available to treat one-, two-, and three-dimensional problems in the three basic

geometries (rectangular, spherical, and cylindrical) with an arbitrary number of

energy groups [65,66].

Although discrete-ordinates methods are widely used by shielding analysts,

these methods do have their limitations. Most restrictive is the requirement that

the problem geometry must be one of the three basic geometries (rectangular,

spherical, or cylindrical) with boundaries and material interfaces placed perpendic-

ular to a coordinate axis. Problems with irregular boundaries and material

distributions are difficult to solve accurately with the discrete-ordinates method.

Also, in multidimensional geometries, the discrete-ordinates method often

produces spurious oscillations in the flux densities (the ray effect) as an inherent

consequence of the angular discretization. Finally, the discretization of the spatial

and angular variables introduces numerical truncation errors, and it is necessary to

use sufficiently fine angular and spatial meshes to obtain flux densities that are

independent of the mesh size. For multidimensional situations in which the flux

density is very anisotropic in direction and in which the medium is many mean-

free-path lengths in size, typical of many shielding problems, the computational

effort to obtain an accurate discrete-ordinates solution can become very large.

However, unlike Monte Carlo calculations, discrete-ordinates methods can treat
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very-deep-penetration problems, that is, the calculation of fluxes and doses at

distances many mean-free-path lengths from a source.

Monte Carlo Transport Theory

In Monte Carlo calculations, particle tracks are generated by simulating the sto-

chastic nature of the particle interactions with the medium. One does not even need

to invoke the transport equation; all one needs are complete mathematical

expressions of the probability relationships that govern the track length of an

individual particle between interaction points, the choice of an interaction type at

each such point, the choice of a new energy and a new direction if the interaction is

of a scattering type, and the possible production of additional particles. These are all

stochastic variables, and in order to make selections of specific values for these

variables, one needs a complete understanding of the various processes a particle

undergoes in its lifetime from the time it is given birth by the source until it is either

absorbed or leaves the system under consideration.

The experience a particle undergoes from the time it leaves its source until it is

absorbed or leaves the system is called its history. From such histories expected or

average values about the radiation field can be estimated. For example, suppose the

expected energy hEi absorbed in some small volume V in the problem geometry is

being sought. There is a probability f ðEÞdE that a particle deposits energy in dE

about E. Then the expected energy deposited is simply hEi ¼ Ð
Ef ðEÞdE. Unfortu-

nately, f ðEÞ is not known a priori and must be obtained from a transport calculation.

In a Monte Carlo analysis, f ðEÞ is constructed by scoring or tallying the energy

deposited Ei in V by the ith particle history. Then in the limit of a large number of

histories N

hEi �
ð
Ef ðEÞdE ’ E � 1

N

XN
i¼1

Ei: (14.24)

The process of using a computer to generate particle histories can be performed

in a way completely analogous to the actual physical process of particle transport

through a medium. This direct simulation of the physical transport is called an

analog Monte Carlo procedure. However, if the tally region is far from the source

regions, most analog particle histories will make zero contribution to the tally, and

thus a huge number of histories must be generated to obtain a statistically meaning-

ful result. To reduce the number of histories, nonanalog Monte Carlo procedures

can be used whereby certain biases are introduced in the generation of particle

histories to increase the chances that a particle reaches the tally region. For

example, source particles could be emitted preferentially toward the tally region

instead of with the usual isotropic emission. Of course, when tallying such biased

histories, corrections must be made to undo the bias so that a correct score is
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obtained. Many biasing schemes have been developed, and are generally called

variance reduction methods since, by allowing more histories to score, the statisti-

cal uncertainty or variance in the average score is reduced.

The great advantage of the Monte Carlo approach, unlike discrete-ordinates, is

that it can treat complex geometries. However, Monte Carlo calculations can be

computationally extremely expensive, especially for deep-penetration problems.

The stochastic contribution a single history makes to a particular score requires that

a great many histories be simulated to achieve a good estimate of the expected or

average score. If a tally region is many mean-free-path lengths from the source,

very few histories reach the tally region and contribute to the score. Even with

powerful variance reduction techniques, enormous numbers of histories often are

required to obtain a meaningful score in deep-penetration problems.

Those readers interested in more comprehensive treatments of the Monte Carlo

method will find rich resources. A number of monographs address Monte Carlo

applications in radiation transport. Those designed for the specialists in nuclear-

reactor computations are Goertzel and Kalos [67], Kalos [68], Kalos et al. [69], and

Spanier and Gelbard [70]. More general treatments will be found in the books by

Carter and Cashwell [71] Lux and Koblinger [72], and Dunn and Shultis [73].

Coupled photon and electron transport are addressed in the compilation edited by

Jenkins et al. [74]. A very great deal of practical information can be gleaned from

the manuals for Monte Carlo computer codes. Especially recommended are those

for the EGS4 code [75], the TIGER series of codes [76], and the MCNP code [77].

Future Directions

In many respects, radiation shielding is a mature technological discipline. It is

supported by a comprehensive body of literature and a diverse selection of compu-

tational resources. Indeed, the present availability of inexpensive computer clusters

and the many sophisticated transport codes incorporating the most detailed physics

models, modern data, and the ability to model complex geometries has reduced

shielding practice in many cases to brute force calculation. Many shielding

problems require such a computer approach; however, there are many routine

shielding problems that can be effectively treated using the simplified techniques

developed in the 1940s–1970s. Point-kernel methods are still widely used today.

However, there are shielding problems for which no simplified approach is effec-

tive and transport methods must be employed. These include transmission of

radiation through ducts and passages in structures, reflection of gamma rays from

shielding walls and other structures, and transmission of beams of radiation

obliquely incident on shielding slabs.

Despite the relative maturity of the discipline, one must not become complacent.

There will continue to be advances in many areas. Undoubtedly, new computational

resources will allow much more detailed 3-D graphical modeling of the shielding

geometries and their incorporation into the transport codes. Likewise 3-D displays
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of output will allow much better interpretations of results. New capabilities will be

added to Monte Carlo and discrete-ordinates codes. Hybrid codes employing both

Monte Carlo and deterministic techniques will also be developed. More nuclear

data will become available that will, for example, allow detailed analysis of

actinides in spent fuel and correlation effects in nuclear data will allow better

sensitivity analyses of results. Likewise, more information on material properties,

especially in radiation resistance, will become known. Advances in microdosimetry

will provide better understanding of cellular responses to single radiation particles

and the effects of low-level radiation doses. A better understanding of radiation

hormesis effects may lead to changes in radiation standards that will better reflect

health effects of radiation. New sources of radiation in research and medicine will

include energetic protons and neutrons. These developments require continuing

attention and adoption into the radiation-shielding discipline.
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Chapter 15

Ionizing Radiation Detectors

Wm. David Kulp, III

Glossary

Alpha particle A particle emitted during radioactive decay that is comprised

of two protons and two neutrons, equivalent to the nucleus of

a 4He atom.

Beta particle An electron or a positron (the positively charged antimatter

twin of an electron) emitted during radioactive decay.

Electron volt (eV) A unit of energy measurement defined by the kinetic energy

gained by a free electron when accelerated through a potential

difference of 1 V; approximately equivalent to 1.602 � 10�19

joule.

Gamma radiation Highly energetic electromagnetic radiation (energy greater

than approximately 100 keV) emitted from the nucleus during

radioactive decay.

Ionizing radiation Particles or light with sufficient energy to remove an electron

from an atom or molecule.

Nuclide A species of atomic nuclei, defined by the number of protons

and neutrons present in the nucleus; nuclides are represented

by the chemical symbol and atomic mass number. Two

examples are 14C (carbon-14, six protons and eight neutrons)

and 235U (uranium-235, 92 protons and 143 neutrons).

Radioactive Describes an unstable atomic nucleus that releases energy

through ionizing radiation.
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Scintillator A type of detector that uses fluorescence to detect radiation.

Spectroscopy The measurement of radiation intensity as a function of radi-

ation energy; a device or system of detectors capable of

spectroscopy is referred to as a spectrometer.

Definition of the Subject

Equipment to detect, identify, and measure radioactivity is a key component in the

safe and responsible development of nuclear science and technology. Whether

designed to monitor radioactive processes, provide an alert, or characterize the

radiation measured, these systems “see” what is undetectable to human senses.

Used in nuclear power, industry, medical imaging, nuclear medicine, scientific

exploration, and nuclear security, radiation detectors provide information about

the radiation present and can be used to interpret what the source of the radioactiv-

ity is.

Experimental data exist for about 2,900 nuclides, or species of atomic nuclei,

characterized in the laboratory. Yet less than 300 nuclides are found in measurable

abundance in the environment. Most of these naturally occurring nuclides are stable

nuclei, meaning that they do not decay to other nuclei over time. However, some

unstable, or radioactive, nuclei are found in everyday objects. Examples of natu-

rally occurring radioactive material (NORM) are 40K in bananas and the nuclides in

the uranium and thorium decay series that are found in cat litter. The identification

of radioactive nuclides is accomplished through detection and measurement of the

radiation emitted during the decay of the unstable nucleus.

The decay of a radioactive atomic nucleus results in energy being released in the

form of particles or electromagnetic radiation. Particles emitted during radioactive

decay include alpha particles, beta particles, neutrons, and photons. Alpha and beta

radiation are electrically charged particles ejected from the decaying nucleus.

Alpha particles are positively charged helium nuclei. Beta particles are electrons

or positrons (the antiparticle of an electron), which carry negative and positive

charges, respectively. Neutrons have no electric charge. Photons, X and gamma

rays, are electromagnetic radiation; treated as particles, they have zero charge, zero

rest mass, and travel at the speed of light.

Introduction

The detection and characterization of radiation originated with Wilhelm Conrad

Röntgen, who was awarded the first Nobel Prize in Physics in 1901 [1]. This work

was continued and led to the discovery of spontaneous radioactivity, for which
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Antoine Henri Becquerel, Pierre Curie, and Marie Curie shared the 1903 Nobel

Prize in Physics [1]. The mature nature of the field is demonstrated by the many

textbooks available on nuclear physics and radiation detection. Suggested reading

for in-depth study with focused discussion on radiation detection are Glasstone [2],

Kantele [3], Knoll [4], Krane [5], Leo [6], and Tsoulfinidis [7].

Nuclear radiation ranges in energy from a few thousand electron volts (kilo-

electron volts, or keV) to millions of electron volts (mega-electron volts, or MeV).

Particles in the keV or MeV energy range are energetic enough that as they pass

through matter they can cause the ejection of one or more electrons from a neutral

atom in the material, ionizing the atom. Because of this interaction, nuclear

radiation is also referred to as ionizing radiation. The physical processes that

lead to ionization as radiation passes through matter depend upon the kind of

radiation. Charged particles, photons, and neutral particles all interact with matter

in different ways.

Alpha particles and other heavy, charged particles interact with matter through

a variety of mechanisms, but the primary reaction is simply Coulomb scattering, an

interaction between charged particles that is kinematic in nature. When energy is

imparted to a target atom in the material, an inelastic collision has occurred with

atomic electrons. Where no energy is transferred to the target material, the incident

particle has elastically scattered from a target nucleus. These interactions have two

basic results for the incident particle: (1) the particle loses energy, and (2) the

particle is deflected from its initial trajectory.

Electrons and positrons also lose energy through Coulomb scattering in matter.

However, they are more easily deflected in the electric field near an atomic nucleus

due to the small mass of these particles or in collisions with atomic electrons (same

mass). When electrons collide, energy is directly transferred to the atomic

electrons. When electrons are accelerated or decelerated, electromagnetic energy

is emitted in a process known as bremsstrahlung. Above a few MeV in energy, this

mechanism is the predominant interaction for high-energy electrons and positrons.

Gamma rays and X rays are very different from the charged particles discussed

above. They are electromagnetic radiation, called photons; a photon has zero electric

charge and zero rest mass. Photons have three main interactions with matter:

1. The photoelectric effect, where an atomic electron is ejected from an atom after

the absorption of the photon

2. Compton scattering, the scattering of photons by free electrons

3. Pair production, where a photon is transformed into an electron-positron pair

Neutrons are similar to photons in that they lack electric charge and will not

interact with matter through Coulomb scattering. Instead, a neutron interacts with

nuclei through the strong force. This is a relatively rare occurrence due to the short

range of the strong force (effective only within 10�15 m). The result of interaction

may be:

1. Elastic scattering from nuclei, so that no nuclear reaction takes place.

2. Inelastic scattering, where the target nucleus is left in an excited state.
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3. Neutron capture, where the target nucleus is transformed through absorption of

the neutron; most of the time the new nucleus is radioactive and decays by

emitting beta particles and/or gamma rays (and neutrons, too, in a few cases).

4. Nuclear reactions with the emission of a charged particle.

5. Fission, the splitting of a heavy atomic nucleus.

Radiation detectors make use of these interactions with matter to produce

a measurable effect that signals the presence of radioactivity. In general,

a radiation detector can be characterized through three traits: (1) the radiation

absorber (the materials of which the detector is made), (2) an observable that

signals the interaction with radiation, and (3) a way to measure the signal.

The radiation absorber may be gas, liquid, or solid and can be made from a range

of materials. The choice of detection medium phase depends on the type of radiation

to be measured. Heavy charged particles have a range of less than about 100 mm
(0.01 cm or 0.004 in.) in a solid absorber, but the resulting signals may be hard to

distinguish from electronic noise. Neutrons and gamma rays, on the other hand, may

penetrate centimeters of solid matter without producing any observable response.

For detecting neutrons, the use of enriched isotopes may be used in order to take

advantage of specific nuclear reactions that have higher probabilities of occurring.

The choice of observable effect produced by the detector is usually more

dependent upon the application and the material used as the radiation absorber,

rather than the type of radiation. Early researchers Henri Becquerel and Marie and

Pierre Curie recorded data on photographic plates. While this method of observa-

tion provided long-lasting visible evidence of radiation, other detection methods

such as electronic signals, scintillation light emissions, and changes in temperature

are more advantageous for modern radiation detection. For example, light

emissions produce the fastest detector response, thus a scintillation detector is the

best choice for a measurement that requires precision timing. On the other hand,

semiconductor detectors provide excellent energy resolution with good timing

resolution, and are used for detailed nuclear spectroscopy.

If the radiation detection application requires only a qualitative measure of the

presence of radiation, then an effective method of measurement would be an audible

alarm that sounds when a threshold radiation level is reached, measured as a current

generated within the detector volume. Nuclear science, however, requires quantita-

tive analysis of the number and energy of individual particles emitted by atomic and

nuclear transitions. For nuclear spectroscopy, it is therefore necessary to measure

each electronic pulse registered in the detector, amplify the pulses and perhaps shape

the signals as necessary, and record these signals for later analysis.

Given the different types of radiation and the range of energies, no single

detector will be sensitive to all nuclear radiations at all applicable energies. Further,

the diverse applications for radiation detection preclude a general list of radiation

detectors that could be considered comprehensive. In the sections that follow, the

most common detector types will be discussed and some recent advancements in

the field will be introduced.
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Gas-Filled Detectors

Ionizing radiation produces pairs of positively charged ions and negatively charged

electrons as it passes through matter. It follows that a simple way to measure

radioactivity is to apply an electric field across the radiation-absorbing material

and count the ion-electron pairs produced in the detector. Such a detector can be

envisioned as a parallel-plate capacitor filled with a gas. An electric potential

applied across the capacitor creates an electric field that separates the electrons

and ions. The electrons drift toward the positively charged anode plate, while the

ions drift in the opposite direction toward the negatively charged cathode. This

separation prevents the electrons and ions from recombining and enables measure-

ment of the electronic signal produced by the ionizing radiation.

Ionization Chambers

The applied voltage across the capacitor influences how quickly charged particles

move in the ionization chamber. Electrons and ions tend to recombine to form

neutral atoms at low voltages, with the result that only a weak signal is collected.

This recombination region is indicated in the range where V < V1 as in Fig. 15.1.

Above some threshold potential, the electric field prevents recombination. This is

indicated in the region where V1 < V < V2, where the total charge detected is

insensitive to the applied voltage, as all of the electron-ion pairs that are created by

the initial ionizing event are collected. A detector operating in this region collects

only the charge produced directly by the incident radiation and is thus called an

ionization chamber.

How big is the output electronic signal from an ionization chamber? The average

energy required to produce an ion in dry air is about 30 electron volts (eV). An

ionization chamber consisting of two square plates, each 10 cm long on a side,

separated by a 1-cm air gap has a capacitance of 9 � 10�12 farads. Based on the

energy to produce one ion in air, a 1-MeV gamma ray that deposits all of its energy

in this detector would produce a maximum of about 3 � 104 electron-ion pairs, and

a 2-MeV gamma ray would produce twice as many pairs. The voltage pulse

resulting from these events would be about 0.5 or 1 mV, respectively.

To analyze individual pulses, the small signals produced by the direct radiation

interaction require amplification. The two curves illustrated in Fig. 15.1 correspond

to radiations that deposit different energies in the detector, e.g., an alpha particle

and a beta particle or two gamma rays of different energies. The more energetic

radiation produces more electron-ion pairs, resulting in a larger output signal.
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Proportional Counters

A larger output signal can also be generated by increasing the applied voltage

across the capacitor. The increased electric field accelerates the ions and electrons

in the chamber to higher kinetic energy. Above a second threshold voltage,

indicated as V2 in Fig. 15.1, free electrons, produced by the incident radiation,

are accelerated to sufficient energy such that they ionize additional gas atoms

during collisions and produce more free electrons. This process is known as gas
multiplication and results in a larger output signal.

The electrons produced in the knock-on reactions are called secondary electrons.
The secondary electrons accelerate and produce additional ionization, resulting in

a Townsend avalanche, where 103–105 secondary events occur for each original ion
produced. As shown in region V2 < V < V3, the number of electron-ion pairs is

proportional to the number of pairs produced in the primary event. Detectors

operating in this range are called proportional counters. Using such a detector,

the measurement of the incident particle energy is possible because the final signal

is proportional to the energy deposited in the detector.
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Fig. 15.1 The number of ion-electron pairs collected in a gas-filled detector depends on the

applied voltage and on the energy deposited in the active volume of the detector
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Proportional counters are typically cylindrical in shape, as shown in Fig. 15.2.

This geometry results in an electric field that has an inversely proportional 1/r

dependence, where r is the distance from the distance from the center of the

detector. The site of the original interaction is not critical in such a detector.

However, as an electron accelerates closer to the central anode wire, the field

becomes very intense, resulting in a Townsend avalanche, indicated as a shower

of electrons in Fig. 15.2. Because this occurs near the anode, the secondary

electrons created are highly localized and no additional cascades form.

Increasing the applied voltage beyond V = V3, the total ionization produced

through gas multiplication continues to increase, but with reduced proportionality.

This is the result of the creation of clouds of ions near the anode wire that have

significantly lower drift speeds than the electrons. As a result, as the voltage

increased in the region V3 < V < V4, the ions build up a space charge that shields

the anode and changes the effective electric field.

Further increasing the voltage beyond V4 results in a discharge occurring in the

gas. Instead of a single, localized avalanche for each original electron-ion

pair, secondary avalanches occur all along the anode wire. The secondary

avalanches are the result of photons emitted by de-exciting gas molecules in the

detector causing further ionization and avalanches elsewhere in the detector.

A saturation effect thus takes place in the region indicated by V3 < V < V4: the

discharge always has the same output, independent of the energy of the initial event.

+V

e−

e− e−
e−

Vsanode wire

Fig. 15.2 Radiation enters a proportional counter through a thin window and interacts with the

gas within the cylinder, creating electron-ion pairs. The electrons accelerate toward the anode wire

and produce avalanches of secondary electrons
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Geiger-Müller Counters

Detectors operating in the V4 < V < V5 region are called Geiger-Müller counters.
As shown in Fig. 15.1, there is no difference in count rate due to the energy initially

deposited in the detector. Moreover, while the measured pulse size changes because

the charge collected increases with increasing voltage, the pulse count rate does not

change significantly, as shown in Fig. 15.3.

What is happening here is that the potential difference is so large in the active

region of the detector that secondary avalanches cause a chain reaction of

avalanches and total breakdown occurs. The discharge ends only when a large

number of slow-moving secondary ions are formed near the anode wire. This

localized concentration of ions represents a space charge that reduces the magni-

tude of the electric field, diminishing the attractive force accelerating the secondary

electrons, and quenching the breakdown so that all radiation interacting with the

detector produces the same current, regardless of particle type or initial energy.

Increasing the voltage to V > V5 results in continuous breakdown in the gas,

producing a steady current, whether radiation is present or not. This discharge

region should be avoided in order to prevent damage to the detector. For this reason,

Geiger-Müller tubes are typically operated at a voltage in the middle of the Geiger

plateau.

In general, gas-filled detectors are the simplest detectors to operate, but have

relatively low radiation detection efficiency. For electrons, ions, and low-energy
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Fig. 15.3 The operating point of a Geiger-Müller tube is the middle of a region between

a threshold voltage, Vt, and a breakdown voltage, Vb. In this region, called the Geiger plateau,
the count rate changes very little as a function of the applied voltage. Beyond the breakdown

voltage, the tube discharges continuously
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X rays and gamma rays, the low density of matter in the active volume of the

detector is sufficient. However, for high-energy photons, gas-filled detectors lack

sufficiently high density to stop the radiation effectively. Practically, this is

demonstrated using a rule of thumb: the thickness of material required

to attenuate by half the intensity of a beam of 1 MeV photons is �10 g/cm2. To

halve the intensity of a 1 MeV source of gamma rays using air (density = 0.00129 g/

cm3 at standard temperature and pressure) would require a detector 78 m thick. In

comparison, only 2.7 cm thickness of sodium iodide (density = 3.667 g/cm3) is

needed to reduce the beam intensity by half.

Scintillation Detectors

The principle of operation for a scintillation detector is very different from that of

a gas-filled detector. Rather than collecting the electrons produced directly in the

ionizing event in the radiation absorber, scintillation detectors use light as the

observable that signals radiation detection.

The basic principle of operation of a scintillation detector, illustrated in

Fig. 15.4, is as follows:

1. Incident radiation ionizes an atom in the scintillator material.

2. The excited atom fluoresces, i.e., produces light, as it relaxes to its initial state.

3. The light strikes the front surface of a photomultiplier tube (PMT) called

a photocathode that yields a photoelectron through the photoelectric effect.

4. The photoelectrons are accelerated and multiplied through a series of electrodes

(called dynodes) to produce a shower of secondary electrons.

5. The secondary electrons are collected at the anode as an output signal pulse.

The scintillator medium may be a solid, liquid, or gas. Scintillator material may

be selected from organic crystals, organic liquids, plastics, glasses, inorganic

photocathode

anode

photomultiplier tube (PMT)

photoelectron

ionizing
radiation

fluorescence
(light)

electron
multiplier

scintillator

Fig. 15.4 Ionizing radiation produces flashes of light in a scintillation detector. This light is

focused to produce photoelectrons, which are multiplied to produce a measurable signal
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crystals, glasses, and gases. With the exception of the crystalline detectors, organic

scintillators are referred to using manufacturer designations. For example,

a common liquid scintillator used in fast neutron detection is known as NE-213

(Nuclear Enterprises), BC-501A (Bicron/St. Gobain), and EJ-301 (Eljen). Plastic

scintillation detectors, such as NE-102A (alternatively marketed as BC-400 or

EJ-212), are manufactured by dissolving organic scintillators in a solvent such as

styrene or polyvinyltoluene (PVT) that can be polymerized. These detectors have

a notable advantage in that they may be cut or shaped as needed and are fairly

durable, but the choice of material ultimately depends on the detection application.

The characteristics of a good scintillator are:

1. Efficient luminescence, i.e., it converts most of the energy deposited in the

material into light.

2. Transparent to its own light output to enable light transmission through the

absorbing material.

3. Has an index of refraction approximately that of glass (n = 1.5) to allow coupling

to a light sensor.

4. Emits light within a wavelength range that matches existing light sensors.

5. Emits light pulses with a short decay time constant (t).

Organic detectors are characterized by the shortest decay time constants; how-

ever, these lighter compounds lack the efficiency of detectors made using materials

of higher atomic number. Inorganic crystals can be made from materials as heavy as

bismuth (atomic number, Z = 83), and typically have better energy resolution than

organic detectors. Scintillators in common use are:

• Anthracene (C14H10), an organic crystal with a short decay constant (t = 30 ns)

used in general radiation detection

• Stilbene (C14H12), a very fast (t<5 ns) organic crystal used in neutron detection

• NE-102A, a general-purpose plastic scintillator (t = 2.4 ns)

• NE-213, an organic liquid used in neutron detection (t = 3.7 ns)

• NaI(Tl) (sodium iodide activated with a thallium dopant), an inorganic crystal in

wide use in radiation detection (t = 230 ns)

• LiI(Eu) (lithium iodide doped with europium), an inorganic crystal used in

neutron detection (t = 1,200 ns)

• Bi4Ge3O12 (bismuth germanate, or BGO), used in PET scanners and in nuclear

spectroscopy (t = 300 ns)

• BaF2 (barium fluoride), used for fast timing in nuclear spectroscopy (two

components to the pulse t = 0.6 and 630 ns, respectively)

Semiconductor Detectors

Semiconductor detectors are essentially solid-state ionization chambers. With

higher mass density, and requiring less energy per charge generated (on the order
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of 3 eV, compared with about 30 eV in gaseous detectors), however, semiconductor

detectors provide both increased detection efficiency and superior energy resolution

compared with gaseous detectors. Ionizing radiation excites electrons into

the conduction band of the semiconductor crystal. These electrons and the posi-

tively charged holes left behind in the valence band of the semiconductor migrate

under the influence of the applied electric field, which is on the order of a few

thousand volts.

The band gap in a semiconductor is on the order of about 1 eV. Such a small

energy difference results in a measurable output signal from semiconductor

detectors at room temperature. To reduce this thermal noise, some semiconductor

detectors are operated at cryogenic temperatures.

The two operational constraints on semiconductor detectors, high voltage and

cryogenic temperatures, limit widespread use of these devices. However,

semiconductor detectors typically have significantly better energy resolution than

scintillator detectors. This is illustrated in the gamma-ray spectrum measured

during the decay of 152Eu, shown in Fig. 15.5.

The upper pulse-height spectrum in Fig. 15.5 shows the response of an array of

barium fluoride (BaF2) scintillation detectors, while the lower spectrum is that

collected using an array of high-purity germanium (HPGe) semiconductor

detectors. Individual lines resolved by the HPGe detector appear as a continuum

with mound-like features in the BaF2 spectrum. This difference makes semicon-

ductor detectors the tool of choice in nuclear spectroscopy. With a higher atomic

number (Z = 32), germanium detectors are typically used for gamma-ray spectros-

copy, while silicon detectors (Z = 14) are used in X-ray spectroscopy and in charged

particle spectroscopy.
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Fig. 15.5 Gamma-ray spectra from the radioactive decay of 152Eu demonstrate the difference in

energy resolution between that of a barium fluoride (BaF2) scintillator detector array (top) and that
of a high-purity germanium semiconductor detector array (Spectra courtesy of D. Cross)
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Neutron Detectors

The absence of an electric charge complicates neutron detection. Neutrons do not

directly produce ionization in matter. However, neutrons interact with atomic

nuclei through absorption or scattering, and are thus detected through reaction

products that do produce ionization.

Absorption through neutron-induced nuclear reactions is most probable at very

low energies (eV); the probability of a reaction occurring increases with decreasing

neutron energy with a 1/v relationship, i.e., inversely proportional to the neutron

velocity. Most nuclear power reactors are designed to work at thermal energies (on

the order of 0.025 eV), where a neutron has a speed of 2,200 m/s, and the

probability is high for neutron-induced fission in uranium. The 1/v relationship

implies that nuclear reactions will be most useful for detecting slow neutrons,

categorized by a neutron energy < 0.5 eV. Neutrons with an energy above

this threshold are more effectively detected through scattering in the detector

material.

Slow Neutron Detectors

Nuclear reactions used to detect slow neutrons (neutron energy <0.5 eV) typically

produce heavy charged particles such as protons and alpha particles. These

reactions are referred to as activation reactions, because they usually leave the

product nucleus in an excited state, which subsequently decays through gamma-ray

emission. Two common reactions used in detectors are the (n,p) and (n,a) activation
reactions. In the (n,p) reaction a neutron, n, is absorbed and a proton, p, is emitted.

Similarly, in the (n,a) reaction an alpha particle, a, is emitted. These reactions

release considerable energy (approximately 1 MeV or more), so that the incident

neutron energy (< 0.5 eV) cannot be determined from the reaction. Subsequently,

detectors designed for slow neutrons are used only for indicating the presence of

neutrons, and not for neutron spectroscopy.

The primary reactions used to detect slow neutrons are:

• 10B(n,a)7Li, where the detector requires enriched boron that is>90% 10B (boron

is naturally found in ratios of 19.8% 10B and 80.2% 11B)

• 6Li(n,a)3 H, which uses 6Li enriched to over 90% (the natural abundance of

lithium is 7.59% 6Li and 92.41% 7Li)

• 3He(n,p)3 H, where the detector relies on rare 3He gas that has a natural abun-

dance of 0.00137% and is very expensive to produce

• 157Gd (n,g)158Gd, used in liquid scintillator detectors

Because the nuclear reactions require the use of specific isotopes, the availability

of enriched isotopes contributes to the cost of fabrication for these detectors. In the

case of 3He, this cost is significant, if sufficient quantities of the material can be
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acquired at all. Helium-3 is not only for neutron detection, but also for cryogenics

and is in high demand in many fields of research. Manufactured through the decay

of tritium produced in a nuclear reactor, 3He was available in greater quantities

during the Cold War, because tritium is a critical component in thermonuclear

weapons.

Fast Neutron Detectors

Neutron-induced nuclear transformations such as the 6Li(n,a) and 3He(n,p)

reactions may be used to detect fast neutrons. Unlike the case for slow neutrons,

where the incident neutron energy is negligible compared with the reaction energy,

it is possible to measure the neutron energy. However, the efficiency of these

detectors is limited because the reaction probability decreases rapidly with increas-

ing neutron energy. More commonly, scattering reactions are used to detect and

measure the energy of fast neutrons.

Kinematics limit the energy that may be transferred in the neutron-nucleus

collision. Because the mass of the neutron and the mass of the proton are nearly

the same, it is only possible to transfer all of the neutron energy in a single collision

in the (n,p) reaction. As the mass of the recoil nucleus increases, the fraction of

energy transferred decreases. For the case of a deuterium recoil nucleus (atomic

mass A = 2), a maximum of 88.9% of the energy can be transferred. In the case

of 3He, this maximum value falls to 75%. It is evident that a radiation absorber

made from light nuclei is preferred, as it is possible to transfer more energy to the

detector nuclei in fewer collisions. To provide higher efficiency, a solid-state

detector is preferable, and materials with relatively high concentrations of hydrogen

are desired.

The proton recoil scintillation detector takes advantage of kinematics and the

high availability of scintillators that contain hydrogen. The kinematic advantage of

these detectors is that the energy distribution of the recoil protons does not depend

on the collision angle, resulting in a rectangular-shaped distribution in an ideal case.

The shape of the detector output pulse may be used to separate gamma rays from

neutrons, and the energy of the incident neutrons may be determined by comparing

the response of the detector with calibration spectra obtained using a monoenergetic

neutron source.

The availability of organic scintillators in many forms, including plastic and

liquid detectors, provides a broad range of available materials for detector construc-

tion. The hydrogen in the aromatic compounds provides an efficient mechanism for

energy transfer in the absorbing medium, but the response of the detector is

complicated by the presence of other elements such as carbon and oxygen. If the

source of neutrons is pulsed, such as at an accelerator facility, then the energy may

be extracted using a time-of-flightmethod. This method relates the detection time to

the pulse structure of the beam used to create the neutrons and extracts the neutron

energy from the amount of time it takes for the neutron to travel to the detector.
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Moderating Detectors

A third type of neutron detector uses a layer of hydrogen-containing material to slow

down, or moderate, neutrons in order to use neutron-induced nuclear reactions as the
detection method. Called moderating detectors, these systems are useful if there is

a broad range of neutron energies to be detected or if the neutron energy distribution is

unknown. This type of detector has a relatively slow response time due to the

moderating process. This is unsuitable for situations where the neutron energy

distribution changes with time orwhen it is desirable to relate the neutronwith another

event, such as the detection of a gamma ray.

Examples of moderating detectors include Bonner sphere spectrometers and

spherical neutron dosimeters. Used to detect fast neutrons, the Bonner sphere

spectrometer consists of a set of different-diameter solid polyethylene moderating

spheres that slow incident neutrons and a thermal neutron detector such as a lithium

iodide scintillator. The spheres are placed over the detector in turn, and the count

rate is recorded for each sphere. The neutron energy spectrum is then interpreted

from this data using calibration data.

A spherical neutron dosimeter is essentially the same construction as a Bonner

sphere spectrometer, but only uses a single sphere. The sphere is modified to

provide a response that coincidentally resembles the neutron dose equivalent

delivered curve as a function of energy. This detector is often used for neutron

monitoring to provide neutron dose estimates.

Future Directions

Advances in radiation detection may result from the development of new radiation

absorber materials, the refinement of methods to signal radiation interactions, and

innovations in signal measurement. Some recent advances are discussed in the

following section. The impact of these new developments and future directions may

have an effect on the ability to detect small quantities of nuclear materials for safety

and security, provide better tools for medicine and medical imagining, characterize

the rarest nuclei in the cosmos, provide key data for understanding astronomical

interests such as supernovas and neutron stars, and investigate dark matter and the

nature of neutrinos.

Advancements in Detector Materials (Radiation Absorbers)

It is the interaction of radiation with matter which provides a signal to be measured.

Perhaps because of this, and because of the limitations of current radiation

detectors, it may be presumed that the primary need in radiation detection is in
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the characterization of new materials that are sensitive to radiation. Indeed, the

physical characteristics of some of these materials in use are not optimal. Some

examples are found in gamma-ray detectors: HPGe crystals require cryogenics

temperatures for operation and the hygroscopic nature of NaI(Tl) leads to perfor-

mance degradation as water is absorbed in the crystal. In other cases, the optimal

materials are simply difficult to acquire: the scarcity of 3He for cryogenics and for

neutron detectors since the reduction of tritium production is a case in point [8].

There are many open areas of research, including applications in nanotechnol-

ogy and crystal growth. Suspension of nanoparticles in liquid scintillators may lead

to improved scintillation detectors or detectors based on novel new materials.

Development of crystal growth techniques for newer CdZnTe-based detectors [9]

may reduce the defects found in these detectors and enable the growth of larger

crystals. It is important to note, however, that the common materials already in use

have been selected through years of research, and that a breakthrough in detector

materials may take decades to come to fruition.

Near-term improvements may come from refining methods to make detectors, as

in the case of the high-purity germanium crystal. Originally, germanium

semiconductors required a lithium dopant in the crystal matrix. This dopant

would degrade as the lithium migrated out of the crystal, unless the detector

was constantly kept at liquid nitrogen temperature. By refining the technique for

growing germanium crystals, the lithium dopant is no longer used in

these detectors.

Simply modifying compounds already in use can advance the field as well.

A case in point is in the use of deuterated benzene scintillators for neutron

detection. Benzene (C6H6) is commonly used in neutron scintillation detectors. In

neutron spectroscopy, neutron energy is generally extracted using the time-of-flight

method. This is because the detector response is essentially featureless, as shown in

Fig. 15.6a, 15.6b taken with NE-213 scintillators. On the other hand, Fig. 15.6c,

15.6d are from deuterated benzene scintillators measured at the same energies. The

peaks in these spectra appear due to the kinematics of scattering from deuterium.

By combining these detectors with advanced pulse-shape analysis electronics, the

energy information may be extracted in addition to the time-of-flight method,

allowing for fast neutron spectroscopy in laboratory experiments.

Advancements in Detection Methods (Observables)

The types of detectors discussed here, gas-filled ionization detectors, scintillation

detectors, semiconductor detectors, and neutron detectors, represent the majority of

radiation detectors currently in use. The primary observables have been the elec-

tronic signals or light output based on direct or indirect ionization to signal the

interaction of radiation in the detector. These represent the basic interactions which

can be measured in common detectors.
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Another possible observable is to measure temperature changes in a material to

indicate radiation detection. Such a detector is called a bolometer, and the radiation
absorber in this kind of detector is a material that has electric resistance that is

highly dependent upon the material temperature. These detectors are at the fore-

front of dark matter and neutrinoless double-beta decay experiments [10] and are

typically small metal, semiconductor, or even superconductor devices. The size is

limited in order to maximize the temperature rise and the measured change in

resistance. A drawback to this kind of detector is the need to maintain a consistent

temperature.

One simple advancement in this area is to combine multiple types of detectors to

filter the signal that is recorded for later use. An example of this is found in the

Compton-suppressed germanium detector [11]. A germanium semiconductor detec-

tor is surrounded by high-efficiency scintillation detectors that act as an

anticoincidence shield. If a gamma ray is detected only in the HPGe detector, but

not in the surrounding detectors, it is presumed to have deposited the full energy in

the germanium crystal. However, when signals are detected in coincidence with the

surrounding scintillators, this indicates that the gamma ray has scattered out of the

HPGe detector, and a full-energy pulse will not be detected. By suppressing these

Compton scattering events using nanosecond coincidence timing circuits, the

Pulse-height spectrum of 3.0 MeV
neutrons in NE-213 scintillator.

Pulse-height spectrum of 4.3 MeV 
neutrons in NE-213 scintillator.

Pulse-height spectrum of 3.0 MeV
neutrons in deuterated benzene. 

Pulse-height spectrum of 4.3 MeV
neutrons in deuterated benzene. 
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Fig. 15.6 Pulse-height spectra of monoenergetic neutrons collected using NE-213 scintillators

and deuterated benzene scintillators. Neutron energy may be extracted from the deuterated

benzene detectors using pulse-shape discrimination electronics (Spectra courtesy of P. E. Garrett)
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background spectrum of the detector can be greatly reduced, as shown in Fig. 15.7.

This enables the detection of much lower intensity peaks than would normally be

visible with an unsuppressed detector.

Advancements in Signal Measurement

The basic method for radiation spectroscopy is to measure signal outputs and record

the data to build up statistics for interpretation. Typically, each signal is passed

through electronic circuits comprised of amplifiers, discriminators, and analog-to-

digital convertors in order to electronically record each event as it is detected.

(b) Suppressed

(a) Unsuppressed

Compton edge from
1173 keV gamma

Compton edge from
1332 keV gamma

room scatter

1332 keV

1173 keV

Energy
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Fig. 15.7 The spectrum of a 60Co source with characteristic gamma-ray lines at 1,173 and

1,332 keV collected using (a) a high-purity Ge semiconductor (HPGe) detector, and (b) the

same HPGe detector operated in anticoincidence with a Compton-suppression shield of

scintillators
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Computer analysis is later used to scan the recorded data, sort out events that fit

requisite criteria, and fit the data for interpretation.

In some cases, such as in neutron detection, pulse-shape discrimination is used to

distinguish between the types of radiation detected. This is typically done off-line

during the computer analysis in order to separate the neutrons from gamma rays.

An advancement to this technique is to use a computer in the data acquisition

system in order to fit and digitize pulses during the data collection, and record only

the signals of interest.

Very advanced gamma-ray spectrometers GRETA (Gamma-Ray Energy Track-

ing Array) [12] and AGATA (Advanced GAmma Tracking Array) [13] are being

constructed in the United States and in Europe, respectively, to follow gamma-ray

interactions as they scatter in germanium detectors. These gamma-ray tracking
spectrometers use segmented germanium crystals connected by electronic contacts

to determine where gamma rays interact in the detector. Off-line computer analysis

is used to reconstruct the history of interaction. The full energy of the gamma ray is

determined by summing up the energy of the individual interactions, and the first

point of interaction in the detector may be determined for use in analysis based on

angular distributions.

The GRETA and AGATA spectrometers are the most advanced research-class

systems in gamma-ray spectroscopy and come with multimillion dollar (euro) price

tags. Such systems are in development to support large groups of scientists at

national laboratories, and as such are of specialized interest, rather than directly

applicable to the general field of radiation detection. However, the future in this

area will be closely tied to computational power and to the development of

specialized electronics and programs for signal processing and data analysis.

Adoption of better in-line and off-line computational power may overcome some

of the inherent barriers in radiation detection and open opportunities for the

development of new materials and new observables for detectors.
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Chapter 16

Dosimetry

John W. Poston, Sr.

Glossary

Absorbed dose The amount of energy deposited by ionizing radiation per unit

mass of the material. Usually expressed in the special radiologic

unit rad or in the SI unit the gray (Gy). One Gy equals 1 J/kg or

100 rad.

Dosimeter Any device worn or carried by an individual to establish total

exposure, absorbed dose, or equivalent (or the rates) in the area or

to the individual worker while occupying the area.

Equivalent

dose

(Formally the dose equivalent) The product of the absorbed dose

and the radiation-weighting factor (formerly the quality factor)

for the type of radiation for which the absorbed dose is measured

or calculated. The equivalent dose is used to express the effects of

radiation-absorbed dose from many types of ionizing radiation on

a common scale. The special radiologic unit is the rem or in the SI

unit the sievert (Sv). One sievert is equal to 1 J/kg or 100 rem.

Exposure A quantity defined as the charge produced in air by photons

interacting in a volume of air of known mass. An old quantity

that is generally no longer used. Also, a general term used to

indicate any situation in which an individual is being irradiated.

Ionization The process of removing one or more electrons from an atom or

a molecule. The positively charged atom and the negatively

charged electron are called an ion pair.
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Isotope One of two or more atoms with the same number of protons but

a different number of neutrons in their nuclei. A radioisotope is

an isotope of a chemical element that is unstable and transforms

by emission of nuclear particles and electromagnetic radiation to

reach a more stable state. This term is often misused because

unless the materials are the same element this term should not be

used (see radionuclide below).

Nuclide A general term to indicate an atomic nucleus characterized by its

atomic number (number of protons), number of neutrons, atomic

mass, and energy state.

Radiation Used in this section to mean ionizing radiation. That is, particles

or electromagnetic radiation emitted from the nucleus with suffi-

cient energy to cause ionization of atoms and molecules compos-

ing the material with which the radiation is interacting.

Radionuclide A nuclide that is radioactive and, upon decaying, emits ionizing

radiation.

Definition

Dosimetry is best defined as “the theory and application of principles and

techniques associated with the measurement of ionizing radiation” [1].

Introduction

The term “dosimetry” can be best explained by assuming it was derived from

combining two words: “dose” and “measurement.” The word dose is shorthand

for several quantities associated with the profession of health physics (i.e., radiation

protection and safety). The terms include the “absorbed dose,” which is a measure

of the energy deposited per unit mass of material, and the “equivalent dose,” which

includes consideration of the biological effects of different radiations, when the

same absorbed dose is delivered to matter. The term “equivalent dose” is now used

instead of the older term dose equivalent to signify changes in the ICRP

recommended radiation and tissue weighting factors. There are many other “dose

terms” used in health physics but these will not be included here because the

fundamental quantity associated with dosimetry is the absorbed dose. Of course,

the term measurement implies the use of some sort of detector that is sensitive to the

ionizing radiation being measured. These “detectors” can take many forms from

photographic film, first used more than 100 years ago, to sophisticated solid-state

detectors being introduced today.
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Scientists have been detecting radiation for more than a century using a wide

variety of detectors. Initially, the detectors were either photographic film or simple

ionization chambers filled with air. Crude scintillation systems led to the invention

of detectors such as the Geiger–Mueller counter and more sophisticated propor-

tional counters and detectors designed for specific applications and/or to detect

a specific radiation. A discussion of these detectors would fill a textbook [2–5] and

see also entry C. Radiation Detection Devices (in this encyclopedia). For this

reason, this discussion of dosimetry will focus on two of the more modern

dosimeters used to monitor the absorbed dose to occupationally exposed workers

in nuclear facilities across the United States.

As indicated above, Dosimetry is best defined as “the theory and application of

principles and techniques associated with measurement of ionizing radiation” [1].

In reality, two basic areas encompass the term “dosimetry.” These are called

external dosimetry and internal dosimetry. Again, these terms are shorthand

descriptions of the more complex exposure conditions being considered. External

dosimetry simply means the measurement of radiation that exists outside the human

body. Basically, this type of dosimetry uses radiation detection devices and instru-

mentation to establish the characteristics of the radiation field. These measurements

provide information in many forms, for example, the energy or energy spectrum of

the radiation, the radiation intensity, the types of radiation present, and other useful

information. In many cases, the radiation detectors used for these measurements are

called “dosimeters”; an indication that the sole purpose is to measure the radiation-

absorbed dose and which leads to an estimate of the equivalent dose. It is important

to remember that, because the radiation source and the dosimeters are both outside

the body, the measurement does not provide a direct measurement of the absorbed

dose to the organs of the body. Methods used to provide estimates of the absorbed

doses to organs and tissues of the body will be discussed later.

When a radionuclide or radionuclides are taken into the body, through inhala-

tion, ingestion, injection, or assimilation through the intact skin, there is

a completely different set of challenges facing the dosimetrist. Internal dosimetry

is defined as “a process of measurement and calculation that results in an estimate

of the absorbed dose to organs and tissues of the body from an intake of radioactive

material” [1]. Internal dosimetry is primarily confined to the use of mathematical

models and calculational techniques based on an internationally agreed upon set of

standard assumptions. The dose estimate relies on mathematical models that

describe the uptake, distribution, and retention of the radioactive material in the

body. However, the calculations may be based on a set of measurements, such as

the concentration of airborne radioactivity in a work area, the activity of radioactive

material deposited in the body or specific organs in the body, or measurement of

the concentration of radioactivity in excreta, such as urine or feces. Even with these

measurements as initial input, internal dosimetry must rely on models of a reference

human and calculational techniques. These aspects will not be discussed here.

This section will focus on a discussion of external dosimetry methods, which are

primarily used to monitor radiation exposures of occupationally exposed workers

conducting licensed activities in the US. Radiation dosimeters that are no longer widely

used, such as film badges and pocket ionization chambers will not be discussed.
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Thermoluminescence Dosimetry

In 1950, Daniels suggested that the thermoluminescence (TL) phenomenon could

be used as a radiation dosimeter [3]. This suggestion came late in the development

of radiation dosimeters even though it was known that Henri Becquerel, as well as

his father, had mentioned this phenomenon in his scientific papers. In addition, the

relation between X-ray exposure and thermoluminescence was observed as early as

1904. Nevertheless, after many struggles and failures in the research of Cameron

and his colleagues, thermoluminescence and thermoluminescence dosimetry (TLD)

became a reality and flourished in the late 1960s and 1970s [3]. For a very long

time, TLD has been the most popular method of personnel monitoring.

In these dosimeters, the absorbed dose is determined by observing the emitted

light from an inorganic crystal after exposure to radiation. The light is released

from the crystal as it is heated under controlled conditions. The heat energy

originally was provided by electrical heating but subsequent developments in

TLD led to the use of high-intensity light as an alternate method. Regardless of the

method of heating, the amount of light emitted is directly proportional to the

radiation energy deposited in the TL material. This light is normally measured

with a photomultiplier tube sensitive to the wavelength of the emitted light. It

must be remembered that the TLDs are not “absolute dosimeters” and, therefore,

require proper calibration in the radiation fields to which the dosimeters will be

exposed.

Detailed explanations of the TL phenomenon have been offered by a number of

scientists but a simple bandgap model can be used to explain the basic mecha-

nism. The usual procedure is to refer to the energy-level diagram in an insulating

crystal. In a pure crystal, radiation impinging on the crystal would free electrons

and these electrons would pass from the valence band to the conduction band.

These electrons would not remain in the conduction band for a long period and

would return to the valence band releasing the energy acquired in the form of

light. In a pure crystal, this light would be absorbed and would not escape the

crystal. In TLDs, dopants (impurities) are added to the crystal and these impurities

reside in the forbidden or bandgap between the valence and conduction bands.

When these crystals are exposed to radiation, the loss of electrons from the

valence band creates positively charged atoms (“holes”). The electrons and

holes may migrate through the crystal until they recombine or are “trapped” by

the impurity atoms (dopants) residing in the bandgap. Thus, the energy absorbed

by the crystal is stored until it is released, in the form of light, through heating the

crystal (thus, thermoluminescence). This light, which is now characteristic of the

impurity sites, can escape the crystal and can be measured with an external

detector (i.e., a photomultiplier tube).

It is important to realize that these trapping sites may exist at many different

levels in the bandgap and it is not correct to assume that all electrons (or holes) are

trapped at exactly the same energy level. Thus, the light intensity may vary as

a function of temperature and the plot of the light intensity as a function of
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temperature (called a “glow curve”) may exhibit a number of peaks and valleys

depending on the number of trapping levels in the crystal. Either the total light

emitted or the height of a particular peak may be used to determine the absorbed

dose (upon proper calibration). It is also important that the heating cycle be very

reproducible to avoid causing fluctuations in the peak heights.

There are a large number of inorganic materials that have been studied for use as

TLDs. Table 16.1 presents a summary of the characteristics of some of the most

popular materials (but there are many other possible TLD materials). In dosimetry,

it is common to use materials that are “tissue equivalent” in terms of the interactions

of photons or other radiations with the dosimeters. Thus, the closer the effective

atomic number of the material is to that of tissue (�7.6), the more tissue equivalent

is the material. For historical reasons, LiF is the standard to which all other TLD

materials are compared. The standard LiF is the natural form of lithium with the

normal concentrations of the isotopes of Li-6 (7.4%) and Li-7 (92.6%). Also in this

table are listed the temperatures of the “main peak.” This designation is the peak in

the TLD glow curve that is used to determine the absorbed dose. One big disadvan-

tage of TLDs is that the dosimeter can only be read (evaluated) once. Heating the

crystal essentially releases all the electrons or holes that are trapped and an

opportunity to confirm the reading is not possible.

Table 16.2 compares other characteristics of the TLD materials. These include

the “light output” of the material when exposed to 60Co radiation compared to the

Table 16.1 Summary of characteristics of thermoluminescence dosimetry (TLD) materials

TLD material Effective atomic number (Zeff) Temperature of main peak

CaSO4:Mn 15.3 110�C
CaSO4:Dy 15.5 220�C
CaF2:Mn 16.3 260�C
CaF2:Dy 16.3 180�C
LiF:Mg,Tia 8.2 195�C
Li2B4O7:Mn 7.4 200�C
Al2O3:C 10.2 185�C
aLiF:Mg,Ti is the standard material to which all other TLD materials are compared

Table 16.2 Summary of dosimetric characteristics of TLD materials

TLD material Efficiency to Co-60 Energy response Useful dose range Fading

CaSO4:Mn 70 �10 0.2 mGy–102 Gy 50% in 24 h

CaSO4:Dy 20 �12.5 0.2 mGy–103 Gy 2% in 1 month

8% in 6 months

CaF2:Mn 10 �13 10 mGy–3 � 103 Gy 10% in 16 h

15% in 2 weeks

CaF2:Dy 30 �12.5 0.1 mGy–104 Gy 10% in 24 h

16% in 2 weeks

LiF:Mg,Ti 1.0 1.25 10 mGy–3 � 103 Gy 5% in 1 year

Li2B4O7:Mn 0.15 0.9 0.5 mGy–104 + Gy <5% in 3 months

Al2O3:C 70 2.9 0.5 mGy–10 Gy <3% in 1 year
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light output for the standard, that is, LiF. The data for Li2B4O7:Mn are somewhat

misleading because the measurements quoted in this table were made with the

standard photomultiplier tube used for all other TLD materials. However, because

the wavelength of light from the Li2B4O7:Mn is different, the output can be

improved significantly by replacing the normal photomultiplier with one with

a photocathode sensitive to the correct wavelength of light. The energy response

is the ratio of the light output at energy of 30 keV to that from irradiation with 60Co.

Except for Li2B4O7:Mn, most materials overrespond to low-energy photon

radiation.

As can be seen in Table 16.2, the usual TLD materials are very sensitive to

radiation with lower limits of detection in the range of tenths of microgray. Upper

limits range from only 10 Gy to more than 104 Gy. The term “fading” is an

indication of the ability of the TLD material to retain the stored energy and thus

the stored information necessary to assign the absorbed dose from the wearing of

the dosimeter. As is shown, LiF:Mg,Ti, Li2B4O7:Mn, and Al2O3:C have good

energy storage capability, which has led to a focus on these three materials.

Estimates of Absorbed Doses to Organs of the Body

In the United States, federal regulations require the reporting of three quantities for

all occupationally exposed workers who are anticipated to receive doses in excess

of 10% of the federal limits. These quantities are the “deep-dose equivalent,” the

“eye-dose equivalent,” and the “shallow-dose equivalent.” The deep-dose equiva-

lent is defined as the dose at 1-cm depth in the body, which produces an overestimate

of the absorbed doses because most organs and tissues of the body are located deeper

than 1 cm (or 1,000 mg/cm2). The eye-dose equivalent considers the dose to the lens

of the eye, which is assumed to be at a depth of 300 mg/cm2. Finally, the shallow-

dose equivalent (or more properly the skin-dose equivalent) is assumed to be at

a depth of 7 mg/cm2.

Now the question arises, “How does one measure these absorbed doses, and the

subsequent equivalent doses, with radiation dosimeters located outside the body of

the worker?” The approach taken has been used for many years and is not new. It

has been applied since the Manhattan Project era and is an accepted method to

provide these dose estimates. The technique involves using multiple detector

elements, that is, typically four TLDs, and covering these TLDs with different

thicknesses of materials (called filters) to represent these depths. So, the TLD

designated to measure the deep-dose equivalent is covered with a material having

a density thickness of 1,000 mg/cm2. The eye-dose equivalent is determined by

covering the TLD with material with a density thickness of 300 mg/cm2. Usually,

there are two different materials of this density thickness in the dosimeter. Finally,

there is a thin filter included to allow extrapolation to the depth of 7 mg/cm2. It is

very difficult to provide a direct measurement at such an extremely shallow depth.
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Thermoluminescence Dosimetry for Neutron Radiations

TLDs have their primary application in dosimetry for X-ray and gamma-ray fields.

In addition, the TLDs have limited sensitivity to beta radiation. Because certain

materials in the TLDs interact with neutrons, TLDs can be used to measure both

thermal and fast neutron dose – with proper calibrations. Table 16.3 lists the

pertinent information regarding three types of LiF TLDs as these are applied to

neutron dosimetry. As can be seen in this table, the natural LiF TLD has the normal

concentrations on Li-6 and Li-7. This material is designated as TLD-100. The other

two materials are designated TLD-600 and TLD-700. TLD-600 contains a high

concentration of the isotope Li-6 with less that 5% Li-7. TLD-700 contains essen-

tially all the isotope Li-7 with a very small amount of Li-6. Notice also the

differences in the thermal neutron cross sections (probability to absorb neutrons)

for these two isotopes. These differences play a role in the dosimetry of both

thermal and fast neutrons.

Thermal neutron dosimetry is based on the “difference technique” used to

separate the photon and thermal neutron dose from each other. This technique is

similar in some ways to the standard method using bare and cadmium-covered gold

foils to measure the thermal neutron fluence in a nuclear reactor core. Basically, the

LiF TLD-600 is sensitive to photon radiation as well as to thermal neutron radia-

tion. The LiF TLD-700 has the same photon sensitivity but essentially no sensitivity

to thermal neutrons. Thus, when used in a mixed photon and thermal neutron field

the TLD-600 will provide the absorbed dose for both the photons and the thermal

neutrons. The TLD-700 will provide only the absorbed dose from the photon

radiation and the difference between the doses indicated by the two dosimeters is

the thermal neutron dose.

Fast neutron dosimetry uses a similar technique but to obtain the fast neutron dose

the “albedo technique” is used. The albedo technique relies upon the dosimeter being

held closely to the body and the fast neutron dose is measured as the fast neutrons enter

the body, are moderated there by tissue, are subsequently reflected from the body and

hit the dosimeter. There are many designs of albedo fast neutron dosimeters but the

concept is the same as that outlined above. The fast neutron dose is obtained by using

the difference technique as before.

Note that using TLDs tomeasure either thermal neutron or fast neutron dose require

very careful calibration of the dosimeters in radiation fields approximating those in

which the exposures are anticipated. In addition, in very high photon radiation fields

with a low percentage of thermal or fast neutrons, these dosimeters may provide data

that is highly suspect. This is often the consequence of subtracting two very large

Table 16.3 Characteristics of lithium fluoride TLDs for neutron dosimetry

TLD type Li-6 percentage Li-7 percentage Thermal neutron cross section

Natural (TLD-100) 7.4% 92.6% N/A

TLD-600 95.62% 4.38% 950 barns

TLD-700 0.007% 99.993% 0.033 barns
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numbers (large photon dose) to obtain an estimate of the very low thermal or fast

neutron dose. Other methods of neutron dosimetry, for example, track-etch detectors,

may be preferred in these situations.

Optically Stimulated Luminescence

Currently, the dosimetry method of choice for dosimetry appears to be optically

stimulated luminescence (OSL). Even though film and TLD are still used to some

extent, many facilities are switching over to this newer technology. OSL may be

used, not only for personnel monitoring, but also for environmental monitoring and

medical dosimetry. Basically, OSL is very similar to TLD in terms of the basic

physics associated with the energy deposition, storage, and release. The major

difference is that, instead of using heat, laser light is used to release (“detrap”)

the electrons. The laser is pulsed at a rate of 4,000 times per second and is directed

to only a small area on the material. This provides an opportunity for multiple

readings on the same dosimeter, if necessary, as the laser can be focused on another

region of the crystal. In a similar fashion to the development of TLDs in the latter

part of the twentieth century, many materials have been studied for possible use as

OSL dosimeters. These materials include halides, sulfates, sulfides, and oxides [6].

However, the material of choice is an Al2O3:C crystalline detector. Single

crystals of Al2O3:C are ground into a powder and mixed with a polyester base.

This mixture is deposited on a polyester film about 0.03 cm thick, which can be

fabricated in a thin strip for incorporation into a dosimeter. This material has a good

response to photon radiation as well as a response to beta radiation. Copper (0.18 g/

cm2) and tin (0.39 g/cm2) filters, as well as an open area, are used in the dosimeter

(as described above) to provide the dosimetry quantities of interest. Commercially

available dosimeters have a dose measurement range for photons of 1 mrem to

1,000 rem (10 mSv to 10 Sv) over an energy range from 5 keV to more than 40MeV.

For beta radiation, the dose measurement range is from 10 mrem to 1,000 rem (100

mSv to 10 Sv) over an energy range of 150 keV to 10 MeV (average energy). The

commercially available OSL dosimeters may be used for up to 1 year. If the

packaging is not compromised, the dosimeter is unaffected by heat, moisture, and

pressure [7].

Electronic Dosimeters

Currently, in many situations, such as in a nuclear power plant, it is common to wear

two types of dosimeters. One of these dosimeters is usually aTLDor anOSL-type. This

dosimeter is usually designated as the “dosimeter of record.” That is, these dosimeters
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are worn for long periods of time (i.e., 1 month, 3 months, or perhaps 1 year) and

provide a measure of the total dose received by the exposed worker over the wearing

period. It is these doses that are reported annually to the US Nuclear Regulatory

Commission, as required by the federal regulations. The second dosimeter is

a modern, electronic dosimeter that may contain as many as three small detector

elements (usually solid-state detectors such as silicon diodes). Electronic dosimeters

are used to monitor the work and may be worn for short periods of time. The primary

function of these dosimeters is work and dose control. The dosimeters feature

adjustable alarm points that may be set by a computer, before use, based on the

anticipated total dose received ormaximumdose rate encountered.Workers are trained

to recognize the alarms and understand the proper response to these alarms.

There are many different electronic dosimeters but most have similar

characteristics. A typical dosimeter would use small silicon diode detectors,

which would be sensitive to both photons (50 keV to 6 MeV) and beta radiation

(>60 keV up to more than 2 MeV). Doses from 0.1 mrem (1 mSv) to 10 Sv can be

measured with dose rates ranging from 0.01 mrem/h (0.1 mSv/h) to 1,000 rem/h (10

Sv/h). Most dosimeters feature both audible and visible alarms. Typically, these

dosimeters are lightweight, from 50 g up to perhaps 200 g. A unique feature of some

of these dosimeters, and a good radiation protection practice, is the use of perma-

nent stations throughout the plant that interrogate the dosimeters as the worker

passes by the station and transmits this information to a central station. Other types

of dosimeters contain small transmitters that transmit the accumulated dose (or dose

rates) to central locations, which are monitored by the radiation safety staff. As

technology moves forward, it is difficult to predict what the future holds in terms of

the next generation of dosimeters.

Summary

The measurement of radiation energy deposited in material, that is, the measure-

ment of the absorbed dose, is the primary goal of the practice of dosimetry. Over the

last 100 years or more, dosimetry has taken many forms as science and technology

have made significant progress. Many of the techniques have been relegated to the

history books as other more advanced techniques have been introduced. This short

discussion of dosimetry was intended to present the basic concepts and to provide

two examples of modern dosimeters used to monitor personnel that are occupation-

ally exposed to ionizing radiation, as well as to introduce the use of electronic

dosimeters, which are used widely in nuclear utilities.

16 Dosimetry 453



Future Directions

Approaches to dosimetry have changed rapidly with developments in electronics

and computers. The last decade or so has seen the design and manufacture of

dosimeters that are small but incorporate computer capabilities. These dosimeters

allow the setting of dose and dose rate alarms, remote interrogation of the

dosimeters to monitor worker exposure, and many other features. It appears these

trends will continue as the demand for “smarter” dosimeters, with many more

capabilities, for use in nuclear facilities as well as in emergency response continues

to increase.
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Chapter 17

Health Physics

John W. Poston, Sr.

Glossary

Absorbed dose The amount of energy deposited by ionizing radiation per unit

mass of the material. Usually expressed in the special radiologic

unit the rad or in the SI unit the gray (Gy). One Gy equals 1 J/kg

or 100 rad.

Dosimeter Any device worn or carried by an individual into a radiation area to

establish total exposure, absorbed dose, or equivalent dose (or the

rates) in the area or to the individual worker while occupying the

area.

Dosimetry The theory and application of principles and techniques

associated with the measurement of ionizing radiation.

Epilation Loss of hair due to damage to the follicles in the skin. Temporary

epilation occurs for acute exposures in the range of 300 to 500 rad

with permanent epilation occurring above about 700 rad.

Equivalent

dose

(Formally the dose equivalent) The product of the absorbed dose

and the radiation-weighting factor (formerly the quality factor)

for the type of radiation for which the absorbed dose is measured

or calculated. The equivalent dose is used to express the effects of

radiation-absorbed dose from many types of ionizing radiation on

a common scale. The special radiologic unit is the rem or in the SI

unit the sievert (Sv). One Sv is equal to 1 J/kg or 100 rem.
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Erythema Reddening of the skin due to exposure to radiation, similar to

sunburn or thermal burns depending on the severity of exposure;

occurs for acute exposures in the range 600–800 rad.

Exposure A quantity defined as the charge produced in air by photons

interacting in a volume of air of known mass. An old quantity

that is generally no longer used. Also, a general term used to

indicate any situation in which an individual is being irradiated.

Ionization The process of removing one or more electrons from an atom or

a molecule. The positively charged atom and the negatively

charged electron are called an ion pair.
Isotope One of two or more atoms with the same number of protons

(same atomic number Z) but a different number of neutrons (N)

in their nuclei. A radioisotope is an isotope of a chemical element

that is unstable and transforms by emission of nuclear particles

and electromagnetic radiation to reach a more stable state. This

term is often misused because unless the materials are the same

element this term should not be used (see radionuclide below).

Nuclide A general term that indicates an atomic nucleus that is

characterized by its atomic number (number of protons), number

of neutrons, atomic mass, and energy state.

Radiation Used in this section to mean ionizing radiation. That is, particles

or electromagnetic radiation emitted from the nucleus with suffi-

cient energy to cause ionization of atoms and molecules, either

directly or indirectly, composing the material with which the

radiation is interacting.

Radionuclide A nuclide that is radioactive and upon decaying, emits ionizing

radiation.

Definition

Health Physics: The theory and practice of radiation protection [1].

Introduction

The term health physics probably has a large number of definitions because it

means many things to many practitioners of nuclear technology. As indicated

above, health physics basically means radiation protection or radiation safety.

The term itself has its origins in the Manhattan Engineering District (MED) days

during World War II. Dr. Arthur Holly Compton and his deputy, Dr. Robert S.

Stone, recognized the need for a group of individuals whose sole responsibilities

456 J.W. Poston, Sr.



were to protect the workers from the potential harmful effects of radiation while

allowing the MED work to move forward as rapidly as possible. However, such

individuals did not exist at the time and the decision was made to select individuals

from the medical physics profession, who understood radiation exposures and

biological effects of radiation, and those with expertise in measuring low levels

of radiation exposure. The former group of individuals was recruited from the ranks

of those in hospitals and cancer therapy clinics across the country while the latter

group was recruited from cosmic-ray physicists (Compton himself was a cosmic-

ray physicist). There was a need to select a name for these individuals and a number

were considered. It was important that the name selected did not reveal the work of

those involved in the MED activities. Since Dr. Stone was in charge of the Health

Division at the Chicago Lab and the members of the group were physicists, the

name health physics seemed to come naturally. There was also a clear intent to hide

from those without the need to know exactly what was going on at the Lab. Thus,

the term health physics was selected with the full intent that it be somewhat

nebulous.

Dr. K. Z. Morgan, a cosmic-ray physicist and one of the original eight health

physicists, defined health physics as the study and practice of radiation protection

[2]. In a lighter moment, he also defined health physics as “what health physicist

do.” Health physicists are professionals dedicated to the protection of the human

race and the environment from the harmful effects of radiation, while recognizing

that there are enormous benefits to be derived from the use of nuclear technology [3,

4]. A health physicist is constantly balancing the risk of radiation exposure with the

benefit from the use of the nuclear technology. In simple terms, health physicists

strive to keep the radiation risk as small as possible and the benefit as large as

possible. If one visualizes an old-fashioned balance or scale, the risk would be very

small and the benefit would be large. It is not their intent to balance the scale but to

have “benefit pan” outweigh the “risk pan” so that the scale is tilted significantly.

Current approaches to health physics (i.e., radiation protection) are based on three

principles, summarized in three words: justification, optimization, and limitation.

First, there should not be any unnecessary radiation exposures: the benefit must

exceed the risk from the exposure. Second, all exposures to radiation should be kept

As Low As is Reasonably Achievable (this is called the ALARA principle but, in

other countries, this is called “optimization”). Finally, no radiation exposures should

exceed the recommended regulatory limits on radiation exposures.

Those facilities licensed by either the US Nuclear Regulatory Commission

(USNRC) or by agreement states generally apply an exposure limit of 5 rem/year

(0.05 Sv/year) for occupationally exposed workers. But health physicists use the

three principles to drive exposures as far below the regulatory limits as is possible.

The ALARA principle has not only kept exposures below the regulatory limits, but

also has resulted in a significant reduction in the collective doses and average

worker doses at nuclear utilities in the United States. The average doses to workers

at both pressurized water reactors (PWRs) and boiling water reactors (BWRs) in the

United States have been reduced to levels of only a few hundred mrem per worker

per year. In 2007, the average dose equivalent to a worker in the US nuclear power

plant was 130 mrem [5].
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Early History and Development

Even though the terms health physics and health physicist were not used until the

early 1940s, the need to protect individuals from harmful radiation exposure dates

back to just after the discovery of X-rays by Wilhelm Roentgen in 1885 and natural

radioactivity by Henri Becquerel in 1896. With such amazing discoveries, many

scientists began to investigate these phenomena for themselves and many were

perhaps unnecessarily exposed to radiation. Many researchers took things into their

own hands and established exposure guidelines and restrictions for use in their

laboratories. However, often these exposure guidelines were based on observable

effects such as the production of erythema and even evidence of epilation. Even

with these informal and unified guidelines, there were still individuals who experi-

enced harm from excessive radiation exposures.

In 1899, the British Roentgen Society formed a committee to collect data on the

effects of X-rays. These efforts were hampered by the general belief that X-rays

were harmless [6]. Later, the British X-ray and Radium Protection Committee

adopted recommendations in 1921. It is important to notice the name of this

committee because it indicates the limited nature of the early use of radioactivity

and radiation-producing machines. In the United States, the American Roentgen

Ray Society established a standing committee on radiation protection in 1920 and

recommendations of this committee were adopted at the annual meeting of the

Society in 1922 [2].

It was not until 1925, at the First International Congress on Radiology, that there

was an international effort to begin to control radiation exposure. This effort

resulted in the formation of the International Committee on X-ray and Radium

Protection in 1928 at Second International Congress held in Stockholm [7]. These

efforts resulted in two current organizations, the International Commission on

Radiological Protection (ICRP) and the International Commission on Radiation

Units and Measurements (ICRU). These international activities were paralleled by

similar efforts in the United States. In 1929, the Advisory Committee on X-ray and

Radium Protection was formed as an outgrowth of discussions between the Ameri-

can Roentgen Ray Society, the Radiological Society, and the Radium Society. This

committee ultimately became the National Council on Radiation Protection and

Measurements (NCRP) and was chartered by Congress in 1964 to provide advice

and counsel on these matters to the federal government [7]. General overviews of

the profession as well as discussion of the early development of the profession can

be found in the bibliography provided at the end of this section [8–10].

The International Commission on Radiological Protection (ICRP) is responsible

for making general recommendations on approaches to radiation protection. These

recommendations are intended to provide the basic framework for radiation protec-

tion for those nations with nuclear technology programs, but it is the responsibility

of each country to adapt these recommendations to the current state of their nuclear

technology program. In the United States, the National Council on Radiation

Protection and Measurements (NCRP) reviews the recommendations of the ICRP
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and provides a set of recommendations that are intended for use in the United

States. The Environmental Protection Agency is responsible for establishing the

general recommendations for all federal agencies and this guidance is signed into

law by the President of the United States. Then, each federal agency is required to

promulgate a set of regulations to govern their activities. For example, the USNRC

regulations are found in Title 10 Code of Federal Regulations part 20 (10CFR20)

and the Department of Energy regulations are in 10CFR835.

But, in the United States, things are not so simple. In the federal government, at

least one agency has not revised their recommendations in response to the 1987

EPA guidance and is still functioning under the 1959 version of the Code of Federal

Regulations. Most agencies are using the 1977 recommendations of the ICRP in

compliance with the EPA guidance. The 35 agreement states in United States have

promulgated regulations that are in compliance with the EPA guidance. However,

the Department of Energy has instructed their contractors to implement the newer

recommendations published by the ICRP in 1990. Even though these

recommendations are similar, some significant differences must be recognized

and understood. But, the situation in the United States is not currently very simple.

The Health Physics Profession

Health physicists are found in essentially all activities involving the use of ionizing

radiation, including research, education, medical uses, industrial applications, con-

sulting services, and state and federal regulatory agencies [3, 4]. Although most

health physicists are involved in only one of these areas, it is common for the

professional health physicist to become active in many of the above areas. There is

always a need to train employees and educate the general public concerning the

hazards of radiation and the appropriate methods of protection. A health physicist

must ensure that the state and federal regulations regarding radiation exposure are

followed and that legal limits are not exceeded. In addition, it is the health

physicist’s responsibility always to seek better ways of accomplishing tasks so

that exposures to ionizing radiation are kept as low as reasonably achievable,

releases to the environment are controlled and appropriate, and all uses of radiation

or radioactivity result in a positive benefit.

Health physics is a course of study in a number of universities across the country;

both at the baccalaureate and graduate levels. Many universities grant advanced

degrees in health physics and related fields (physics, radiobiology, radiochemistry,

etc.). The courses of study are found in colleges of engineering, schools of public

health, physics departments, biology departments, and chemistry departments.

There seems to be no official “home” for these programs. However, this situation

provides a certain interdisciplinary flavor to the profession, because each academic

program is different and students can find an institution that best satisfies their

interests and needs.
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Health physics is an exciting, interesting, and challenging profession. Controlling

radiation exposures to the lowest possible levels, while allowing the use of nuclear

technology for the benefit of society, requires a broad background in a number of

technical areas. This broad general understanding includes physics, chemistry,

biology, anatomy, physiology, ecology, electronics, and a number of other

disciplines. Opportunities for employment exist within a number of allied profes-

sional activities, such as medicine, cancer therapy, research, education, and regu-

latory affairs. Health physics and its related fields present the individual with daily

challenges that require the application of sound professional judgment so that other

work can proceed safely.

Opportunities within the profession have increased dramatically over the past

few years. Projections indicate that the demand for health physicists will exceed to

supply for the foreseeable future. Many of the early leaders of the profession have

retired and a large number of those active in the profession have more than 30 years

of experience. The demands for qualified health physicists will likely stay high for

a very long time as the use of nuclear technology continues to increase.

Radiation Exposure to the US Population

Health physicists have the responsibility to protect the general population from

unnecessary radiation exposure, just as they do with occupationally exposed

workers. A question that often arises is, “what if the average radiation exposure

to members of the public?” The NCRP has answered this question in a series of

reports over a number of years. In 1987, the NCRP estimated that the average dose

equivalent to a member of the US population was 360 mrem/year [11]. A large

majority of this exposure was due to naturally occurring radiation sources such as

cosmic rays, solar radiation, internally deposited radionuclides, and, especially,

radon gas (200 mrem/year). In the most recent NCRP report [12], the average

equivalent dose was estimated to be 620 mrem/year (6.2 mSv/year). The significant

increase in this average was due to the use of medical technology involving

radioactivity (nuclear medicine) and radiation-producing devices used in diagnosis

and in cancer therapy (48%). Occupational exposures to radiation were estimated to

be <0.1% of the total average equivalent dose. This is perhaps a testament to the

dedication of health physicists to keep these exposures ALARA.

Future Directions

The practice of radiation safety and control (health physics) will continue to evolve

as more and more challenges are added to the daily routine of the professionals.

Revisions of dose/risk estimates continue to result in lower recommended radiation

exposures limits. Some of these may be unjustified but, nevertheless, place an
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increased burden on those responsible for occupational exposures. One big

challenge in the United States is the impact of the use of radiation-producing

machines and radioactive materials in medicine. The increase in the average annual

exposure to the general population is astounding and is a concern to those dedicated

to the profession of health physics and the concept that all exposures should be

justified.
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Chapter 18

Uranium and Thorium Resources

J. Stephen Herring

Glossary

Cross section Probability of neutron interaction with a nucleus, expressed in

terms of area, in units of barns (b). One barn equals 1.0 �
10�24 cm2.

Enrichment The fraction of an isotope, usually fissile 235U, in a mass of

uranium. Enrichment is commonly quoted as the weight percent

of the particular isotope. Natural uranium has an enrichment of

0.711 wt%, commercial reactor fuel is 3–5% enriched, and

depleted uranium is 0.2–0.3% 235U.

Enrichment tails

(also depleted

uranium)

The uranium remaining after the enrichment of natural uranium

into fuel, today about 0.3% 235U, earlier 0.2–0.25% 235U.

Fractionation Crystallization from a magma in which the initial crystals are

prevented from equilibrating from the parent liquid, resulting in

a series of residual liquids of more extreme composition than

would have resulted from continuous reaction [1].

Highly enriched

uranium (HEU)

Uranium containing more that 20 wt% 235U.

Jth Joule (i.e., Watt-second) thermal. One British thermal unit

(BTU) equals 1,055 Jth.

Log-normal

distribution
Distribution of the form f ðxÞ ¼ e� ln xð Þ2 . In the present usage,

the tonnage of an element available at concentration c, T(c), is
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given by TðcÞ ¼ C1 e
�ðln co�ln cÞ2, where co is the average crustal

abundance and C1 is a constant.

Low-enriched

uranium (LEU)

Uranium containing less than 20 wt% 235U.

Mafic Composed chiefly of dark ferromagnesian minerals.

MOX Mixed oxide fuel, usually consisting of a ceramic mixture of

uranium dioxide and plutonium dioxide.

MSWU Mega-separative work unit, a million separative work units.

A separative work unit is the separative work that must be

done to one kilogram of a mixture of isotopes to change its

separation potential by one unit. The separation potential,

a dimensionless function, is defined by f ðxkÞ ¼ ð2xk � 1Þ ln
xk

1�xk
, where xk is the atomic fraction of the isotope, k. See

Benedict 1981, p. 667 for a more complete definition [2].

Pegmatite An exceptionally coarse-grained igneous rock, with

interlocking crystals, often found at the margins of batholiths.

Placer A mineral deposit at the surface formed by sedimentary con-

centration of heavy mineral particles from weathered debris.

Quad Quadrillion (i.e., 1015, also written 1E15) British thermal units.

One quad = 1.055 � 1018 Jth.

t Metric ton, also used in Mt, million metric tons, and Tt, trillion
metric tons (teratons).

Unconformity A break or gap in the geologic record, such as an interruption in

the normal sequence of deposition of sedimentary rocks, or

a break between eroded metamorphic rocks and younger sedi-

mentary strata [1].

Yellowcake A concentrate of uranium ore, containing 80–90% U3O8.

Yellowcake ranges from yellow to black, depending on

impurities, processing temperature, and degree of hydration

[3]. Although uranium prices are sometimes colloquially cited

as “dollars per pound of yellowcake,” the actual prices are $ per

lb of U3O8, where all of the uranium is assumed to be present in

the yellowcake as that oxide.

Definition of the Subject

Uranium is a widely distributed element which is essential, at least in the near term,

to the use of nuclear fission as a source of energy. Uranium is ubiquitous in the earth

because of the wide variety of minerals in which it can occur, and because of the

variety of geophysical and geochemical processes that have transported it since the

primordial formation of the earth from the debris of supernovae. Uranium is
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approximately as common in the earth’s crust as tin or beryllium, and is a minor

constituent in most rocks and in seawater. The average crustal abundance of uranium

is 2.76 weight parts per million (wppm), higher than the average concentrations of

such economically important elements as molybdenum (1.5 wppm), iodine

(0.5 wppm), mercury (0.08 wppm), silver (0.07 wppm), and gold (0.004 wppm).

Introduction

Beginning with the discovery of nuclear fission, uranium has been seen as

a valuable but scarce resource. Uranium-235 (235U) is the only naturally occurring

isotope that can be made to fission with thermal neutrons. Consequently, the

resources of uranium have been believed to inherently limit the sustainability of

nuclear energy. There have been two periods of extensive exploration for uranium,

in the 1950s and in the 1970s, both followed by long periods of severe contraction

in the market and in exploration activity. With the peak of uranium prices to about

$350/kg in 2007, there was an increased effort in exploration. However, that

exploration quickly resulted in increased known reserves in several deposits and

the return of prices to about $140/kg. Today, exploration activity is at a moderate

level for several reasons: (1) deposits found during earlier exploration periods have

proven to be larger than initially estimated, (2) nuclear energy is growing, but not as

rapidly as earlier forecast, (3) improved nuclear fuel management techniques and

materials are allowing higher burnup and longer operating cycles, and (4) the

conversion (“downblending”) of highly enriched uranium of military origin to

civilian purposes has postponed the need for large amounts of newly mined natural

uranium.

Concern that uranium would soon be exhausted was one of the driving forces in

the development of fast breeder reactors, particularly in the 1960s and 70s. Fast

breeder reactors convert the fertile isotope 238U into the fissile isotope 239Pu. These

concerns also led to the development of thermal breeder reactors capable of

converting thorium into the fissile, but not naturally occurring, isotope 233U.

Thorium, consisting almost entirely of the isotope 232Th, is about four times more

abundant than uranium and thus may represent a source of nuclear fuel in the distant

future.

Estimates of Uranium Reserves

The importance of the overall uranium and thorium resource is demonstrated by the

attention given to the estimates by such international agencies as the International

Atomic Energy Agency (IAEA) and the Nuclear Energy Agency (NEA) of the

Organisation for Economic Co-operation and Development (OECD). The estimates

of these organizations are based on information provided by the member states and

backed by research from others. The results are regularly compiled in the “Red

Book” [4].
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However, the estimates of uranium resources in the Red Book are based on the

known and expected reserves that can be economically extracted using present or

near-future technology. Because of the wide range of uranium concentrations in

various minerals, the cost of extraction serves as the independent variable against

which resources are estimated. Any reported amount of reserves/resources should

be accompanied by the estimated cost of recovery of those reserves.

The Red Book [4] estimates the economically recoverable uranium reserves

based on current and prospective mining projects (“Total Identified Resources

Reasonably Assured and Inferred”) as of January 2009 are 5.4 million metric tons

(Mt) of uranium of the best-proven category recoverable worldwide at a marginal

cost of<$130/kg of uranium metal. When the high-cost category (between $130/kg

and $260/kg of U metal) is added, the total identified resources are estimated to be

6.3 Mt. Total undiscovered resources (prognosticated resources and speculative

resources) as of January 2009 were estimated to be 10.4 Mt. The 2008 consumption

of natural uranium by the 438 reactors worldwide was 59,065 t, and consequently,

these total identified resources could be expected to last about 100 years at current

rates and 250 years if speculative resources are included. These ratios of identified

and speculative resources to consumption rate are longer than those for nearly all

metals and fossil fuels, with the exception of coal.

Low market prices, the slow growth of nuclear power, and the downblending of

highly enriched uranium (HEU) have in the past resulted in both very low levels of

exploration and little effort in the development of advanced extraction

technologies. Downblending agreements with the Russian Federation are due to

expire in 2013. The discovery of additional total identified resources has shown

a strong correlation with exploration expenditures, averaging 0.65 kg of additional

resources per exploration dollar from 1987 to 2005 and 0.32 kg/exploration dollar

from 2005 to 2009, following the uranium price increases after 2005 [5]. Those

transient price increases led to an increase in the average annual expenditures for

exploration from $127 million/year for 1987–2005 to $1.1 billion/year for

2005–2009.

It is important to note that uranium today is used overwhelmingly in the light

water reactor fuel cycle, where only about 1.1–1.5% of the ultimate energy of the

mined uranium is extracted via fissioning of 235U and the small amounts of 239Pu

bred in situ. The rest of the uranium remains either in the used fuel or in the depleted

uranium tails remaining after enrichment. Of the 1.8 Mt of uranium mined world-

wide since 1945, the location of all but about 1,500 t is known. Only the location of

that uranium dispersed either in nuclear explosions or as armor-piercing projectiles

is not known. The inventory of used fuel and of depleted uranium represents a very

significant resource that could become fuel for fast breeder reactors.

While uranium is an essential input for the production of nuclear energy, the

costs of natural uranium are a minor component of the overall cost. Today, at

uranium prices of about $140/kg U ($53/lb of U3O8), the natural uranium required

for the light water reactor (LWR) fuel cycle is responsible for only about 2.5–3% of

generating costs. The fuel cost is 15–20% of the generating costs, but those costs

include conversion of the uranium ore to UF6, enrichment of the natural uranium,
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production of the ceramic UO2 fuel pellets, and fabrication of the fuel assemblies.

A tenfold increase in the cost of natural uranium would not be welcome, but would

not fundamentally change the economics of nuclear power. A tenfold increase in

uranium prices would, at first estimate, be expected to increase the cost of nuclear

electricity by 25–30%. However, a more detailed calculation, optimizing the 235U

content of the depleted uranium tails and adjusting fuel management for a higher

priced resource, would result in an increase in the cost of electricity significantly

less than 20%.

This entry discusses uranium resources in a global sense, beyond the official

estimates of the IAEA and the OECD. As an introduction to that discussion, the

origins of the earth’s present inventory of uranium, the geophysical and geochemi-

cal processes that serve to concentrate uranium into economically viable deposits,

and the technologies now being used for the extraction and concentration of

uranium ores are described. Finally, the potential impacts of technologies now

under development and the overall impact of the cost of uranium on the cost of

energy from nuclear fission will be reviewed.

Thorium as a Nuclear Fuel

For the foreseeable future, uranium will probably continue to be the only source of

nuclear energy. Nevertheless, for completeness, thorium resources should also be

considered because of thorium’s unique characteristics as a nuclear fuel. There are

basically four reasons for considering thorium resources within the overall discus-

sion of nuclear fuel resources. First, thorium is about 3.9 times more abundant than

uranium, on a mass basis, as indicated both by samples of the continental crust and

by spectroscopy of supernova debris, from which planets are formed. Secondly,

because similarities of the geochemistry and mineralogy of thorium and the

lanthanides, thorium and the lanthanides (often called the “rare earth elements”)

are often found in the same ore bodies. Since the lanthanides are of increasing

technical and strategic importance due to their widespread use in magnets and

electronics, thorium is often treated as a waste since it has only a small market and

since it is radioactive. Thus research on the efficient separation and purification of

thorium could enhance both rare earth and thorium resources. Third, thorium can be

directly substituted in the UO2 crystal, making it a long-term supplement for

uranium for in situ 233U breeding. Thorium, as ThF4, can also be used in the molten

salt reactor in combination with UF4, where the uranium would be a mixture of
233U, 235U, and 238U. Finally, because thorium has only one oxide, ThO2, which has

high thermal stability, it can serve as a very robust matrix for actinide transmuta-

tion, after which the ThO2 would serve as the waste form for the transmutation

targets.

Thorium averages 12 parts per million in the earth’s crust, and is the 39th most

abundant of the 78 crustal elements. Soil commonly contains an average of 6 wppm

of thorium. When thorium is used as a nuclear fuel, much less plutonium and other
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minor transuranics (i.e., neptunium, americium, curium, berkelium, . . .) are pro-

duced than are produced in uranium fuel cycles. The reduced production of

transuranics occurs for two reasons. First, the fissile product of neutron

absorption by 232Th is 233U, which is further down the actinide series from

plutonium and the minor actinides, and secondly, the fission to capture ratio of
233U is approximately nine, while that of 239Pu is about three, thus resulting in

lower production of the transuranics.

The generation of thorium deposits occurs in a fundamentally different manner

from deposits of uranium. Uranium has some nine oxides and is dissolved or

precipitated depending on the oxygen content and pH of the groundwater. Thus

deposits are often formed where there is a decrease in the oxygen content of

groundwater. Thorium, on the other hand, has only one oxide, ThO2, which is

very refractory and insoluble. Thus thoria (along with many of the lanthanide

oxides) is not dissolved in erosion by groundwater and flowing rivers. The surviv-

ing grains, containing the thoria from the base rock, form into alluvial deposits of

monazite sands.

Thorium occurs as the ores thoriatite (ThO2), thorite (ThSiO4) and mainly as

monazite ((Ce, La, Nd, Th)PO4). Thorium and its compounds have been produced

primarily as a by-product of the recovery of titanium, zirconium, tin, and rare earths

from monazite, which contains 6–8.5 wt% thorium oxide. Only a small portion of

the thorium produced is consumed. Limited demand for thorium, relative to the

demand for rare earths, has continued to create a worldwide oversupply of thorium

compounds and mining residues. Most major rare-earth processors have switched

feed materials to thorium-free intermediate compounds to avoid the handling of

radioactive thorium. Excess thorium not designated for commercial use is either

disposed of as a radioactive waste or stored for potential use as a nuclear fuel or

other applications. Increased costs to comply with environmental regulations and

potential legal liabilities and costs to purchase storage and waste disposal space

were the principal deterrents to its commercial use. Health concerns associated with

thorium’s natural radioactivity have not been a significant factor in switching to

alternative nonradioactive materials. US consumption of thorium, all for nonenergy

uses, has decreased from 11.4 t (thorium content) to 0.7 t since 1997. The principal

applications of thorium today make use of the very high melting point of ThO2

(3,300�C, the highest of all binary oxides) and of the electron emitting capability of

thorium when alloyed with tungsten for use in filaments for high-powered

magnetrons for radar.

In the short term, thorium is available for the cost of extraction from rare-earth

processing wastes. In the longer term, large resources of thorium are available in

known monazite deposits in India, Brazil, China, Malaysia, and Sri Lanka. The

world total thorium resources identified and prognosticated amounts to 3.6 million

tons Th. Though reported values vary because of the difficulty in measuring such

low concentrations, 232Th is present in seawater at only about 0.050 wppb, due

primarily to the insoluble nature of its only oxide, ThO2. Thus the recovery of

thorium from seawater is not a realistic option.

Because 232Th is the only isotope of natural thorium, there are no enrichment

plant tails from thorium nuclear fuel. Therefore, the cost of thorium in a mixed
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thorium-uranium LWR fuel or in a pure thorium-233U fuel cycle is relatively small.

However, the cost of chemically processing of ThO2-based fuel and the separation

of 233U is significant.

Energy Content of Uranium and Thorium

Uranium has 18 known isotopes, none of which are stable and only two of which

have half-lives longer than a million years, 235U (704 Ma) and 238U (4.47 billion

years). Only 235U, which is about 0.711 wt% (0.720 atom%) of natural uranium, is

fissile, i.e., will fission using thermal (i.e., low velocity) neutrons. Uranium-238,

which is by far the dominant isotope at 99.2745 wt%, will fission if struck by high-

energy neutrons. However, 235U is the only naturally occurring isotope of any

element capable of sustaining a neutron chain reaction in a suitably designed

reactor.
238U is a fertile isotope and can be transformed into 239Pu through the capture of

a neutron and two subsequent beta decays, as shown in the following reaction:

238Uðn; gÞ239U�����������������!
b�t1=2 ¼ 23:5 min

239Np�����������������!
b� t1=2 ¼ 2:35 days

239Pu�����������������!
sf thermal ¼ 750b

fission

where b� indicates a beta decay with electron emission and sf thermal is the fission

cross section in barns at a neutron energy of 0.025 eV.

Thorium has 25 isotopes, of which only the non-fissile isotope 232Th is long-

lived, with a half-life of 14 billion years. However, in the reaction shown below,
232Th can be transmuted into 233U, a fissile isotope:

232Thðn; gÞ233Th�����������������!
b�t1=2 ¼ 22:3 min

233Pa�����������������!
b� t1=2 ¼ 27:0 days

233U�����������������!
sf thermal ¼ 531 b

fission
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The fission energy of 233U is 190 MeV and that of 239Pu is 200 MeV. If 1 kg of

thorium were bred into 233U, the fission energy available would be 78.9 � 1012

Jthermal (78.9 TJth). The fission energy in 1 kg of natural uranium, bred to 239Pu, is

80.4 TJth. Thus thorium and uranium are quite similar in maximum energy content,

but uranium is far more important in the near term because 235U is a naturally

occurring fissile isotope.

Global Estimates of Overall Uranium and Thorium Resources

Uranium and thorium have two unique characteristics when compared with other

fuels. First, their energy is contained in the nucleus, rather than in the chemical

bonds between the atoms, as is the case with fossil fuels. Thus, chemical reactions

within the earth, due to pressure, high temperatures, or the presence of oxygen, have

no effect on the nuclear energy available from uranium or thorium. In contrast,

exposure of fossil fuels to the oxygen in the atmosphere or to volcanic activity

releases the energy stored in their chemical bonds. The vast majority of the solar

energy originally stored in fossil fuels through photosynthesis of the source biomass

has been lost in chemical reactions with the atmosphere, groundwater, and lava.

A second, less obvious, characteristic of uranium and thorium is that they are

constantly signaling their presence via the products of radioactive decay. Everyone

is familiar with pictures of the prospector with a Geiger counter searching for

uranium. Gamma rays and beta particles can be detected with a handheld instru-

ment if the uranium ore is at the surface. However, even as little as a meter of

overlying soil will shield the gammas and beta particles from the counter. There-

fore, any ore deposits more than a meter below the surface will have to be detected

through well logs or core samples or via their gravitational or magnetic signatures,

rather than through their radiation.

Astrophysical Origins of Uranium

Uranium, thorium, and all other elements heavier than nickel result from the sudden

collapse of massive stars as supernovae. The lifetime of stars and the results of these

gravity-driven implosions are very dependent on the stars’ initial mass. A star

having the mass of our sun lasts for about ten billion years but can only produce

elements up to iron. A star having ten solar masses lasts for only 10 Ma until it

explodes as a supernova, producing all the elements in the periodic table.

The groundbreaking work by Burbidge, Burbidge, Fowler, and Hoyle [6] led to

the realization that all of the elements heavier than nickel are the result of less than

a minute of tremendous neutrino and neutron fluxes during the collapse and

explosion of a supernova [7]. The nuclide distribution as a function of time in

a supernova has been simulated [8] and indicates that isotopes with the maximum
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number of neutrons (“the neutron drip edge”) form during few seconds of intense

activity at the center of the imploding supernova. From this nuclear modeling of

a supernova explosion, it can be inferred that uranium and thorium are about seven

orders of magnitude below silicon in the composition of the supernova debris – the

material from which planets are formed. This is in rough agreement with Bulk

Silicate Earth model, shown in Fig. 18.1.

Earlier studies are also in agreement. Urey cites estimates by Goldschmidt of the

primordial abundance of 41 weight parts per billion (wppb) for uranium and

106 wppb for thorium. Alpher’s theoretical curves and Harrison S. Brown’s

observed astrophysical data show uranium approximately 6.5 orders of magnitude

less abundant than silicon, resulting in a primordial abundances of 57 wppb.

Deffeyes, accounting for the decay of uranium since the expansion of the primor-

dial neutron gas, estimates global uranium abundance at 10.5 wppb [9].

Recent work on the physics of supernova collapse offers some insight into the

expected global inventories of uranium and thorium. These two elements, and all

other elements heavier than nickel, are formed in a few seconds of extremely

violent conditions during the collapse and explosion of massive stars. During the

last few minutes of such a massive star’s evolution, hydrogen, helium, and all of the

elements lighter than nickel at the center of the star are depleted through fusion

reactions. With no more energy available for continued fusion reactions, the center

cannot withstand the outer shells of material, and the matter in the center is

compressed to a degenerate state in which matter is broken into the constituent

particles, primarily neutrons and neutrinos. The torrent of neutrons from the center

of the supernova irradiates the infalling outer layers of stellar material, producing

Fig. 18.1 Composition of the bulk silicate Earth
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heavier isotopes at a rate faster than the radioactive decay of those isotopes. The

result is the production of isotopes stretching from nickel through uranium and

beyond, all saturated with neutrons.

This type of supernova explosion is estimated to occur, somewhere in the

universe, at the rate of one per second. Obviously, most such explosions are too

distant or masked by dust clouds and are not detected from the earth. Since the

beginning of the universe, some interstellar material has gone through multiple

cycles of collapse, explosion, dispersal, and accretion into new stars.

The hydrodynamic instabilities of the implosion result in a wide variation in the

shapes of the resulting nebulae. Nevertheless, neutron transport and reaction codes

have been developed to estimate the distribution of isotopes resulting from

a supernova implosion. Wanajo and others [8] have modeled the first few seconds

of isotope production and shown that the uranium mass should be about seven

orders of magnitude less than that of silicon. Since the chemical and planetary

accretion characteristics of silicon, uranium, and thorium are similar, and since the

earth is about 10% silicon, one would expect that the overall concentration of

uranium in the earth is about 10 wppb. The geoneutrino data from KamLAND

and from newer detectors indicate that the global uranium inventory is, in fact,

about 10 wppb.

Therefore, based on these astrophysical models, it is fairly clear that the earth

taken as uniform body contains about 10 wppb uranium and about 40 wppb

thorium. Stated in other terms, the present global inventory is thus 63 Tt (63 �
1012 t) of uranium and approximately 400 Tt of thorium. Although this inventory is

a vast amount of both elements, if uranium and thorium had a uniform distribution

throughout the earth, as assumed in the cold accretion model, concentrations of

uranium and thorium would be far too small to be economically extracted.

Geoneutrino Estimates of Uranium and Thorium

In the last 20 years, however, another decay product of the 4.5 billion year half-life

of 238U and the 14.2 billion year half-life of 232Th has been used to estimate the total

global inventory of uranium and thorium. These particles, called neutrinos, are

extremely difficult to detect and most neutrinos pass completely through the earth

without interacting. Thus neutrino detectors are usually a thousand tons in mass and

must be located deep underground to avoid unwanted signals caused by cosmic

rays.

Neutrinos occur in three types: electron, muon, and tau. Each of the three types

has a corresponding antineutrino. Neutrinos originating within the earth, termed

geoneutrinos, are actually electron antineutrinos primarily resulting from the decay

of 40K, 238U, and 232Th. Geoneutrinos provide a means for estimating the total

uranium and thorium content of the earth and also may provide limited information

on the location of those resources. These elementary particles have been measured

over the past decade by massive detectors in Japan, Canada, and Europe in an effort
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to differentiate the radiogenic and gravitational components of the total geothermal

energy flux through the earth’s surface [10]. Neutrino and antineutrino fluxes have

also been measured to understand neutrino oscillations, to investigate solar fusion

processes, and as a first signal of supernova events. Neutrinos (and antineutrinos)

travel close to the speed of light, have a small mass (<2 eV), and lack an electric

charge. When an electron antineutrino collides with a proton, the result is a neutron

and a positron (i.e., an antielectron). This reaction, known as the neutron inverse b
decay, was used in the first detection of the neutrino in the Cowan–Reines experi-

ment of 1956. Following the neutron inverse b decay, the positron reacts with

a nearby electron to produce two 511 keV gamma rays. The neutron is absorbed by

a hydrogen nucleus, releasing a characteristic 2.2 MeV gamma with a mean delay

of �200 ms. Circuitry in the detector registers a neutrino event through the delayed

emission of a 2.2 MeV gamma following two 511 keV gammas.

The KamLAND (the Kamioka Large Antineutrino Detector), in central Japan,

consists of a 18 m diameter spherical vessel which in turn contains a 13 m diameter

nylon balloon. The balloon contains approximately 1,000 t of a liquid scintillator

(mineral oil, benzene, and fluorescent compounds). The volume between the

balloon and the spherical vessel contains highly purified oil which shields the

balloon from external radiation and provides buoyancy to support the liquid

scintillator. About 1,900 photomultiplier tubes are mounted on the inner surface

of the spherical vessel. Surrounding the spherical vessel is a water Cherenkov

detector which provides additional shielding and acts as a muon veto counter.

The decay chain of 238U into 206Pb results in six antineutrinos, one antineutrino

for each beta decay. Similarly, the decay of 232Th in 208Pb results in four

antineutrinos [11]. Because the neutron inverse b decay requires an electron

antineutrino threshold energy of 1.80 MeV, KamLAND cannot detect 40K

antineutrinos, but antineutrinos from both 238U and 232Th are within the range of

this instrument.

The overall results of the KamLAND geoneutrino study [12] show that the sum

of the global U and Th inventory is approximately 30 � 1016 kg. Since the global

Th/U mass ratio is 3.9, the global U inventory is about 6 � 1016 kg or �10 ppb of

the mass of the earth. The geoneutrino signal also indicates that the majority of the

uranium is in the upper continental crust (UCC) and that relatively little of the

inventory is in the oceanic crust, the mantle, or the core. The partitioning of

the uranium among the upper, middle, and lower continental crust and the upper

mantle occurs via geochemical processes [13].

Thermal models of the earth point to inevitable melting of the earth soon after its

accretion due to gravitation energy and due to radioactive decay of uranium,

thorium, and potassium. Because of its large ionic size and heating due to radioac-

tive decay, uranium is transferred into low melting temperature fractions and out of

the earth’s core and mantle into the crust. These geochemical and geophysical

models predict that two thirds of initial 63 Tt of uranium present in the earth are

now concentrated in the crust, which constitutes only 0.4% of the earth’s total mass.

The low uranium and high iron concentrations predicted for the earth’s mantle and

core have been supported by concentrations in iron meteorites and in mantle issuing
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from oceanic spreading zones (0.1 ppm U), compared with U concentrations in

magma and crust in subduction zones, (2 ppm U).

Preliminary results from the newer antineutrino detector Borexino at Gran Sasso

in the Apennines [14] generally confirm the KamLAND results but indicate

a geoneutrino flux 60% higher. Because of very low radioactive contamination in

the materials of construction for Borexino, a signal-to-noise ratio of 50:1 was

achieved. This greater sensitivity allowed the Borexino researchers to place an

upper bound on the power of any critical fissioning zones in the core at 3 TW,

significantly below the indicated global radiogenic heat production of about 18 TW.

Collection of geoneutrino data by Borexino is continuing.

Geoneutrino data collected to date indicates that the uranium content of the earth

is several orders of magnitude greater than conventional resource estimates. Lim-

ited geoneutrino data and an understanding of geochemical processes suggest that

most of that uranium content is in the upper continental crust. This data provides

some confidence that, with further local exploration or advanced extraction

technologies, sufficient uranium could be found for several centuries of expanded

nuclear power (Tables 18.1 and 18.2).

The overall results of the KamLAND geoneutrino study [10, 12] show that the

sum of the U and Th inventory is 3E17 kg and since the global Th/U mass ratio is

3.9, the global U inventory is 6E16 kg or 10 ppb of the mass of the earth, in

agreement with the supernova production ratio with silicon. Further note that the

Table 18.1 The main properties of geoneutrinos

Decay Q (MeV) t ½ (109 year) Emax (MeV) eH (W/kg)

E�ne
(kg�1 s�1)

238U ! 206Pb + 8 4He + 6

e + 6 �ne
51.7 4.47 3.26 0.95 � 10�4 7.41 � 107

232Th ! 208Pb + 6 4He + 4

e + 4 �ne
42.7 14.0 2.25 0.27 � 10�4 1.63 � 107

40 K ! 40Ca + e + �ne 1.32 1.28 1.31 0.36 � 10�8 2.69 � 104

�ne denotes electron antineutrinos

where:

Q is the energy release for the overall decay chain

t ½ is the half-life of the parent isotope

Emax is the maximum antineutrino energy in the decay chain

eH is the heating rate, per kg of the parent isotope

E�ne is the electron antineutrino source rate, per kg of the parent isotope

Table 18.2 U, Th, and K global inventories, radiogenic heating, and neutrino luminosities

according to the Bulk Silicate Earth (BSE) model

m (1017 kg) HR (1012 W) Ln (10
24 s�1)

U 0.8 7.6 5.9

Th 3.1 8.5 5.0
40K 0.8 3.3 21.6
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geoneutrino signal indicates that the majority of the uranium is in the upper

continental crust and that relatively little of the inventory is in the oceanic crust.

The partitioning of the uranium into the UCC via geochemical process is discussed

in the next section.

Mechanisms for the Concentration of Uranium

Unlike other energy resources such as coal or petroleum, the resources of uranium

are not fundamentally changed by geological processes. Whereas petroleum might

be lost through evaporation or combustion or a natural gas reservoir may vent into

the atmosphere, uranium is lost only through radioactive decay or through the

relatively rare formation of a natural reactor. Therefore the primordial inventory

of uranium, reduced by radioactive decay, remains present somewhere in the earth.

The crucial question is “where?”

The natural distribution of elements in the earth’s crust is controlled by two

major factors. The first is the set of ambient geological fractionating processes that

leads to regions of depletion and concentration of the element. The second factor

includes the overall geochemical characteristics of the element. Elements that are

concentrated by a small number of fractionation processes can be expected to have

a multimodal distribution, with a peak in the tonnage versus grade curve for each of

the modes of geochemical concentration. For elements having a large number of

applicable concentration processes, the peaks overlap and the resulting tonnage

versus grade curve takes on a log-normal characteristic. For example, the element

chromium, whose distribution at high concentrations is solely governed by frac-

tional crystallization in mafic magmas (i.e., high in magnesium and iron), one

would expect a bimodal distribution of concentrations, with one peak at the average

crustal abundance and the high concentration peak at the mafic fractionation

concentration. On the other hand, most elements, uranium included, can undergo

a wide variety of fractionating processes, and deposits would be expected over

a wide range of concentrations. In this latter case, the tonnage versus grade

distribution would be expected to be log-normal. Bear in mind that geological

conditions change over time and therefore the distribution patterns have varied with

time.

In considering uranium in particular, it is important to examine the tectonic and

igneous processes that have redistributed the uranium within the crust. In the past

four billion years, the most important processes are continental accretion and plate

tectonics. In the accretion process, crust formed into masses of continental

dimensions. In the second, continuing, process, the continental crust and the

oceanic crust have taken on quite different characteristics in terms of uranium

concentration.
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Igneous Processes

Igneous processes begin with the melting of mantle rocks at depths of 60–200 km,

followed by the migration of less dense liquids to the surface. The migration of

these less dense minerals to the surface is a predominant process in the formation of

the continental crust. The extruded liquid forms crust in two general locations, at

mid-oceanic ridges, where the upwelling material forms new oceanic crust and in

subduction zones, where the oceanic crust plunges back into the mantle, usually

passing under the edge of a continent.

The behavior of uranium in igneous processes is dominated by two

characteristics of the element. In the +4 oxidation state, the condition expected in

the earth’s mantle, the U+4 ion has an ionic radius of 97� 10�12 m (picometers, pm)

about the same as Na+1 ion (97 pm). Other ions common in the core and mantle are

significantly smaller in radius: Fe+2, 74 pm; Ni+2, 69 pm, Mg+2, 66 pm; and Al+3,

51 pm. Thus, like sodium and the other large ions, uranium ions selectively enter

partial melts within the mantle and are transported to the surface.

The second characteristic of uranium is its radioactivity, serving as a source of

heat for melting the mantle and core. Like Th+4 (ionic radius 102 pm) and

K+1(133 pm), these heat-producing elements are readily fractionated out of the

mantle and toward the surface. Deffeyes notes that the earth would be a radically

different place if the heat-producing elements had small radii, since the geothermal

energy source would then be located deep within the core and the convection

currents driving plate tectonics would be much stronger [15].

The rocks forming the oceanic crust at mid-oceanic ridges are characterized by

a uniform uranium concentration of about 0.1 wppm. Conversely, the crust formed

above subduction zones is characterized by uranium concentrations of about

2 wppm. The wide difference in concentration is due to the differences in the

source materials and to the different chemistry. The upwelling mantle at the oceanic

ridge has a uranium concentration of about 0.005 wppm, while the subduction

zones have as their source material oceanic crust and bits of continental crust, with

an average uranium concentration of about 0.1 wppm. The continuous upwelling at

the oceanic ridges serves as a mechanism for depleting the core and mantle of

uranium and incorporating that uranium in the oceanic crust. The relatively low

concentration of uranium in the oceanic crust is augmented with uranium from

continental runoff, which subsequently precipitates in the ocean basins. At the

subduction zones, the oceanic crust is again subjected to partial melting and the

uranium is again fractionated in the melt and transported to the surface.

Average Vertical Distribution of Uranium and Thorium

As a result of the various igneous processes, the average concentration of uranium

is highest at the surface of the continental crust and decreases approximately

exponentially with depth.
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The anticipated variation of uranium concentration with depth is given by the

equation UðzÞ ¼ U z ¼ 0ð Þ e �z=hrð Þ , where z is the depth in m, hr is the depth

parameter (discussed below), and U(z) is the concentration at depth z, in wppm.

U(z = 0) is the average continental crustal abundance of uranium at the surface,

2.76 wppm.

This approximation is based on the presence of heat-producing elements, U-238,

Th-232, and K-40, in the continental crust, measurements of the thermal conduc-

tivity of the crustal materials, and the linear temperature distribution with depth

measured at many locations. The heat produced in the crust is divided about evenly

between U-238 and Th-232, since the crustal abundance mass ratio between Th and

U is 3.9. K-40 is about four orders of magnitudes lower, although potassium has

a crustal abundance of 2.1%, since K-40 is only 117 ppm of natural potassium and

the thermal energy output of K-40 is about four orders of magnitude below U-238

and Th-232, as shown by Lachenbruch, below [16] [17] (Table 18.3).

Obviously, this method assumes one-dimensional heat transport and a fairly

uniform thermal conductivity, without a significant contribution from flowing

fluids. A more recent review by Brady et al. [18] provides more details on the

technique.

Several measured values of the depth parameter are listed in Table 18.4. [19].

If a depth parameter of 8,500 m is assumed, based on the above data, then 11% of

the crustal uranium inventory would be expected to be within 1,000 m of the surface

and 21% within 2,000 m.

Geochemical Beneficiation Processes

Uranium occurs in ores such as uraninite [UO2, pitchblende], carnotite [K2(UO2)2
V2O8·3(H2O)], autunite [Ca(UO2)2(PO4)·11(H2O)], uranophane [Ca(UO2)2

Table 18.3 Sources of heat in the upper continental crust

Isotope Thermal output

U-238 0.095 mW/kg

Th-232 0.027 mW/kg

K-40 3.6 nW/kg

Table 18.4 Temperature distribution depth parameter

Location hr (m)

Sierra Nevada 10,000

Eastern USA 7,500

Norway and Sweden 7,200 � 700

Eastern Canadian Shield 7,100 � 1,700

Canadian Appalachians 10,000 � 2,000

US Appalachians 8,100 � 1,300

In the other references the depth parameter is denoted as D, rather than hr
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(HSiO4)2·5H2O), davidite [Ce0.75La0.25Y 0.75U0.25Ti15Fe3 + 5O38 and

La0.7Ce0.2Ca0.1Y0.75 U0.25Ti15Fe3 + 5O38], torbernite [Cu(UO2)2(PO4)2· 12H2O],

and other minerals containing U3O8 (actually a stable complex oxide of

U2O5·UO3).

The governing characteristic in the geochemical transport of uranium is the fact

that uranium is highly soluble in oxidizing environments and essentially insoluble

in reducing environments. The change in the earth’s atmosphere from a reducing to

an oxidizing condition about 1.8 billion years ago is thus responsible for

a fundamental change in the dominant processes in uranium transport. In the earlier

age, igneous processes and fractionation of uranium in partial melts due to its large

ionic size were dominant. In the last 1.8 billion years the transport of uranium by

means of groundwater oxygenated at the surface has been dominant.

Thus, in the period more than 1.8 billion years ago, uranium was primarily

concentrated in placer deposits as a chemically inert and physically dense phase.

Because of the low solubility of uranium in reducing environments, rivers, lakes,

groundwater, and thus the sea contained very low uranium concentrations. The

placer deposits at Elliott Lake, Canada and at Witwatersrand, South Africa are

typical of the deposits formed during this period.

With the dominance of photosynthesis in the last 1.8 billion years, the atmo-

spheric and groundwater conditions have been oxidizing and uranium minerals

have been highly soluble in the sedimentary weathering cycle. Placer deposits no

longer formed and, in fact, began to dissolve. The uranium content of rivers, lakes,

and groundwater increased and gradually, the uranium concentration in the oceans

also increased. Nevertheless, the uranium concentration remained well below

saturation.

In a few isolated locations, however, oxidation of organic-rich beds by ground-

water led to locally reducing conditions. In these locations, the uranium ions or their

complexes would reach supersaturation and re-precipitate. An important example

of this re-precipitation is in the Mesozoic sandstones of the Colorado Plateau. The

uranium ores are found in organic-rich zones where the oxygen in groundwater was

removed by carbon-rich debris. Precipitation of uranium has also occurred where

restricted circulation in the oceans and organic-rich sediments led to anoxic

conditions. Good examples are the black Chatanooga Shale and the phosphorite

shale of the Phosphoria Formation [9].

Specific Deposit Types

Before the discovery of the McArthur River deposit, the highest grade uranium ores

were obtained from igneous sedimentary deposits such as Great Bear Lake in

Canada, Joachimsthal in the Czech Republic, and Katanga in the Congo. The

deposits at Oklo in the Gabon Republic in Africa were of high enough concentra-

tion and the uranium, 1.7 billion years ago, contained 3% 235U rather than the

present 0.711% such that several critical natural reactors occurred in the deposit.
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The reactor zones released about 15,000 MW-years of fission energy over the

course of about 250,000 years. These deposits were formed by the movement of

hot water through fractures in blocks of rock heated by their own uranium and

thorium content.

Precambrian sandstones overlie much older Precambrian granites and metamor-

phic rocks. At the interface, there is a discontinuity in the age of the rocks. This type

of discontinuity is termed an unconformity. Unconformity deposits, such as those in

Saskatchewan and northern Australia occur where uranium from the sandstone, has

formed into veins in the open spaces of the interface, and has been heated to

temperatures of several hundred degrees Celsius.

Roll-Front Deposits

As mentioned earlier, uranium oxide precipitates when the solution enters

a reducing environment. The uranium oxide can be redissolved in situ by

oxygenated leach solutions. In sandstone deposits, the uranium minerals have

been deposited in the interstices between the sand grains. The deposits are often

moving very slowly through the sandstone because of the flow of groundwater,

much like the movement of a front through a liquid chromatography column.

Oxygenated water from the surface enters the sandstone where reducing agents,

such as sulfides or organic matter, are located in the interstitial spaces. The organic

carbon in one pore volume of sandstone can remove all the oxygen dissolved in

50,000 pore volumes of oxygenated groundwater.

Therefore, the front between the oxygenated groundwater and oxygen-free

groundwater moves slowly through the sandstone. Uranium dissolved at the surface

and uranium dissolved from the sandstone by the oxygenated groundwater is swept

along and precipitated at the front. Upstream of the front the uranium is present in

the groundwater as the soluble hexavalent uranyl carbonate complex. As the

oxygen is removed from the groundwater at the front, the soluble hexavalent

uranium is reduced to the insoluble quadrivalent state.

The quadrivalent uranium precipitates in the form of the mineral uraninite

(UO2). Thus the location of ore bodies is often associated with deposits of carbona-

ceous materials where the carbon, in much larger quantities compared with the

uranium, has removed the oxygen from the groundwater.

Based on the various modes for the formation of uranium ore bodies, reviewing

the large body of prior research, Deffeyes and MacGregor estimated the uranium

content of the various crustal regimes in a report for the USDOE in 1978 [9].

The distribution of mass versus grade for the various types of uranium deposits is

shown in Fig. 18.2 with additional data [9, 15]. The three gray bars on the left (grade

>1,000 ppm U) indicate deposits of the type now mined for uranium alone. The

expected log-normal distribution is shown and the mass and grade of two Canadian

mines discovered since 1978 are also indicated: (1) the McArthur River deposit,

137,000 t U of proven reserves averaging 18 wt% U and (2) the Cigar Lake deposit,
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90,000 t U at an average grade of 17 wt% U. Other known larger, but lower grade

deposits, such as Olympic Dam in Australia, have not been shown.

Present mining activities are recovering uranium at market prices of $150/kg

from ores containing 0.027–20% U3O8. Given the log-normal distribution and the

known quantities of the various uranium mineralizations, a tenfold increase in the

price of uranium (and thus a tenfold decrease in economically viable ore grade)

would result in a 300-fold increase in the amount of uranium available. Equiva-

lently, the World Nuclear Association (formerly the Uranium Institute) estimates

that a doubling of uranium prices would result in a tenfold increase in supply [5]

(WNA 2010).

‘The slope of the log-normal curve at presently mined grades is also shown in

Fig. 18.2. This slope, about +3.5, indicates that for a doubling of the cost of mining
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(i.e., mining ore at half the present concentration), the economically available resources

of uranium would increase by more than an order of magnitude ð23:5 � 11Þ . This
estimate presumes a continuation of present mining techniques and does not consider

the increased using of in situ leaching and recovery of uranium as a by-product in gold,

copper, and phosphate mining.

Unconventional Resources

Existing Enrichment Tails

Another potential source of uranium is the re-enrichment of depleted uranium by

using today’s overcapacity of enrichment. Because of low price of natural uranium

in recent years, many enrichment plants have been operating with tails assays of up

to 0.3% 235U. The 1.18 million tons of depleted uranium currently stored at

enrichment plants could therefore supplant a few hundred thousand tons of natural

uranium if demand required. The inventory of depleted uranium is expected to

increase by about 51,400 t U/year though at least 2010. The enrichment capacity in

2010 was reported to be 57 MWSU/year compared with an annual demand of

49 MWSU/year. The present spare capacity in enrichment plants in the world,

around 8 MSWU/year, theoretically represents an equivalent of around

3,000 tons/year of natural uranium if this spare capacity was utilized for enrichment

of depleted uranium with an assay of 0.3% and a new tails assay of 0.1%.

The economics of re-enrichment depend on the 235U assay of the depleted

uranium and the relationship between the price of uranium and the cost of enrich-

ment services. A tails assay of above 0.3% is preferable if re-enrichment of depleted

uranium is to be considered a possibility. Re-enrichment of depleted uranium for

the production of low-enriched uranium (LEU) in the Russian Federation has taken

place for several years in times of excess enrichment capacity. However, decreasing

amounts of excess enrichment capacity makes re-enrichment a marginal source of

light water reactor fuel. On the other hand, the eventual use of enrichment tails as

breeding blankets for fast reactors, as will be discussed shortly, represents a large

long-term source of fuel.

Gold and Phosphate Tailings

In addition to the discovery of new resources through increased exploration,

improvements in mining technology are also lowering the cost of previously

high-cost deposits. In particular, in situ leaching (ISL) is of growing significance

and could be applied to existing gold and phosphates tailings piles. The resource

base of 16.2 million tons U does not include uranium in gold and phosphate tailings.

The phosphate deposits are estimated at 22 million t U.
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Uranium from Seawater

The recovery of uranium from seawater places an upper limit on the cost of

uranium. Uranium is dissolved in seawater at 3 mg/m3 (3 wppb) and represents

a well-known resource of 4.2 billion tons, 250 times the known land-based

resource. The uranium content of the oceans is relatively constant and large-scale

extraction can be done without local depletion of the resource. Since only about 3%

of global population lives in landlocked countries, extraction of uranium from

seawater is truly the bounding cost for uranium.

New Technologies for Uranium Extraction

The current prices for uranium provide little motivation for the development of

new extraction technologies. However, regulations to minimize the impact of

mining on the environment and radiation exposure to workers have led to the use

of technologies where uranium is extracted in situ or where ores previously mined

for another element are processed for uranium extraction. In addition,

the technologies described above for the extraction of uranium from seawater

could have a major impact in minimizing environmental impact and radiation

exposure.

In Situ Leaching

During conventional mining, the rock of the ore body is removed from the ground,

transported to a mill, and treated to remove the minerals of economic value. The

opening of the mine, the transport of the ore, the milling and the disposal of

remaining treated rock can create severe environmental impacts. In situ leaching

(ISL), sometimes known as solution mining, involves the use of liquids to dissolve

the desired elements from the ore body without removing it from the ground. The

liquid is pumped through the ore body and returned to the surface, where the desired

elements are removed from the solution by precipitation, by electrochemistry, or

other means. The leaching liquid is then returned to the ore body and the process is

repeated. ISL eliminates the need to remove large quantities of ore from ground and

to transport it to the mill, thus minimizing surface disturbance. ISL also eliminates

the need to dispose of the tailings or waste rock. However, for ISL to be effective,

the ore body must be permeable to the flow of the leaching liquid. Furthermore, the

ISL site must be located so as not to contaminate ground water away from

the ore body.
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Today, because of its reduced surface impact and lower cost, ISL is used for 85%

of US uranium production. Most of the operations in Wyoming, Nebraska, and

Texas are less than 10 years old. Worldwide, about 16% of world uranium produc-

tion uses ISL, including all the production in Uzbekistan and Kazakhstan.

ISL can be used to extract uranium from deposits below the water table in

permeable sand or sandstone, provided that the deposit is confined above and

below by impermeable strata. Suitable candidates are often roll-front deposits as

described earlier. The uranium mineral are usually uranium oxide or uranium

silicate coatings on the individual sand grains. The ISL process replicates, in

a few months, the conditions that led to the formation of the roll-front deposit in

the sandstone initially.

There are two types of ISL, depending on the chemistry of the deposit and

groundwater. When the ore body is limestone or gypsum, i.e., containing significant

amounts of calcium, then an alkaline leaching agent such as sodium bicarbonate

and CO2 must be used. Otherwise an acid leaching agent, such as weak sulfuric acid

plus oxygen at a pH of 2.5–2.8 (about the same as vinegar) is preferred. ISL in

Australia is primarily acid, while ISL in the USA is primarily alkaline.

Generally the uranium is extracted by progressively drilling wells into the

deposit on a rectangular grid with �30-m spacing. The leaching fluid is pumped

into four wells surrounding a central extraction well, into which a submersible

pump has been lowered. The wells are cased to assure that the fluids do not enter

strata above the deposit. In the USA the production life of an individual alkaline

ISL well is typically 6–10 months. The most successful operations have extracted

80% of the uranium from the ore. Production life is often limited when the

sandstone is plugged by mobilized clay and silt. Sometimes the blockages can be

dislodged by reversing the flow through the field or by increasing the injection

pressure.

The uranium is recovered from the extracted solution in an ion exchange or

solvent extraction process. Solvent extraction is preferred if the groundwater is

saline, while ion exchanges is most effective if the chloride content is below

3,000 ppm. With alkaline leaching, ion exchange is effective until the total

dissolved solids reach 3,000 ppm. The uranium is then stripped from the resin or

solution for further processing [20].

Before the process solution is reinjected, it is reoxygenated or recharged with

sulfuric acid, for alkaline or acidic processes respectively. About 1% of the process

solution is bled off to maintain a pressure gradient toward the wellfield. The

pressure gradient ensures that groundwater from any surrounding aquifer flows

into the wellfield and that ISL mining solutions does not enter the aquifer.

Recovery of Uranium from Seawater

The recovery of uranium from seawater is highly speculative and may never prove

to be economic. One cubic meter of seawater contains 3 mg of natural uranium,

18 Uranium and Thorium Resources 483



which can deliver 244 MJth in a breeder or about 2.5 MJth in a present day LWR.

Simple calculations show that the pumping energy needed in an extraction plant

could easily consume all the energy available, particularly in the LWR case. Thus

seawater extraction conceptual designs relying on ion exchange or adsorption have

utilized ocean currents or wave action to move the seawater past the uranium-

collecting surfaces.

However, the magnitude of the seawater resource places an upper limit on the

cost of uranium for several reasons. First, seawater is available to nearly all

countries of the world at virtually the same uranium concentration and without

local depletion due to the extraction of uranium. Secondly, because no group of

countries can form a cartel over the uranium supply if seawater extraction is

practiced, the price of uranium is unlikely to be driven artificially high through

market manipulation. Furthermore, the only present limitation on the extraction of

uranium from seawater is knowledge of the technology and resins. Thus one would

expect that, if conventional sources of uranium become limiting, a healthy compe-

tition in research and development would drive down the cost of extraction.

Uranium recovery from seawater has been studied in Japan for a very long term

or to face a very strong development of fission energy. In a laboratory scale

experiment performed by the Japan Atomic Energy Agency (JAEA) where uranium

is trapped by an amidoxime adsorbent which has been prepared on nonwoven

polyethylene material with the aid of radiation-induced cografting. This experi-

ment, 7 km offshore from Sekine-Hama in Aomori Prefecture, Japan, produced

more than 1 kg of U on 350 kg of nonwoven fabric during a total submersion time of

240 days [21]. However, at this stage of the study, it is difficult to predict the

practical application of uranium recovery from seawater. An economic assessment

has been reported indicating a possible cost for this uranium process in a 1,000-t U/

year commercial plant of approximately $600/kgU [22].

Impact of Uranium Scarcity and Higher Extraction Costs

Table 18.5 shows the approximate impact of increases in the price of natural

uranium on the cost of electricity from a light water reactor. In this set of

calculations, the cost of natural uranium is set at $140/kg U (approx. average

price of domestic U to US utilities, 2011), $500/kg U, representing an optimistic

cost of extraction from seawater and $1,000/kg U, representing a more pessimistic

(or perhaps more realistic) cost for extraction from seawater. Two burnups are

shown for each uranium price, 45 MW-day (thermal) per kg of initial uranium

(MW-day/kg) and 60 MW-day/kg. The specific power of the fuel remains constant

at 37.9 kWth/kg of initial uranium, as does the interest charged on the fuel during

the fuel cycle. In the cases with higher cost uranium, the tails assay (“Tails U-235

content”) to optimize the balance between raw materials and enrichment costs. As

shown in the last two lines of the table, an increase in the cost of natural uranium

from $140/kg U to $1,000/kg U results in an increase in the cost of electricity of
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about $0.018/kW-h. For comparison, an increase in the prices of natural gas of

$2.80 per million BTU, as has occurred five times since 2005, also results in an

increase in the cost of electricity of $0.018/kW-h.

Uranium Compared with Future Energy Needs

A simple calculation is needed to place the magnitude of current uranium mining in

perspective. If it is assumed that the world population reaches a steady-state level of

10 billion and each of those people consumes energy at the average rate of a US

resident in 2011, then the total annual world consumption of energy would be about

3.7 � 1021 Jth. While that high rate of consumption would probably not be

sustainable for a variety of other reasons, the required natural uranium input to

a system of fast reactors to produce 3.7 � 1021 Jth would be about 45,000 t U.

Average worldwide uranium usage, from both mining and the downblending of

HEU, is now about 59,000 t U/year [4].

The Need for Fast Reactors

The early development of fast breeder reactors and of thermal breeder reactors

using thorium was driven in part by the apparent global scarcity of fissile isotopes to

fuel a rapidly growing set of nuclear reactors. Slow growth in nuclear power and

large discoveries of natural uranium in a few regions of the world have reduced the

global urgency for breeding more fissile material. In those regions of the world

lacking known uranium resources, particularly Europe and Japan, there has been

continuing interest in the development of sodium-cooled fast breeder reactors. Such

reactors reduce the need for natural uranium by a factor of �50, compared with

light water reactors and thus the cost and availability of natural uranium is a much

smaller consideration.

However, beyond the breeding of fissile isotopes, the use of a fast neutron

spectrum offers unique capabilities for the consumption of the long-lived actinides,

particularly plutonium, neptunium, americium, and curium.

In the long term, the capability of a fast reactor to make use of both 238U and
235U will be critical in meeting future energy needs. However, in the next century,

fast reactors will be crucial for the management of actinides and the reduction of the

long-term radiotoxicity of the nuclear fuel cycle by at least two orders of

magnitude.
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Comparison of Fossil Fuel and Uranium Reserves

It is interesting to compare the cited uranium known reserves and the inventory of

depleted uranium with the estimated reserves of coal, oil, and natural gas. In

Table 18.6, the reserves of fossil fuels and uranium are compared on the basis of

known, economically recoverable reserves.

Fossil fuel reserves are those of the World Energy Council, the Oil & Gas
Journal, andWorld Oil [23]. In the use of Table 18.6, the caveat cited above applies.
Resources of both fossil fuels and of uranium are undoubtedly much larger than the

reserves cited. Nevertheless, it is noteworthy that the uranium resources are ener-

getically equivalent to about 20% of natural gas or oil resources, even with the use

of LWRs only. The 1.2 million tons of depleted uranium currently in storage itself

represents an energy source larger than the fossil reserves if used in a fast reactor.

Future Directions

Uranium is ubiquitous in the continental crust and concentrated in economically

recoverable deposits by several relatively well-understood processes. Today ura-

nium is being mined from the richest and most convenient of the deposits though

little exploration has taken place in the last 20 years. Uranium and thorium are often

being extracted as by-products of mining for other elements. It is likely that other

similarly rich deposits exist in relatively unexplored regions of Asia and Africa.

Prices in the present uranium market are dominated by large discoveries in

the last 20 years and by the conversion of military HEU to civilian purposes.

Table 18.6 Comparison with fossil reserves

Coal 909 Billion tons

= 2.01E + 22 Jth

= 19,089 Quadrillion BTU (quad)

Petroleum 1340 Billion barrels

= 8.20E + 21 Jth

= 7,772 Quad

Natural gas 6261 Trillion cubic feet

= 6.84E + 21 Jth

6,480 Quad

Total fossil reserves 3.52E + 22 Jth

= 33,341 Quad

Uranium 5.404 Million t natural U

+ 1.2 Million t depleted U

= 2.33E + 21 Jth in LWRs

= 2211 Quad in LWRs

= 5.36E + 23 Jth in fast reactors

= 508,000 Quad in fast reactors
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The continued use of nuclear energy and the end of downblending can be expected

to raise uranium prices, encourage exploration, and return the uranium to a slightly

higher-priced equilibrium.

However, because of the wide range of igneous and geochemical processes that

are responsible for the formation of uranium deposits, it can be expected that

uranium will be found in significant quantities with renewed exploration.

Emerging technologies for the extraction of uranium, particular in situ leaching,

will make resources in sandstone and shale economically recoverable and minimize

the surface disruption due to open pit mining and the occupational radiation

exposures of underground mining.

In more distant future, the extraction of uranium from seawater will make this

fuel available to virtually every nation. While extraction from seawater is likely to

be five to ten times more expensive than uranium is today, the overall increase in

the cost of electricity or other energy products would be minimal.

Therefore, the need for fast reactors in the near term, with a global view in mind,

is not driven by a scarcity of uranium but rather by a need to effectively manage the

long-lived actinides in spent fuel. A fast neutron spectrum is uniquely capable of

fissioning the higher actinides and reducing the long-term radiotoxicity and volume

of the nuclear fuel cycle. Likewise, although thorium is more abundant than

uranium, the primary use of thorium will probably not be for the breeding of
233U, but rather as a host material for the transmutation of the higher actinides in

fast neutron spectrum reactors.

There are many challenges in the development of safe, proliferation-resistant,

and economical reactors and fuel cycles. Fortunately, the uranium and thorium

resources do not appear to be a near-term limitation.
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Chapter 19

Nuclear Safeguards and Proliferation

of Nuclear Weapons Materials

Michael C. Baker

Glossary

Calorimetry Calorimetry is a nondestructive assay technique for

determining the thermal power output of heat-producing

nuclear materials. Calorimeter systems are used to deter-

mine the power output (Watts) of various radionuclides

over a broad range of power levels and sample types (Pu,

highly enriched uranium, and Tritium).

Destructive assay Destructive Assay (DA) aims at the measurement of the

nuclear material content, the isotopic composition, or other

chemical properties of a sample. The analysis introduces

a significant change to the physical form of the test sample.

Detection time The maximum time that may elapse between diversion of

a given amount of nuclear material and detection of that

diversion by a safeguards authority.

Direct-use

material

Nuclear material that can be used for the manufacture of

nuclear explosive devices without transmutation or further

enrichment. It includes plutonium containing less than

80% 238Pu, highly-enriched uranium, and 233U.

Diversion The undeclared removal of nuclear material from

a safeguarded facility or the use of a safeguarded facility

for the production or processing of undeclared nuclear

material.
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Dual-use technology Technology that can be used for both military and peaceful

purposes.

Highly enriched

uranium (HEU)

Uranium containing 20% or more of the isotope uranium-

235.

Holdup The amount of nuclear material remaining in process

equipment and facilities after the in-process material,

stored materials, and product have been removed.

Nondestructive assay Nondestructive Assay (NDA) techniques allow analysis of

a sample in its own physical/chemical form without any

modification of its properties and characteristics. The most

common NDA techniques applied in nuclear safeguards

include gamma spectroscopy, neutron counting, and

calorimetry.

Nuclear

material (NM)

Any source or special fissionable material.

Safeguards An integrated, layered system of physical protection, mate-

rial accounting, and material control measures designed to

deter, prevent, detect, and respond to unauthorized posses-

sion, use, or sabotage of nuclear materials.

Significant

quantity (SQ)

The approximate amount of nuclear material for which the

possibility of manufacturing a nuclear explosive device

cannot be excluded. The International Atomic Energy

Agency uses 8 kg of plutonium, 25 kg of 235U in highly

enriched uranium, and 75 kg of 235U in low enriched or

natural uranium.

Source material Uranium containing the mixture of isotopes occurring in

nature; uranium depleted in the isotope 235; thorium; or

ore concentrate.

Special fissionable

material

Plutonium-239; uranium-233; uranium enriched in the

isotopes 235 or 233; and any material containing one or

more of the foregoing; and such other fissionable material

as the International Atomic Energy Agency Board of

Governors shall from time to time determine; but the

term “special fissionable material” does not include source

material.

Special nuclear

material (SNM)

Plutonium, uranium-233, uranium enriched in the isotope

235, and any other material which, pursuant to Section 51

of the United States Atomic Energy Act of 1954, as

amended, has been determined to be special nuclear mate-

rial, but does not include source material; it also includes

any material artificially enriched by any of the foregoing,

not including source material.
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Definition of the Subject

Nuclear technology, by its very nature, may be used for peaceful or harmful ends.

From its birth, efforts have existed to control access to, as well as the spread of,

nuclear technology for destructive purposes, while at the same time attempting to

provide access to its multitude of beneficial applications. Nuclear safeguards refers

to the system of legal, institutional, and technical mechanisms used to control the

use of nuclear materials, detect nuclear material misuse, and if the material is

misused, to provide domestic and international responses in a timely fashion.

Proliferation refers to the spread of weapons usable or direct-use materials, nuclear

weapons technology, and the knowledge and skills necessary for the design and

manufacture of such weapons. Nonproliferation policy and technology, including

nuclear safeguards, has traditionally been centered on the spread between nation

states. In the past decade, that focus has broadened to include the spread of materials,

technology, and knowledge to criminal and terrorist entities. Nuclear safeguards must

be viewed as a multilayered system, no single layer being self-sufficient, which as

a whole, provides deterrence, detection, and response to theft, diversion, or misuse of

nuclear material and nuclear weapons knowledge and skills.

Introduction: Historical Development of Nuclear Safeguards

and Nonproliferation Policy

Before the end of World War II, diplomats and scientists familiar with nuclear

weapons technology and its early development during the war were struggling with

how to control the technology while sharing its benefits. Early efforts were largely

focused on international control and the development of an international authority

for management of the control regime and nuclear materials. In June 1946, follow-

ing the formation of the United Nations Atomic Energy Commission (UNAEC) in

January, the US representative, Bernard Baruch, proposed a plan for such an

international control regime. The Soviet Union and other countries opposed the

significant transfer of state authority to an international body, as would be required,

and the Baruch plan quickly came to pass. However, it did provide the conceptual

framework and foundation for subsequent discussions between nation states.

By mid 1953, three nations (USA, United Kingdom, and Soviet Union) had

conducted nuclear tests, Dwight Eisenhower had been elected President of the

USA, and Joseph Stalin had died. These events set the stage for President

Eisenhower’s address to the United Nations on December 8, 1953. This address

outlined the President’s Atoms for Peace initiative, which included the creation of

an international agency responsible for the peaceful expansion of nuclear technol-

ogy and the control of nuclear materials that in accordance with the President’s plan

would be contributed by nation states. The President’s initiative also called for

states receiving assistance with the peaceful application of nuclear technology to
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allow inspections that would ensure that the technology and materials were not used

for military purposes. The President’s speech was the genesis of the International

Atomic Energy Agency (IAEA).

In 1956, 81 nations unanimously approved the charter of the IAEA. At the same

time, international cooperation related to the peaceful application of nuclear technol-

ogy was rapidly expanding. By the end of 1959, the USA had cooperative bilateral

agreements with 42 countries for collaborative nuclear technology development.

Within the next decade, the Soviet Union would have similar agreements with another

26 countries. In most cases, both the USA and Soviet Union included at least

a minimal acknowledgement of the dual-use capabilities of the nuclear technologies

to be shared. The Soviet cooperative agreements typically required the return of spent

nuclear fuel to the Soviet Union as a nuclear material control measure, as well as

a pledge to use the material only for peaceful purposes. Most of the US agreements

foresaw the need for nuclear safeguards to be applied by the USA that would

eventually be turned over to the IAEA. The safeguards experience gained as a result

of these bilateral agreements, as well as that obtained following the establishment of

Euratom safeguards by the European community in 1957, provided a useful experi-

ence base and context for the establishment of specific IAEA safeguards agreements

and protocols. In 1959, IAEA safeguardswere applied for the first time at the Japanese

JRR-3 research reactor running on natural uranium fuel from Canada. [1]

The political history of the early 1960s included France and China joining the

club of countries that had conducted nuclear tests and the Cuban Missile Crisis in

1962. This later event, one of the major confrontations of the Cold War, is the

closest the world has come to a nuclear war. During the crisis, US armed forces

were at their highest state of readiness and Soviet commanders were prepared to use

nuclear weapons to defend Cuba against an invasion [2]. As a result, both

superpowers came to the realization that greater cooperation on nuclear arms and nuclear

safeguards were necessary for their mutual national security and that of their allies. This

recognition and associated efforts to seek common ground were also seen in other

countries. For example, in 1967, the Treaty for the Prohibition of Nuclear Weapons in

Latin America was signed. By 1968, negotiations regarding the Treaty on the Non-

Proliferation of NuclearWeapons (NPT) were well underway. Although the idea of such

a treaty had been proposed ten years earlier by Ireland, the NPT was not opened for

signature until 1970. This marked a major milestone in the evolution of nonproliferation

policy and nuclear safeguards. One of the significant requirements that resulted from the

NPT is that nonnuclear weapons states place all of their peaceful nuclear programs under

IAEA safeguards. As of 2007, the NPT had been ratified by 189 nations.

After the NPT had established a legal framework for international safeguards in

1970, the next twenty years saw the rapid development of both destructive and

nondestructive measurement technology in support of nuclear safeguards, as well as

the continued development of procedures and protocols used for international

inspections. Formal training programs were established in multiple countries, as

well as by the IAEA, to train and develop a cadre of professional safeguards

inspectors. Some would argue that safeguards programs, personnel, and interna-

tional policy had reached a state of maturity by the mid 1980s. However, in 1991,
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the international community was shocked with the revelation of a clandestine

nuclear weapons program in Iraq. This program had developed under the noses of

international inspectors that had been reviewing the declared activities in Iraq but

were unaware of the clandestine program.

The international community responded with a reevaluation of safeguards and

nonproliferation policy that included an acknowledgment of the need for IAEA

safeguards to be significantly strengthened. Specifically, the IAEA needed the capa-

bility to detect undeclared nuclear activities in countries that were parties to the NPT.

In 1997, the IAEA Board of Governors approved the “Additional Protocol” which

allows for the use of environmental sampling to detect clandestine activities, earlier

provision of design information on nuclear facilities to the IAEA, complementary

access to additional locations within a country, and a broader use of open source,

satellite imagery, and third party information to access nonproliferation performance

in a particular nation. As of 2009, implementation of the Additional Protocol was

complete or at a minimum underway in countries with significant nuclear programs.

Until the terror attacks on September 11, 2001, the diversion of nuclear material

for a nation state’s weapon program was the primary threat that nuclear safeguards

programs were designed to mitigate and international policy experts had been

focused. Those attacks demonstrated a higher level of sophistication than previ-

ously expected and brought the realization to international security professionals

that nuclear terrorism sponsored by substate actors must also be considered as

a significant threat to be addressed by nuclear security programs. In the last decade,

the proliferation of nuclear materials and nuclear weapons to substate groups has

replaced a potential nuclear confrontation between dominant superpowers as the

preeminent global security concern. This has shifted emphasis in the nuclear security

community to border monitoring, event attribution, and consequence management. In

2009, with the election of a new President in the USA, focus of international security

policy and programs is returning to the threat from nations with large nuclear arsenals;

however, it is certain that the terrorist threat will remain a greater concern than it was

before 2001. Significant events that impacted the development of international non-

proliferation and safeguards policy are shown in Table 19.1.

Technologies for Safeguarding Nuclear Materials

To properly secure nuclear materials, a state must know how much material it

possesses and where it is located. This baseline is used to plan protection strategies,

which mitigate the risks from both insider and outsider threats. The fundamental

system that both provides this baseline information and allows the tracking and

maintenance of the information as it changes over time is the nuclear material

accounting system. To be effective, this system must be supported by a nuclear

material measurement program, which provides accurate and precise information

on the material being protected.
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Nuclear material accounting and nuclear material measurements must be closely

coupled with a physical protection system that ensures that access to the material is

controlled and the materials stay in their intended locations. The physical protection

system consists of people, procedures, and technology, which are designed and

implemented following a careful evaluation of system vulnerabilities against

predicted threats. Each facility is unique; therefore, a systematic planning effort

is required to manage risks appropriately.

Nuclear Material Accounting

Nuclear material accounting is not that different from managing inventory for

a complicated manufacturing and warehouse operation or the accounting involved

in today’s banking systems. Matter of fact, initial nuclear materials accounting

Table 19.1 Influential events in the development of international safeguards and nonproliferation

policy

Date Event

1945 USA’s first nuclear test at the Trinity Site.

Nuclear bombing of Hiroshima and Nagasaki.

1946 Formation of the United Nations Atomic Energy Commission (UNAEC).

Baruch Plan presented.

1949 Soviet nuclear test.

UNAEC dissolves.

1952 United Kingdom nuclear test.

1953 President Eisenhower presents Atoms for Peace.

1955 USA and Turkey conclude the first “Atoms for Peace” cooperative agreement

for the peaceful uses of nuclear energy.

1956 International Atomic Energy Agency (IAEA) charter is approved.

1957 European Atomic Energy Community (Euratom) is established.

1959 First application of IAEA safeguards.

1960 French nuclear test.

1962 Cuban Missile Crisis.

1964 Chinese nuclear test.

1967 Treaty for the Prohibition of Nuclear Weapons in Latin America established.

1968 Treaty for the Non-Proliferation of Nuclear Weapons (NPT) established.

1974 Indian nuclear test.

1979 Three Mile Island nuclear accident.

1986 Chernobyl nuclear accident.

1991 Iraqi clandestine nuclear weapons program discovered.

1995 NPT is made permanent.

1997 IAEA approves the Additional Protocol.

1998 Pakistan’s nuclear test.

2001 September 11, 2001 terrorist attacks in the USA.

2003 Disclosure of the A. Q. Kahn clandestine nuclear trade network.

2006 North Korean nuclear test.
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developed from procedures and tools, which had been developed for financial and

materials management. Today, nuclear material accounting is defined as the use of

statistical and accounting measures to maintain knowledge of the quantities of

SNM present in each area of a facility. It includes the use of physical inventories

and material balances to verify the presence of material or to detect the loss of

material after it occurs.

The quality of nuclear material accounting data and therefore the quality of the

entire safeguards system is dependent on

• A measurement system that provides accurate, repeatable data on nuclear mate-

rial quantities involved in both storage and internal or external transfers;

• Operating records that document nuclear material movements, locations, item

identities, item histories, and links to the measurement data; and

• Accounting control procedures that include frequent cross-checking of data to

detect inconsistencies, which may be indications of human error, unidentified

measurement errors, or an attempt to divert or steal material.

The accounting system may divide a facility or process into sections, which are

frequently called material balance areas (MBA) for monitoring and tracking of

nuclear material (NM). Measurement, storage, and transfer records are maintained

for each MBA. The choice of MBA boundaries will impact detection probabilities

and should be carefully considered. The MBA will include defined key measure-

ment points (KMP), where NM is in a form that can be measured to determine

material flow or inventory. KMPs include, but are not limited to, all of the inputs

and outputs to the MBA. Selection of appropriate KMPs is a fundamental require-

ment for timely detection of diversion or theft attempts. Ideally these KMPs would

be identified during facility or process design to optimize their effectiveness while

minimizing the impact on operational efficiency.

One of the primary goals of an accounting system is to monitor the inventory

difference (ID) or material unaccounted for (MUF) within a facility or a specific

area within a facility, such as an MBA, over a given period of time. The period of

time used is typically the time between physical inventories of SNM within the

facility, usually one or two months. The ID for SNM over this time period of

interest, represented by t, is defined as:

IDt ¼ BIt þ Rt � EIt � St (19.1)

where BI is the beginning inventory of SNM, R is receipts of SNM during the

inventory period, EI is the ending physical inventory of SNM, and S is shipments

out of SNM during the inventory period. Note that all terms may have multiple

individual components and include some uncertainty due to measurement and

sampling errors. IDs are charted as a function of time and monitored for trends

that may indicate a loss of nuclear material. If the safeguards practitioner

understands the uncertainties in the components of each of the inputs to equa-

tion 3.1, the practitioner may propagate these uncertainties to determine the vari-

ance of the ID, sID. The monthly ID may then be compared to statistical limits to
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determine whether or not an indicator of theft or diversion may exist. An ID in

excess of a significant quantity (SQ) indicates an abrupt loss of NM. Trends

including systematic, smaller losses of NM over a period of time indicate

a protracted loss of material. In some cases, protracted losses may be referred to

as a trickle diversion.

A common performance measure for an accounting program is the magnitude of

the ID variance, sID. IDs must be maintained at a level sufficiently small to detect

abrupt diversions, while a sequential test or alternative statistical test for trend

detection may be used to detect both abrupt and protracted diversions [3–6].

Specific statistical tests are well documented in the literature and beyond the

scope of this section. Safeguards practitioners must understand several issues that

complicate the evaluation of IDs, including (1) the impact of holdup on sID;

(2) serial correlation in successive IDs; (3) poorly characterized measurement

quality and its impact on estimates of sID; and (4) time delays in the measurement

results that are input components to the terms in equation 3.1. Without a detailed

understanding of these effects, the practitioner will not be sensitive to the subtle

variations and trends, the impact of nuclear process changes, or the impact of

safeguards policy changes.

Nuclear Material Measurement Technology

The accurate quantification of nuclear material is essential to nuclear safeguards

and as noted previously, the minimization of precision and bias in these

measurements of NM is vital to the system’s ability to detect abrupt and protracted

diversion attempts. Measurement of NM is typically accomplished by either

destructive wet chemistry techniques or nondestructive measurement of radiation

or heat output. Nuclear material is found in multiple chemical forms, a wide range

of quantities, and a variety of packaging configurations. Each of these variables

introduces uncertainty into measurement results that must be carefully managed

and considered when determining whether or not nuclear material is present and

accounted for appropriately without evidence of diversion, theft, or misuse.

Destructive Analysis

Analytical chemistry typically provides the most accurate techniques for the quan-

tification of pure metals and compounds of safeguards interest. These techniques

require the destruction of a small sample of the nuclear material item, which must

be homogenous to prevent the introduction of significant uncertainties from

a sample that is not representative of the bulk item. The nature of these destructive

analysis (DA) techniques requires ready access to the material to be analyzed.

Finished material, such as a fuel rod, is not a candidate for DA for this reason. Some
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of the more common techniques, which are described below, are gravimetry,

titrimetry, and mass spectrometry [7, 8].

Mass spectrometry is a mature technology used for the determination of the

isotopic composition of nuclear material samples. Samples to be analyzed in

a thermal ionization mass spectrometer (TIMS) are deposited on a filament that is

then inserted into the spectrometer and slowly heated by an electrical current. This

results in ions of the sample “boiling off” after which they are accelerated by an

electric field through a magnetic field, which is orthogonal to their trajectory. This

results in a deflection of the ions, the magnitude of which is a function of the weight of

the ion. Following the deflection, ions are collected at positions of interest that allow

the analyst to infer the isotopic mass of each ion. The precision of this technique for

the analysis of plutonium or uranium isotopics is better than 0.05% [7, 8]. Gas mass

spectrometers and Isotope DilutionMass Spectrometers (IDMS) are also in use and in

many cases may lead to even better precision than TIMS.

Plutonium or Uranium can be burned to PuO2 and U3O8, respectively, and then

accurately weighed. This technique, called gravimetry, can be performed in the

laboratory with random and systematic errors of less than 0.05% [7, 8]. Nonvolatile

impurities must be accurately determined and the gravimetric results then corrected

accordingly.

Titration procedures are used to assay the amount of uranium or plutonium in

solution through the careful addition of a reagent that reacts with the nuclear

material. The measured amount of reagent to produce a particular endpoint is then

related to the amount of NM. A typical endpoint is detected by a color change or

electrical response of the solution. One of the most common techniques in use by the

IAEA and other laboratories is the Davies–Gray method [7]. The precision for these

techniques can be as good as 0.02% for uranium and 0.04 % for plutonium [7, 8].

DA techniques in use by the IAEA’s Safeguards Analytical Laboratory (SAL)

and its network of approved analytical laboratories are summarized in Table 19.2.

In addition to requiring access to the material and destruction of a sample, DA

techniques, in general, are more costly and time consuming than nondestructive

techniques.

Nondestructive Assay

Many nuclear materials that one may encounter, such as a fuel assembly or

a radioisotopic heat source, are technologically complex and have high economic

value. Nevertheless, to adequately track and account for these materials, they must

be quantified accurately. This necessitates the use of methods that do not alter their

physical form or integrity of the item. Nondestructive assay (NDA) techniques can

provide the necessary information and, although the precision and accuracy is

generally poorer than DA, NDA is usually less expensive and can be performed

within quicker time periods. DA and NDA should be viewed as complimentary

techniques that are both necessary for a quality safeguards measurement program.
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Most NDA techniques measure spontaneous or stimulated radiation or heat

generated as a result of the radioactive decay process. Passive NDA methods

measure radiation that is spontaneously emitted, while active techniques measure

radiation that is stimulated by external neutron or gamma ray irradiation. Of the

principal radiations, alpha and beta particles do not penetrate bulk material suffi-

ciently to be of use to the NDA professional. On the other hand, x-rays, gamma

rays, and neutrons are all electrically neutral, penetrate bulk materials, and are

regularly used for NDA applied to nuclear safeguards.

Gamma rays and x-rays are photons with energies above that of the visible light

spectrum. X-rays are emitted as result of changes in the electronic structure of the

atom, while gamma rays are emitted when there is a change in the state of the

nucleus. In commonly assayed nuclear materials, x-rays in the energy range 80–120

keV or gamma rays from 60–2,600 keV may be used for quantitative

measurements. Since every isotope emits radiations at very precise energies and

at well-characterized intensities, it provides a signature that is unique to that

specific isotope and related to the amount of material present.

One of the most common NDA measurements is to determine the isotopic

composition of plutonium or uranium by measuring the intensity of specific

gamma rays produced by one isotope of interest relative to those from other

isotopes present in the sample. For example, Fig. 19.1 shows spectra from two

types of plutonium. If the spectra are carefully examined, one can see that the

characteristics of each spectrum are highly dependent on the isotopic composition

of the plutonium. Common instruments for the measurement of gamma ray spectra

are scintillators, such as NaI, or semiconductors, such as high-purity germanium.

Scintillators are materials that produce optical light pulses when the detector

material interacts with a gamma-ray photon. The production of light is proportional

to energy deposited in the detector material by the interacting gamma ray. Alterna-

tively, when a gamma photon interacts with a semiconductor (solid-state) material,

Table 19.2 IAEA destructive analysis techniques [7]

Technique NM Material Type

Random

Error (%)

Systematic

Error (%)

Davies–Gray U U, MOX 0.05 0.05

MacDonald–Savage Pu Pu materials 0.1 0.1

Controlled Potential

Coulometry

Pu Pure Pu 0.1 0.1

Ignition Gravimetry U, Pu Oxides 0.05 0.05

K X-ray Flouresence Pu Pu materials 0.2 0.2

Isotope Dilution Mass

Spectrometry (IDMS)

U, Pu Pu, MOX, spent fuel 0.1 0.1

Pu(IV)

Spectrophotometry

Pu Pu, MOX 0.2 0.2

Alpha Spectrophotometry Np, Am, Cm Spent fuel 5.0 5.0

Thermal Ionization Mass

Spectrometry (TIMS)

U, Pu Pure U, Pu 0.05 0.05

500 M.C. Baker



it creates electron–hole pairs in proportion to the deposited energy. The

characteristics of commonly used detector materials are delineated in Table 19.3.

Resolution describes how well a given spectrometer can distinguish one gamma ray

from another as a function of energy.

Under some conditions, the measurement of gamma rays may be used to

determine the mass of NM present. Most nuclear materials have high atomic

numbers and densities and therefore readily scatter and absorb their own radioac-

tive emissions. By measuring the transmission of known gamma-ray intensities at

one or more energies, the NDA professional may calculate correction factors to

Fig. 19.1 Simulated High Purity Germanium spectra for weapons-grade and reactor-grade

plutonium [9]

Table 19.3 Commonly used gamma detector materials [10]

Material Type Average Z Density (g/cm3)

Resolution

% FWHM

@ 662 keV

Resolution

% FWHM

@ 122 keV

Bi4Ge3O12 (BGO) Scintillator 28 7.1 12 28

NaI:Tl Scintillator 32 3.7 7 13

LaCl3:Ce Scintillator 28 3.9 3.3 8

LaBr3:Ce Scintillator 41 5.3 2.8 7

Xe Gas 54 0.4–0.5 2 7

CdZnTe Solid-state 49 6.0 3.2 6.3

CdTe Solid-state 49 6.1 0.6 1.5

Ge (thick planar) Solid-state 32 5.3 0.2 0.4

19 Nuclear Safeguards and Proliferation of Nuclear Weapons Materials 501



account for the scatter and absorption in the item. It is common practice to use the

413.7 keV gamma ray from plutonium or the 185.7 keV gamma ray from uranium

for mass measurements. It should be noted that the self-attenuation factor for

plutonium is smaller than that for uranium, since the plutonium gamma ray of

interest has a higher energy. This means that self-attenuation corrections for mass

measurements of plutonium items are generally smaller than those required for

uranium items.

Since many items to be assayed may have the nuclear material dispersed

nonuniformly in a matrix that may also be nonuniform, systems that make attenua-

tion correction frequently have to divide the measured item up into a number of

elements that are measured individually and have attenuation correction factors

determined for each individual element. Early systems used a technique called

Segmented Gamma Scanning (SGS) [11]. The SGS measured the item as a series of

horizontal slices; each slice was characterized individually and then summed to

arrive at an overall result. With the powerful computers that became economically

available in the early 1990s, a tomographic gamma scanner (TGS) was developed

that divides an item up into a large number of volume elements [12]. The techniques

used to calculate the absorption-corrected mass of nuclear material following the

TGS measurement are similar to those used in computed tomography for medical

applications. The accuracy of assay results for low-density matrices, such as

combustible waste, is as good as 2–3%, but may be as high as 15–18% for higher

density matrices such as sludge.

Like gamma rays, neutrons are electrically neutral, but they penetrate high-Z,

high-density materials further than a gamma ray of the same energy. Therefore, the

measurement of neutrons for the assay of special nuclear material is advantageous

for large items and items in high-density matrices. At this point in time, neutron

detectors in use around the world do little to distinguish one neutron from another of

a different energy. However, neutron intensity and the time correlation of multiple

neutron detections provide information that can be used to determine the amount of

nuclear material present in a sample if the isotopic composition of the sample is

already known. Most nuclear material assay applications in use today using

neutrons, measure coincident neutrons that result from induced or spontaneous

fission.

Most neutron detectors use 3He gas proportional counters embedded in polyeth-

ylene. The 3He has a large cross section (probability) for capturing thermal

neutrons. The polyethylene acts as a moderator to slow down the neutrons, pro-

duced by fission or (a, n) reactions, to thermal energies where they have a higher

probability of interaction with the 3He gas. The capture interaction then results in

the release of a triton and proton that share 765 keV of energy, which then ionize the

gas and create an associated electronic pulse that can be measured. Passive detector

systems developed using this basic technique have been installed in nuclear

facilities for nuclear safeguards of plutonium that have demonstrated precisions

of better than 2% [8, 13]. Plutonium measurement is the primary application of

passive neutron counting since plutonium has a high rate of spontaneous fission

from the decay of its even-numbered isotopes. Counters using higher-order
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coincident neutrons from fission have also been developed and are in widespread

use [14, 15]. Such multiplicity counters are advantageous for the measurement of

impure plutonium-bearing items [16]. In general, the precision and accuracy of the

measurements using multiplicity counting can be as good as 1–3% [8].

Uranium, due to its long radioactive decay half-lives, emits very few neutrons

from spontaneous fission or (a, n) reactions, unlike plutonium. Therefore, effective

assay of uranium via neutron measurement requires that the fission rate in the item

be externally enhanced. By placing an external neutron source near the item,

fissions will be induced in the sample. If the external source used to interrogate

the sample produces uncorrelated neutrons, such as those from an AmLi source,

they can be distinguished from those produced by the induced fissions in the

sample, since these later neutrons will be correlated in time. Alternatively, one

can use an external fission source, such as a small 252Cf source, that can be moved

away from the sample after inducing fissions or be turned off, such as a small

accelerator. In these later two cases, the measurement of neutrons from the induced

fissions is then conducted after the external source is no longer present.

The Active Well Coincidence Counter (AWCC), which is in common use

around the world, uses AmLi sources to induce fissions in a uranium sample [17].

Its precision and accuracy have been reported to be better than 5% for the measure-

ment of uranium [8]. Another advantage of using AmLi sources is that it produces

neutrons with a mean energy of 0.5 MeV, which is below the fission threshold of
238U. This allows the effective assay of 235U in a sample of uncertain enrichment.

The Californium Shuffler is an example of an instrument that rapidly moves

a spontaneous fission source away from a sample to allow subsequent measurement

of the induced fissions [18, 19]. This instrument measures the delayed neutrons

from fission. Approximately 1.6% of neutrons from fission reactions are produced

a few seconds to minutes after the fission. For materials that are well represented

with appropriate calibration standards, the shuffler technique has been reported to

accuracy as good as 1–2%.

The differential die-away technique (DDT) was developed to use a pulsed

accelerator producing 14 MeV neutrons as the external source. This technique

has been successfully applied to the assay of both uranium- and plutonium-bearing

wastes [20–22]. The combined thermal epithermal neutron (CTEN) method is

similar to the DDT method, but interrogates the sample with both thermal and

epithermal neutrons [23]. This is achieved partly by the addition of 4He detectors,

which have a faster response than the 3He detectors and can detect fast fission

neutrons in the presence of the epithermal interrogating flux. 4He detectors rely on

the recoil of light nuclei to ionize the gas in the detector tube, which is dependent on

the elastic scattering cross section. Because epithermal neutrons are more

penetrating in fissile material than thermal neutrons, the differential response can

be analyzed to detect the occurrence of self-shielding by fissile material and

measure the size of the effect. Self-shielding occurs when discrete lumps of fissile

material are present, and can result in assay errors of several hundred percent. The

DDT and CTEN methods have been applied to the measurement of SNM in waste

containers and for the detection of the potentially smuggled SNM in packages [24].
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Many nuclear materials, including plutonium and to some extent uranium, emit

heat produced as a result of alpha particle absorption in the sample following

radioactive decay. Plutonium produces 2–12 W of heat for each kilogram of

material in the sample depending on the specific isotopic composition of the

plutonium. Radiometric calorimeters measure the heat output of nuclear materials

[25]. This method has seen wide application to plutonium and tritium samples, as

well as large (kilogram) quantities of uranium and neptunium [26, 27]. Calorimetry

is generally considered the most accurate and precise NDA technique for plutonium

measurement since it is not subject to many of the biases that effect both gamma-

ray and neutron measurements. Accuracy and precisions better than 1% are gener-

ally reported in the literature [28]. As is required for neutron-based NDA, the

calorimetry data must be combined with isotopic data from gamma-ray or mass

spectroscopy to obtain the total amount of plutonium in a specific item. Although

calorimeters are the most accurate technique, it usually requires long measurement

times (typically 4–8 h) and is not generally portable. These disadvantages make the

application of calorimeters to international safeguards and inspection efforts

very limited.

Detection of Nuclear Proliferation and Treaty Verification

There is a well-established historical record of states pursuing nuclear weapon

development, even after accepting international obligations through treaties not to

develop weapons. In recent years, those countries have included Iraq, Libya, and

North Korea. It is likely that such trends will continue in the future. This

necessitates that the international community have the capability to detect, deter,

and even dismantle undeclared nuclear capabilities. It should be noted that Libya

agreed to abide by the NPT in 2003 and following negotiations with the USA and

Great Britain, the USA airlifted out of Libya components of the abandoned nuclear

weapons program in 2004.

Open Source Information and Satellite Imagery

The analysis of open source information and commercial satellite imagery are two

methods currently in use by the IAEA and state intelligence assets. Open sources of

information include such things as publically available data, media reports,

published scientific literature, business reports, information on technical

conferences and meetings, and patent applications. Open sources of information

are numerous and continuously changing. Each type of information must be

assessed in relationship to the others in an attempt to establish an integrated picture

of a state’s legal nuclear programs, undeclared activity, and potential to breakout

and quickly establish a nuclear weapons capability. The open source analyst, which
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should have a broad technical background, must understand the potential quality

pitfalls from the large volume of data available and then formulate useful search,

query, and analysis strategies. This type of analysis requires sustained efforts over

time, personnel with excellent research skills, and teams with multidisciplinary

backgrounds [29].

Another open source is commercial satellite imagery, which has recently

become available for anyone with modest computer access to view, identify, and

monitor facilities that may be used in a nuclear weapons program. Commercial

satellite images have been available since the 1970s, although at that time resolu-

tion was as poor as 80 m. Today, commercial images with resolution better than 0.5

m are becoming widely available for panchromatic data [30, 31]. Commercial

satellites typically acquire images in the visible and/or near-infrared parts of the

electromagnetic spectrum. Multispectral satellites, which collect data from more

than one electromagnetic band, generally have poorer resolution (�2.5 m) than

those collecting panchromatic data (black and white). An image that results from

the fusion of the multispectral data and a panchromatic overlay is generally the best

for facility and infrastructure analysis.

Imagery analysis is the process of identifying, analyzing, and attaching signifi-

cance to the image data. An analyst’s effectiveness requires

• Size – an ability to assess true and relative size of the objects being imaged

• Shape – an ability to determine physical characteristics

• Shadows – an ability to use the sun angle and orientation on the imaged objects

• Shade – an ability to use tonal brightness and contrast of objects of interest

• Surroundings – an ability to use context and setting of the objects including

topographic and geographic information

• Signatures – an ability to use cultural or manmade features to help separate

objects from their surroundings and to uniquely identify them

• Time – an ability to monitor temporal changes to provide insight on functional-

ity, operating histories, or facility changes [32]

These techniques have been used multiple times in the detection and monitoring

of clandestine nuclear activities. They are complementary to direct access

inspections, open source analysis, and traditional nuclear safeguards (nuclear

material accounting and measurements) in the detection and deterrence of nuclear

weapons development.

Seismic and Hydroacoustic Monitoring

As a nation tries to develop new nuclear weapons, whether or not it already

possesses one or more earlier generation nuclear weapons, they are likely to test

new designs. It is probable that such tests would be conducted underground to both

contain the fission products and conceal the exact nature of the test from other

19 Nuclear Safeguards and Proliferation of Nuclear Weapons Materials 505



countries. Hence, seismic monitoring is an important tool in the nonproliferation

regime [33]. Monitoring requires the detection of the signal, separation of the signal

from background and natural events (earthquake vs. explosion), as well as

estimating the location and size of the event. There are more than 200,000 seismic

events that are similar in magnitude to a small nuclear explosion every year. These

events are either earthquakes or chemical explosions associated with peaceful

applications, such as mining.

The energy released by a sudden movement of the earth’s crust produces two

types of elastic body-waves. The first to arrive at a monitoring station are the high

velocity P-waves, which move in a direction parallel to the direction of the wave

energy. S-waves move as transverse waves with motion perpendicular to the

direction of wave propagation and arrive at the monitoring station at a later time

relative to the P-wave. An explosion produces little S-wave energy relative to that

produced by an earthquake. Therefore, the shape of the wave recorded by

a monitoring station can be used to distinguish between an explosion and earth-

quake. The Comprehensive Test Ban Treaty, which was opened for signature in

1996, specifies a minimum detection level for explosions of 1 kiloton. This level,

which is currently exceeded by international monitoring capabilities, corresponds

to a seismic event of approximately 4.0 on the Richter scale. At some locations

around the globe, monitoring capability is better than 2.5 on the Richter scale. How

this relates to the size of a nuclear explosion is dependent on the geology between

the event and the monitoring stations [34, 35].

Since more than 65% of the earth’s surface is water, it is also important to

monitor for explosive events in the world’s oceans. Underwater explosions produce

extremely powerful broadband acoustic signals. A sensitive hydrophone either

suspended from a moored buoy or anchored to the ocean floor can be used to

monitor low frequencies (1–100 Hz). Such low-frequency monitoring is optimal for

detecting explosions over long distances. Today’s hydrophones can detect signals

more than 15,000 km from their source. The waveform detected can be used to

differentiate explosions from underwater earthquakes or volcanoes.

Environmental Surveillance and Monitoring

Another tool that can be used to monitor treaty compliance or breakout activity by

a proliferant is the surveillance of radionuclides present in the environment [36]. The

fission products produced by nuclear fission and their isotopic ratios are an unambigu-

ous and well-characterized indicator. However, unlike seismic or acoustic monitoring,

it is not done in real time. Atmospheric and underwater explosions release particles

carrying radionuclides as well as noble gases, while underground explosions release

noble gases. In either case, the nuclides are then transported by air or water to monitor-

ing stations. At that point in time, which may be several days or even weeks following

the event, the analysis of the sample can confirm the nuclear event but not pinpoint the

location. Combining seismic and acoustic monitoring with the atmospheric
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surveillance, with meteorological data, can provide definitive evidence of a nuclear

explosion and its location.

Most of the energy of a nuclear explosion is transformed into the immediate blast

or the radiation released during the blast. Approximately 10% of the energy is

released as residual radiation, which is emitted over time, through the decay of

fission products generated during the nuclear blast. Fission products are produced in

both gaseous and particulate form and most are radioactive. Following an atmo-

spheric explosion, solid fission products attach to dust particles, which may then be

propagated by winds over significant distances. Underwater explosions also release

particles into the atmosphere. Underground explosions may be conducted in such

a way that particles carrying radionuclides are contained. However, some fission

products, particularly xenon, are noble gases that are much more difficult to contain

and can be collected and analyzed by monitoring stations thousands of kilometers

from the explosion site [37].

A radionuclide particulate monitoring station contains an air sampler and detec-

tion equipment. At the air sampler, air is forced through a filter, which typically

retains 85% or more of all particles that reach it. The used filter is usually first

cooled for a period of 24 h and then measured for another 24 h in the detection

device at the monitoring station. The result is a gamma ray spectrum that the analyst

can use to identify specific radionuclides. The analyst can use the spectrum to

determine characteristics of the device tested and the nuclear material used in

the device.

Detection and Prevention of Illicit Trafficking and Terrorism

Since the attacks in the USA on September 11, 2001, terrorism’s threat against

a country’s national security has come under increased scrutiny. Although few

terrorist organizations will implement acts of such devastation, it is considered by

many experts that nuclear terrorism cannot be ruled out, and, because the devasta-

tion of a nuclear attack would be unmatched, the risks must be mitigated regardless

of the low probability [38–40]. To mitigate these risks, one may increase security at

the storage locations (strengthen nuclear safeguards), dispose of the nuclear

materials in such a way that they are unavailable to the terrorists, strengthen

methods to detect their misuse and transport once they have fallen into the wrong

hands, and also develop methods through which illegal activity may be attributed to

a particular national or subnational group.

Rigorous nuclear safeguards, which have been described previously, are only one

layer in a defensive system against the use of nuclear materials by a subnational or

terrorist organization. In addition to nuclear safeguards, the other layers of mature

protection system would include monitoring of nuclear material in transit, robust

intelligence collection and analysis, consequence management, and a vigorous

response capability to a nuclear emergency or event to mitigate it prior to
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a detonation. Each of these layers relies on, at least in part, the ability to detect and

characterize nuclear or radiological materials at various points in their life cycle.

Nuclear smuggling is difficult to stop due to the small size of the materials

required by the terrorist to make a nuclear bomb; the weak radiation many of these

materials emit; the large number of smuggling routes; the large amount of legiti-

mate traffic crossing these borders every year; and the existence of established

smuggling networks for other contraband, such as illegal drugs. A recent analysis of

174 illicit radiological material trafficking incidents that have occurred since 1991

found little evidence of clear trends that can be used by nuclear security personnel

[41]. It did note that the incidents involved a variety of radionuclides; however,

approximately 60% of the cases involved Cesium-137, which happens to be an

attractive isotope for radiological dispersal devices.

Border and Port Monitoring

Studies of illicit trafficking of nuclear and radiological materials have indicated that

whether by auto, bus, train, or air, smugglers have consistently used transportation

methods and routes that were most convenient to them, maintaining a close physical

proximity to the materials [42]. During the past decade, one of the areas that has

received international emphasis for this very reason is the improvement of border

and port detection capability and protocols.

In the USA, one such effort is the Second Line of Defense program at the

Department of Energy’s National Nuclear Security Administration. This program

seeks to interdict illicit trafficking of nuclear and radiological material through

airports, seaports, and border crossings in Russia and other key transit states. This is

to be accomplished by helping other nations install and use radiation detection

equipment at these sites and by providing associated training and support. It is

worth investing in improved border detection systems, but this line of defense will

inevitably be porous, and one should not place undue reliance on it.

Fixed portal monitors have been installed at land, sea, and air facilities with the

goal of detecting smuggled radioactive materials. Typically, these detectors use

passive gamma measurement, which in its simplest and least expensive configura-

tion utilizes gross gamma counting with little discrimination of the gamma-ray

energy. Plastic scintillators are the most common detector material for this applica-

tion and are inexpensively available in large sizes. Pedestrians, vehicles, or cargo

pass through one or more pairs of these detectors. The number of gamma rays

detected over the time interval during which the object is between the detectors can

be used to trigger an alarm requiring the intervention of a guard or similar security

personnel. There is a significant trade-off between the sensitivity of this method and

the permissible duration that the object can be measured. Also, if the sensitivity is

set such that frequent false alarms occur, security personnel may ignore alarms in

order to keep traffic moving efficiently. Most of the radiation emitted by highly
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enriched uranium (HEU) is weak, which means it is both easy to shield by the

smuggler and difficult to detect through passive means. The detectors being

deployed in the Second Line of Defense program simply detect gamma-ray radia-

tion, without attempting to zero in on particular energy levels, and therefore have

almost no ability to detect HEU above the background of natural radiation if the

terrorist or smuggler uses even modest radiation shielding.

Efforts are underway to develop “advanced spectroscopic portal monitors”

(ASPs) that do examine the energy ranges of different gamma rays. This will

theoretically allow them to not only detect nuclear or radiological material, but

also to identify the type of material. The ASPs are expected to reduce the rates of

false alarms caused by naturally radioactive materials in legitimate shipment;

however, they are significantly more costly than nonspectroscopic detectors and

can only be manufactured with much lower detection probabilities. Thus, substan-

tial controversy exists over whether there is a true benefit to their deployment.

Active detectors, such as neutron sources coupled with detectors to detect

induced fission, may offer higher confidence of detecting HEU, even in

a shielded configuration. Several methods are under active research and develop-

ment that have been demonstrated to be highly effective at detecting shielded SNM.

These detection methods are based on the active neutron techniques developed for

nuclear safeguards discussed previously. Other development efforts are underway

to use high-energy photons to induce fission. In both cases, neutron or photon

sources, systems are in the developmental stages and not yet ready for wide-spread

deployments.

Nuclear Forensics

In response to nuclear smuggling, which was first reported in 1991, a new branch of

science was developed: “nuclear forensics” [43]. Analytical methods were initially

borrowed from nuclear safeguards and supplemented with techniques developed for

material science investigations. Over several ensuing years, techniques were

standardized, new methods developed, and extensive databases of nuclear informa-

tion compiled to guide the analysis and attribution of nuclear materials. As in other

forensic fields, the analyst relies on the fact that certain measureable parameters in

a sample are characteristic of the nuclear material and can be used to draw

conclusions on the intended use or origin of the materials. Such attribution is an

important deterrent to a nation state’s participation, whether willingly or not, in

smuggling activity.

The first category of characteristics to be exploited for nuclear forensics was

major elemental and macroscopic composition of the interdicted nuclear material.

Physical dimensions and isotopic composition of the major nuclear materials,

usually uranium and plutonium, may be used to identify the intended use of the

material. For example, plutonium with less than 7% 240Pu is considered to be
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weapons grade and likely produced for that purpose. The isotopic composition may

also indicate the origin of the material. Since different types of nuclear reactors

have different fuel loadings and neutron energy spectra, they generally produce

plutonium of differing isotopic composition [44]. The concentration of the nuclear

material may indicate stoichiometry of the compound or the presence of impurities,

both of which may be indicators of the materials’ source or status in a known

nuclear fuel cycle. Fuel additives, which are used in the fuel cycle or material

processing steps, such as gadolinium as a nuclear reactor burnable poison, may also

be used by the analyst to narrow down the type of nuclear material present. In the

case of manufactured items, such as nuclear fuel elements or pellets, the physical

dimensions may allow the identification of the intended reactor type or design.

Further developments in the nuclear forensics field lead to the use of minor

elemental as well as microscopic composition of the nuclear material in

investigations initiated in the late 1990s [42]. This included chemical and isotopic

analysis of individual particles as part of the forensic toolbox. Techniques such as

secondary ionization mass spectrometry and scanning electron microscopy coupled

with electron dispersive x-ray analysis allow for the isotopic composition of

particles or powders to be determined. With powder samples, the analyst also

gains information related to the sample homogeneity with regard to the isotopic

composition and the particle size distribution.

In the past decade, analysts have also developed geolocation techniques and

methods. Trace elements can be found in uranium at all stages of its mining,

milling, and enrichment. Each processing step reduces the concentration of these

trace elements and may introduce new trace contaminants. However, it has been

noted that the pattern of certain impurities does not vary through the processing and

may be used as a characteristic of the starting material. For example, the distribu-

tion of lead isotopes in the sample may be used as an indication of the age of the ore

body and its initial U/Th ratio. The ratio of 18O/16O in a uranium oxide sample may

be used to determine the temperature, latitude, and distance to the sea for the water

used in the wet processing of the uranium [42].

The challenge in the interpretation of the many data sources discussed above is the

accessibility of reference data. Efforts are underway to develop databases of reference

forensic information.Data onnuclearmaterials produced for commercial applications,

such as power production, are generally available with the various manufacturers and

to some extent in open literature. However, some of the data is commercially sensitive

and its availability is limited. Also, similar data on nuclear materials developed for

weapons applications is generally protected for national security reasons.

Terrorism Response and Consequence Management

If a terrorist succeeds in smuggling nuclear or radiological material through the

layers of nuclear safeguards and security at the source and subsequent national or

international monitoring (such as the Second Line of Defense) it may then be
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readied for use as a weapon. If monitoring stations, intelligence, or criminal

investigations lead to the discovery of the material or weapon, a response is

required to mitigate the threat. That response requires personnel familiar with

weapons design, device characterization, weapon defusing and disposal, and con-

sequence management.

To assist the response or management of the consequences of the event, small

portable instruments are required for identification and quantification of the

materials involved. Many responders, including those that may be on the incident

scene first, such as police officers, today use hand-held or backpack size

instruments called radioisotope identification devices (RIIDs). These instruments

have undergone significant advancements over the past several years in both

hardware and algorithms.

The algorithm used for isotope identification by a RIID plays a key role in

obtaining a correct identification of the radioisotope. Correct ID is perhaps the most

essential step in determining whether or not a true threat exists that requires a more

extensive response for mitigation. The majority of RIIDs deployed around the

world are based on NaI spectrometers. Their performance in isotope identification

is generally poor and therefore secondary analysis of spectra by a trained spectros-

copist is frequently necessary to resolve problems in the isotope identification.

A trained spectroscopist is capable of identifying complicated, multiple-line

sources with even the poorest resolution detectors, such as NaI. Many factors in

detector performance, such as energy resolution, play an important role in isotope

identification and are active areas of research [45–47].

Future Directions

World energy demand continues to grow and along with it does the demand for

nuclear power, a carbon-free energy source. Some are predicting that world energy

demand growth will exceed 50% over the next 20–25 years [48]. This expansion

presents both challenges and opportunities to nuclear safeguards and nonproliferation.

Challenges include the timely detection of diversion at large throughput fuel cycle

facilities, new types of fuel cycles that may present challenges to accurate measure-

ment of the fuel at appropriate KMPs, and the detection of nuclear material misuse in

the background of activity required for a large-scale nuclear fuel cycle. Finally,

significant expansion of nuclear power will also include increased nuclear material

shipping, which creates its own issues related to continuity of knowledge and moni-

toring of the material in transit.

Addressing these future challenges will require advances in instrumentation,

safeguards system analysis, modeling techniques, and data mining. On-line, near

real-time monitoring methods using both radiation and nonradiation signatures will

be required as part of integrated process monitoring schemes for new facilities.

There will also be opportunities to incorporate nuclear safeguards and physical

protection into the design of new facilities. This will allow the efficacy of the
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safeguards system to be maximized while minimizing cost and impact to the

facility.

Improvements in the detection of shielded nuclear material is one of the most

active areas of research to improve border monitoring and other efforts related to

illicit nuclear trafficking. As worldwide commerce continues to increase, so will the

movement of goods around the world. This will necessitate that the false alarm rates

of the current generation of portal monitors be significantly improved to avoid

considerable negative impacts to commerce. Although this is another area of active

research, implementable solutions are likely still several years away.
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nuclear smuggling, 508, 509

nuclear spectroscopy, 31

nuclear steam-supply system (NSSS), 97

nuclear technology, 457, 493

nuclear terrorism, 495, 507, 510

nuclear test/testing, 493

nuclear waste, 245

disposal, 273

long-term management, 148

repository, 274

nuclear weapon

fission yield, 383

hydroacoustic monitoring, 505

materials, 491

open source information, 504

radioactive wastes, 384

satellite imagery, 504

seismic monitoring, 506

fusion yield, 383

technology, 493

nuclear-weapon fallout, structure

shielding, 396

nucleus, 13

nucleus mass number, 13

nuclide, 428

O

optical/optically stimulated luminescence

(OSL), 452

oxide fuels, 381

P

pair production, 429

particle accelerators, 377

Pauli exclusion principle, 16

peaking plants, 302

pebble bed modular reactor (PBMR), 179

pebble bed versus prismatic, 198

pellet clad interaction (PCI), 213

photocathode, 435, 450

photoelectric effect, 33, 429

photoelectron, 435

photomultiplier tube, 448, 450

photoneutrons, 356

photon/photonic

deterministic transport theory, 417

radiation, 398

shielding, buildup-factor

concept, 406

pitchblende, 218

Planck’s constant, 29

plasma theory, 314, 336

plutonium, 159, 206, 207, 217, 234,

239, 271, 378, 392, 500

measurement, 502

reprocessing methods, 275

point kinetics equation, 46 ,47, 49

poison control rods, 126

poloidal magnetic field, 315, 321

polyethylene (PE), 502

polyvinyltoluene (PVT), 436

Polywell, 327

positron

annihilation photons, 364

decay, 351

power plant, fossil-fired, 194

pressurized water reactor (PWR),

211, 457

prompt fission

gamma photons, 361

lifetime, 49

photons, 359

prompt neutron, 355

lifetime, 50

proton

accelerators, 377

recoil scintillation detector, 439

proton-beam accelerator, 384

prototype fast breeder reactor

(PFBR), 190

PUREX process waste treatment, 160

pyrochemical separation technologies, 186

pyroprocessing, 165, 170
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R

radiation

absorbers, 440

anthropomorphic phantom, 402

atmospherically reflected, 415

biological damage, 346

biological effects, 457

bremsstrahlung, 402

characterization, 428

detection, 428

advancements in detection

methods, 441

advancements in detector

materials, 440

advancements in Signal

Measurement, 443

Compton-suppressed germanium

detector, 442

devices, 4

fast neutron detectors, 439

Geiger-Müller

counters, 434

moderating detectors, 440

neutron detectors, 438

proportional counters, 432

scintillation detectors, 435

semiconductor detectors, 436

slow neutron detectors, 438

detectors, 430, 446

dosimetry, 4

energy, measurement, 453

equivalent dose, 446

expanded and aligned field, 402

exposure, 458, 460

fission reactor physics, 4

fluence-to-dose conversion factors, 401

harmful effects, 457

health physics, 4

highly enriched uranium

(HEU), 509

intensity characterization, 400

isotropic point detector, 403

output (factor), 409

point kernel for uncollided Dose, 403

protection, 5, 240, 456, 458

reflection, albedo methods, 411

resistance, 421

selected geometries, 404

shielding, 5, 389, 420

broad-beam attenuation, 408

of buildup factors, 398

design, 398

geometric progression formula, 398

history, 391

Monte Carlo calculations, 397

point-kernel computer codes, 407

practice, 399

source characterization, 399

skyshine dose, 416

from solar and galactic sources, 346

source, 4, 343

accelerators, 377

industrial isotope, 378

in medicine, 374

occupational medical exposure, 376

physical characterization, 348

spectrometers, 384

therapy, 375

transport, 395, 396

used in human activities, 373

streaming through ducts, 414

transmission of beams, 420

transport, 420

equation, 391

theory, 417

uncollided radiation doses, 403

radiation-producing reaction

binary reactions, 347

energetics, 347

radioactive decay, 347

radiation shielding, 391

design, 397

Radiation transport

digital computer applications, 396

Monte Carlo simulations, 395

radioactive

decay, 348–350, 359

constant, 13

types, 350

fission, 379

material, 226, 253, 270

nuclides, 428

radioactive waste, 155, 220, 236, 284

disposal, 256

groundwater restoration, 240

hazardous and mixed wastes, 242

high-level waste, 240

intermediate-level waste, 241

low-level waste, 241

management, 6, 256, 269

offsite disposal, 256

onsite waste management, 257

spent nuclear fuel, 240

uncontaminated wastes, 242

radium, 392

thorium, 468
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tracers, 277

transmutations, 347

wastes, 270

radioactivity, 121, 216, 229, 427, 428,

447, 458

detectors, 427

radioimmunoassay, 375

radioimmunoimaging, 376

radioimmunotherapy, 376

radioisotope/radioisotopic, 357

decay data for shielding design, 398

identification devices (RIIDs), 511

radionuclide

decays, 349

environmental surveillance, 506

long-lived, 250

monitoring, 505

release, 250

sources, 399

monitoring, 506

radiopharmaceutical, 277, 375

radiotoxicity, 160

radium, 229, 231, 392

Rankine cycle, 55, 183, 191

rare earth elements, 467

ray effect, 418
Rayleigh-Taylor instability, 330

reactor

application, Doppler broadening, 32

control elements, 38

perturbations, 51

physics, 23

power changes, 51

primary nuclear design, 38

principle design process, 45

reactivity, 48

shielding, 392

theory, 42

trial configuration, 38

residual radioactivity, 254

reversed field pinch (RFP), 320

S

scattering law, 27

scintillation detector, 435

secondary electron, 432

segmented gamma scanning (SGS), 502

semiconductor detectors, 436

semiempirical mass formula, 16, 18

separation of isotopes by laser excitation

(SILEX), 75

shallow-dose equivalent, 450

silicon carbide cladding, 209

slow neutron, 438

small modular reactor, 302

small secure transportable autonomous

reactor (SSTAR), 183

sodium-cooled fast reactor, 188

solar particle event (SPE), 370,

372, 384

solar radiation, 345, 370

solar wind, 373

space shielding, 395

spallation neutron sources, 359

specific gamma-ray constant, 408

spent nuclear fuel (SNF), 240, 270, 271

interim storage facilities, 285

storage, 295

spherical neutron dosimeters, 440

spheromak, 321

spontaneous fission, 351

statistical mechanics, 8

stellarator, 318

styrene, 436

supercritical light water reactor

(SCLWR), 194

supercritical water-cooled reactor, 192

supernova explosion, 472

Sustained Spheromak Physics Experiment

(SSPX), 321

synchrotron, 384

photon, 370

T

Teletherapy, 375
accelerators, 384

temperature coefficient, 32

theory of relativity, 10

thermal

breeder reactors, 487

energy, 32

ionization mass spectrometer

(TIMS), 499

neutron, 28, 45, 84, 362

energy, 26

Monte Carlo data, 414

reactor, 45, 51, 52, 55

moderators, 26

spatial oscillations, 52

Xenon override requirements, 51

spatial oscillations, 52

thermodynamic(s)

equilibrium, 311

foundations, 8
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thermoluminescence dosimetry (TLD),

448–451

filters, 450

inorganic materials, 449

for neutron radiations, 451

thorium, 6, 56, 206, 217, 231, 234, 463, 467,

469, 470, 472, 476, 487

decay, 353

dioxide’s, 208

high-temperature reactor (THTR),

102, 179

molten salt seactor (TMSR), 186

threshold energy, 25, 348, 358

time value of money, 288

Tokamaks, 315

tomographic gamma scanner (TGS), 502

torsatron, 318

tower shielding facility (TSF), 394

Townsend avalanche, 432

transmutation, 14

transport equation, 49

transuranic(s)

elements, 13

isotopes, 17, 279

waste (TRU), 270, 279, 280

waste isolation pilot plant

(WIPP), 280

trapped radiation belts, 370, 373

tritium, 307, 354

troposphere/tropospheric, radioactive

debris, 383

tungsten, 368

U

ultimate neutronic investigation code, 55

uraninite, 479

uranium

astrophysical origins, 470

average vertical distribution, 476

carbide (UC), 207

chloride, 166

conversion, 218, 232, 260, 294

facilities, 232

decay, 353

deposit types, 478

dioxide (UO2), 206, 271

dioxide fuel, 294

energy content, 469

enriching, 10, 218

enrichment, 60, 63

existing enrichment tails, 481

extraction (UREX), 161, 239, 482,

484, 489

in situ leaching, 482

extraction, 482

facilities, decommissioning, 230

fissioned, 9

from seawater, 482, 483

fuel, 228, 285

enrichment, 233

fabrication, 381

future energy needs, 487

geochemical beneficiation

processes, 477

geoneutrino estimates, 472

gold and phosphate tailings, 481

hexafluoride, 218

history, 217

igneous processes, 476

in situ leaching (ISL), 230

isotopes, 216

light water reactor, 466

measurement, 503

mechanisms for the concentration, 475

mill/milling, 231, 236, 238, 260

groundwater restoration, 238

tailings, 238

mining, 5, 228, 230, 238, 294, 380

nitride, 207

oxide, 218, 234, 479, 483

prices, 465

radioactivity, 476

recovery, 230

remediation technologies, 255

reserves, 5, 465, 488

resources, 463, 470

roll-front deposits, 479

scarcity, 484

silicate, 483

thermal conductivity, 207

unconventional resources, 481

used nuclear fuel

dry storage systems, 272

eprocessing, 275

geologic repository, 274

monitored retrievable storage facility

(MRS), 273

PUREX method, 275

transportation, 273, 276
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Van Allen belt, 373

very-high-temperature nuclear reactors

(VHTR), 196

W

waste, 237

X

xenon, 380

Xenon oscillation, 52

X ray, 390, 429, 451

energies, 366

fluorescence, 365

machines, 368

shielding, 392

sources, 365

yields, 366

Y

yellow cake, 231, 380

Z

zeolite drying, 169

zircaloy, 206, 208

zirconium alloy material, 208

zirconium-based alloy, 194
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