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FOREWORD

The intersection of nuclear science and business management represents one of the most
strategically significant and intellectually demanding fields of our time. As the world navigates its
energy transition and reckons with both the promise and the complexity of nuclear power, the need
for professionals who can bridge technical expertise with managerial acumen has never been
greater.

This study text has been developed as a resource for candidates seeking admission to the joint
Master's degree programme in Management in Nuclear, offered by the STUBAXEUBA
Consortium — a partnership between the Slovak University of Technology in Bratislava (STU)
and the Bratislava University of Economics and Business (EUBA). The programme is designed to
produce graduates equipped not only with a deep understanding of nuclear physics and reactor
technology, but also with the business, financial, and organisational skills necessary to lead in the
energy sector.

The material presented here is intentionally interdisciplinary. Part One covers the foundational
principles of nuclear physics — from atomic structure and radioactivity to reactor systems, the
nuclear fuel cycle, radiation protection, and prospective Generation 1V technologies. Part Two
addresses the economic and managerial dimensions of running complex organisations, including
financial analysis, corporate capital management, enterprise typology, cost analysis, market theory,
and the full spectrum of managerial functions from planning and organising through to leadership
and communication.

Prospective students are expected to demonstrate competency in both domains during the entrance
examination. This guide is therefore structured to reflect that dual requirement, providing a
systematic overview of the key concepts, analytical frameworks, and applied examples relevant to
each area. The inclusion of nuclear-sector illustrations throughout the managerial chapters reflects
the programme’s commitment to contextualised, practice-oriented learning.

We encourage candidates to engage critically with the material — not merely to memorise facts,
but to develop an integrated understanding of how technical and economic reasoning interact. The
challenges of managing a nuclear power plant, evaluating the economics of small modular reactors,
or navigating regulatory frameworks require precisely this kind of synthesis.

We wish all candidates success in their preparations and look forward to welcoming the next
generation of nuclear management professionals.

Editors
STUBAXEUBA Consortium, Bratislava, 2026
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PART ONE

Nuclear Physics and Technology



CHAPTER 1: THE ATOMIC NUCLEUS

An atom is the basic unit of matter that consists of neutrons and protons. The number of protons
in an atomic nucleus corresponds to the nuclear charge Z, which we also call the atomic number
or proton number, and it is identical to the element’s position in the Mendeleev periodic table
of chemical elements. The number of nucleons (protons and neutrons) in the nucleus is denoted
by A and is called the mass number or nucleon number, because it approximately corresponds
to the mass of the nucleus. The number of neutrons in the nucleus is denoted by N and can be
calculated as the difference between the mass number and the atomic number:

N=4-Z (1.1)

A nucleus with a specific number of protons and neutrons is called a nuclide. Nuclei with different
numbers of protons but the same number of nucleons are called isobars, while nuclei with different
numbers of protons but the same number of neutrons are called isotones. Nuclei of the same
element (same Z) with different numbers of neutrons (different A) are called isotopes, like different
isotopes of uranium. Nuclei with the same numbers of protons and neutrons but existing in different
isomeric states are called isomers.

All atoms have approximately the same size, regardless of the number of electrons in their shells—
about 1-2 angstroms (A), where 1 A = 1071°m. The atomic nucleus is about four orders of
magnitude smaller, and its size is expressed in femtometres (fm), where 1 fm = 107° m.

The radius of the nucleus depends on the number of nucleons it contains, ranging from about 8 fm
for light nuclei such as carbon to 30 fm for heavy nuclei such as lead. All experimental methods,
however, show that the volume of the nucleus is directly proportional to the number of
nucleons it contains, i.e., to the mass number A.

If we denote the nuclear radius by R, its volume can be expressed as:

4
V=3mR® ~ kA, (1.2)

where k represents the proportionality constant between the nuclear volume and the number of
nucleons. Therefore, the nuclear radius can be expressed by the general relation:

R= Ry A3 (1.3)

where Ryrepresents a characteristic length on the order of a femtometer, determined
experimentally. Since the nucleus consists of particles in motion, its surface is “diffuse” due to the
laws of quantum mechanics. The Heisenberg uncertainty principle states that certain pairs of
physical quantities, such as the position and momentum of particles, cannot be simultaneously



determined with precision better than the limit h/2m. This leads to different, although order-of-
magnitude similar, values of R,.

To estimate the nuclear radius R for a nucleus containing A nucleons, a semi-empirical relation
may be used:

R = 125 x 10715 A'/3(m) (1.4)

One of the most important properties of the atomic nucleus is its mass M, because despite its
extremely small size relative to the atom, it contains nearly all the atom’s mass. For practical
reasons, nuclear physics does not usually employ Sl base units; instead, it uses the atomic mass
unit (amu). In 1803, J. Dalton proposed using the mass of the hydrogen atom; later, W. Ostwald
preferred 1/16 of the oxygen atom. However, after the discovery of isotopes in 1912, these
definitions proved inadequate. Since 1961, the unified atomic mass unit u has been used, defined
as 1/12 of the mass of a carbon-12 atom in its ground state: u = 1.660539x107?" kg.

The Binding Energy of the Nucleus

The binding energy of the nucleus is the result of the competition between the attractive nuclear
forces acting among nucleons and the electrostatic repulsion between the protons. The nuclear
binding energy Eg is defined as the energy required to separate a nucleus of mass M (A4, Z) into
individual nucleons with zero kinetic energy:

Eg + M(A,Z)c* - Zmyc® + (A — Z)m,,c? (1.5)

The binding energy is determined via the mass defect, which is the difference between the mass
of a nucleus and the sum of the masses of its constituent free nucleons. Because the masses of the
proton and neutron are known with high precision, we can compare the mass of the nucleus with
the sum of nucleon masses. Empirically, the nuclear mass M (4, Z) is always smaller than the sum
of the proton and neutron masses. The mass defect is therefore positive:

B = Zmy, + (A — Z)m, — M(4A,Z) (1.6)

Since tabulated data typically list atomic masses rather than nuclear masses, it is convenient to
rewrite eg. (1.6) as follows:

B =7ZMy,(H)+ (A—Z)m, — My (A, Z) 1.7)

where M, (}H)is the atomic mass of hydrogen and M,,(4, Z)is the atomic mass of the nuclide of
interest. This form differs from (1.6) by adding and subtracting Z electron masses, while neglecting
electron binding energies (which are on the order of tens of eV).

The total binding energy is then:



EB :BCZ (1.8)

This represents the energy required to separate the nucleus into individual nucleons—or
equivalently, the energy released when the nucleus is formed. The binding energy increases with
the total number of nucleons (see Figure 1.1). For example:
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Figure 1.1: The binding energy of selected nuclides as a function of mass number A.

One of the most important nuclear quantities is the binding energy per nucleon:
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Figure 1.2: The dependence of the binding energy per nucleon on the mass number A.



Figure 1.2 illustrates the dependence of the binding energy per nucleon on the mass number A of
its nucleus. Several important conclusions follow:

e The average binding energy per nucleon is approximately constant, about 8 MeV, for medium-
heavy and heavy nuclei. This independence from the total number of nucleons reflects the
saturation property of nuclear forces, which are very short-ranged and allow each nucleon
to interact only with its nearest neighbours.

e From a global perspective, the average binding energy as a function of the nucleon number
initially increases steeply, then more slowly, until it reaches a maximum in the region of iron
and nickel nuclei. The maximum value, g, ~ 8.7945 MeV at A ~ 62 for $2Ni, is followed
by a gradual decrease to approximately 7.6 MeV for the heaviest nuclei. This global maximum
corresponds to medium-heavy nuclei, which are the most stable, since the largest amount of
energy is required to remove their nucleons.

e If, during a nuclear reaction, nuclei with lower average binding energy are transformed into
nuclei with higher average binding energy, the final products have a lower total mass than the
initial reactants. Consequently, energy is released equal to the mass defect of the reaction. The
shape of the binding-energy-per-nucleon curve therefore explains why energy can be obtained
from two seemingly opposite nuclear processes: fusion and fission. Light nuclei gain binding
energy when fused, thus releasing energy, whereas for the heaviest nuclei, fission is
energetically favourable and is accompanied by a release of nuclear energy (Fig. 1.2).

e The dependence also contains several local maxima, where the average binding energy of a
given nuclide is significantly higher than that of its neighbours, for example, 3He. Such nuclei
have completely filled their last occupied nuclear energy level by nucleons (closed shell),
analogous to noble gases, which have completely filled electron shells in atomic structure. Both
types are characterized by exceptionally high stability, the former in terms of nuclear decay,
the latter in terms of chemical reactivity.

The Band of Stability

Nuclear stability refers to the ability of nuclei to resist changes in composition over time. From
this perspective, all atomic nuclei can be classified as either stable or radioactive. Stable nuclei
remain unchanged for an essentially unlimited time, while radioactive nuclei undergo spontaneous
decay.

A remarkable property of all stable nuclei except hydrogen (}H) is that they contain more neutrons
than protons, or at most equal numbers of both. Figure 1.3 shows the dependence of the proton
number as a function of neutron number for stable nuclei. The set of points corresponding to
individual stable isotopes forms the band of stability. Nuclei lying outside the narrow band around
this line are radioactive.

We observe that stable nuclei with Z < 20 typically have equal numbers of protons and neutrons
(Z = N). However, as Z increases, the Coulomb repulsion among protons grows stronger, and
nuclear forces require an excess of neutrons (N > Z) to maintain stability. Because nuclear forces



saturate and act only between nearest neighbours, whereas Coulomb repulsion acts over the entire
nucleus, a limit to stability exists. Beyond this point, even an excess of neutrons cannot ensure
stability.

The last fully stable nuclide on the line of stability is 235Ph. Sometimes, 233Bi. is also considered
“practically stable,” although it undergoes alpha decay with an extremely long half-life of
2.01 x 10%years. Beyond the stability boundary, nuclei undergo spontaneous decay.
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Figure 1.3: Band of stability showing the proton and neutron numbers of stable nuclei
(black points).

Nuclear Forces

Atomic nuclei, despite the Coulomb repulsion between protons, exhibit stability, which means that
in addition to the repulsive electric force, a very strong attractive force must also act between
nucleons. As two protons approach each other, a strong nuclear attractive force is superimposed
on the Coulomb repulsion; this force increases rapidly with decreasing distance and at
approximately ~107"* m exceeds the Coulomb force by a large margin. An equally strong
interaction acts between a proton and a neutron, confirming that this force is not of electric origin.

The strong binding of nucleons indicates that nuclear forces operate within nuclei. This is the
strongest known attractive interactions in nature. The shape of the nuclear potential energy shows
that nuclear forces act only at very short distances, at which Coulomb repulsion becomes
negligible. Nucleons reside at the bottom of a potential well whose depth and geometry correspond
to a short interaction range, at most about 2 x 107** m.

Nuclear forces are neither electric nor gravitational; the neutrons have no electric charge, and
gravitational interaction is roughly 10°® times weaker than required for nuclear stability. Nuclear
forces exhibit charge independence, meaning they act similarly between pp, pn, and nn pairs.
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They depend on the relative orientation of nucleon spins: parallel and antiparallel orientations give
different force magnitudes, reflecting their non-central character. Magnetic interactions cannot
account for nuclear forces, because the energy associated with magnetic moments of nucleons
(~10° eV) is far too small compared to typical nuclear binding energies.

A characteristic feature of nuclear forces is saturation, each nucleon interacts only with its nearest
neighbours. They are exchange forces, and according to current understanding, they arise from
the exchange of mesons. A complete microscopic theory of nuclear forces is not yet fully
established; many of their properties are known primarily from experiment.

The Stability of Nuclei

The stability of a nucleus reflects its ability to resist changes in composition. Nuclei are classified
as stable, persisting indefinitely, or radioactive, undergoing spontaneous decay.

The shell model of the nucleus explains the higher stability (higher binding energy) of even-even
nuclei (nuclei with an even number of protons and neutrons) compared to even-odd or odd-odd
nuclei. In nature, we can find about 160 stable even-even nuclei, but only four stable odd-odd
nuclei. For example, the nuclei $2Kr and §2Br are with the same number of nucleons, but krypton
is an even-even nucleus and bromine is an odd-odd. We can see a significant difference in their
binding energy, up to 2.501 MeV large, since bromine has an unpaired proton and neutron.

The nuclei, which have completely filled their last occupied nuclear energy level by nucleons
(closed shell), are characterized by exceptionally high stability. The mean binding energy per
nucleon exhibits pronounced maxima in those cases, and the numbers of protons or neutrons in
such nuclei are called the magic numbers: Z or N or both = 2, 8, 20, 28, 50, 82, 126, 152.

The Radioactivity of Nuclei

Nuclei that undergo spontaneous transformation are called radioactive. During radioactive
transformation, an atomic nucleus emits one particle (alpha, beta), several particles, or
electromagnetic radiation (gamma), thereby losing its excitation energy or acquiring a
configuration with greater stability.

11



CHAPTER 2: RADIOACTIVITY

Radioactivity is the process of spontaneous transformation of certain nuclei accompanied by the
emission of subatomic particles or gamma radiation. Nuclei that undergo spontaneous
transformation are called radioactive, while nuclei that do not undergo such transformations are
called stable. During radioactive decay, the atomic nucleus emits one or several particles or
electromagnetic gamma radiation, thereby releasing excess excitation energy or transitioning into
amore stable configuration. The parent nucleus may transform into a nucleus of a different nuclide,
which may involve a change in atomic number Z or mass number A. A radioactive substance is
defined as a material containing one or more radionuclides whose activity is not negligible from
the perspective of radiation protection.

Radioactivity was discovered by Henri Becquerel in 1896 when he observed an unknown invisible
radiation emitted by uranium salts using a photographic plate. For the discovery of spontaneous
radioactivity, he was awarded the Nobel Prize in Physics in 1903, together with Marie and Pierre
Curie, who investigated the phenomenon of radiation and isolated two new radioactive elements,
polonium and radium, from pitchblende extracted in Jachymov. The term radioactivity was
introduced by Marie Curie approximately four years after its discovery.

During radioactive decay, alpha particles (helium nuclei 3He), beta particles (electrons or
positrons), or gamma photons are emitted. In some cases, other particles such as protons, neutrons,
or nuclear fragments may also be emitted. A necessary, but not a sufficient condition, for
radioactive decay is its energetic favourability. The mass of the radioactive nucleus must be
greater than the total mass of the final nucleus plus the emitted particles. Therefore, the decay
energy Q, manifested as the kinetic energy of the decay products, must be positive:

M;c? = Mgc? + Z Myc* +Q (2.1)

M; — rest mass of the initial nucleus,
M— rest mass of the final nucleus,
M, rest mass of the emitted particles,
Q- decay energy,

c— speed of light in vacuum.

The decay energy Q corresponds to the reaction energy defined for nuclear reactions between two
nuclei; hence, the same symbol Q is used. A radioactive decay is characterized by the type and
energy of emitted particles, the lifetime of the nucleus, and, in multi-particle decays, by the angular
correlations of the emitted particles.

Radioactivity is a statistical process. Identical nuclei decay over different time intervals. The
probability of decay does not depend on how the nucleus was formed, how long it has existed, or
on external conditions such as temperature or pressure. The decay probability is an intrinsic
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property of the nucleus and depends solely on its internal state. A radioactive decay can be
described by the mean lifetime or by the half-life, defined as the time during which half of the
radioactive nuclei of a given type undergo decay.

The range of half-lives observed in nature is extraordinarily large. Some alpha-emitting nuclides
have half-lives of tiny fractions of a second (e.g., 12Po: 2.99 x 10~7s), while others have half-
lives of quadrillions of years (e.g., ¢eNd: 2.29 x 10> years = 7.23 x 10%2s). Compared to
microscopic timescales, these durations are immense. For example, the characteristic nuclear time
(the time it takes a nucleon to traverse the nuclear diameter) is about 10~2%s, Thus, in the case of
238U, nucleons orbit the nucleus approximately 1038 times during its mean lifetime before a decay
event occurs. This implies that there must exist physical mechanisms responsible for the long
stability of the nucleus. The two primary reasons are:

1. The emission of heavy, positively charged particles (alpha particles, protons, deuterons, etc.)
is strongly suppressed by the Coulomb barrier.

2. The weak interaction responsible for beta decay has a very low intensity compared with the
nuclear force.

The Law of Radioactive Decay

Radioactive decay is a random process. The statistical quantity describing it is the decay constant
A, which expresses the probability of decay of a nucleus per unit time. For a large number Ngof
identical radioactive nuclei, the number of decays per unit time is:

Ay = Npd (2.2)

The quantity Ay is called the activity of the radioactive substance. It represents the rate at which
nuclei of the material undergo transformation.

dNg
A, = ——— 2.3
K=" (23)
The negative sign is used because the number of radioactive nuclei decreases with time, whereas
activity is defined as a positive quantity. The Sl unit of activity is the becquerel (Bq). An activity
of 1 Bq means that one radioactive decay occurs per second. Before 1974, the unit Curie (Ci) was
used, where:

1Ci =37 GBq (2.4)
which corresponds to the activity of 1 gram of radium.

Because radioactive decay is spontaneous, the number of decays dNi occurring during a time
interval dt depends only on the number of undecayed nuclei Ny at time t and is proportional to the
probability Adt that a given nucleus will decay during that interval:

13



dNg = —NgA dt (2.5)
Integrating this equation, assuming that at t = 0, the number of nuclei was Ny, yields:
Ng = Ngoe ™ (2.6)

It is the Law of Radioactive Decay, expressing the fact that the number of radioactive nuclei
decreases exponentially with time (Figure 2.1).

Number of radioactive nuclei, N

Figure 2.1: Graphical representation of the exponential decrease of radioactive nuclei with
time — Law of Radioactive Decay.

Another characteristic quantity of radioactive nuclei is the mean lifetime, denoted by 7, defined
as the weighted average of the lifetimes of nuclei of a given type:

T =% (2.7)

From the Law of Radioactive Decay, it can be shown that the mean lifetime is the time at which
the original number of radioactive nuclei decreases by a factor of e:
NRO

NR(T) = Npoe /) = Npoe™ = — (2.8)

The time during which, on average, half of the radioactive nuclei decay (i.e., the time it takes the

activity of a radioactive substance to drop to half its initial value) is called the half-life, denoted
Ty .. Starting from the decay law:

14



In 2
Ngo/2 = Ngo e Mz, 2 = elTl/z'Tl/z = 1 (2.9)

The relation between the mean lifetime and the half-life follows:

Ty,
Because the activity of a radioactive substance is defined as the change in the number of radioactive
nuclei over time, the decay law allows us to derive the empirical law for activity:

dNg(t d
Cl;t( ) — _E(NROe—lt) — ANRoe_At = ANR (211)

Ap(t) = —

Considering that the initial activity is A,y = ANgq, the time dependence of the activity is as
follows:

Ag(t) = ANgoe ™ = Ayoe*(Bq) (2.12)
Graphical representations of the time dependence of activity (Figure 2.2) have the same

exponential character as the time dependence of the number of radioactive nuclei shown in Figure
2.1.

Activity, Ay

Figure 2.2: Graphical representation of the exponential decrease of the activity of
radioactive material with time.
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The Radioactive Decay of Nuclei

Radioactive transformations are spontaneous changes of unstable (radioactive) nuclei, the purpose
of which is the release of excess nuclear energy. The nucleus releases energy by emitting ionising
radiation, most commonly alpha, beta, or gamma radiation, or by emitting neutrons.

Alpha Decay (a)

Alpha decay is the spontaneous transformation of an alpha-radioactive nucleus accompanied by
the emission of an alpha particle. Alpha particles are fast-moving helium nuclei, identified and
named by E. Rutherford in 1903. An alpha particle consists of two protons and two neutrons. The
general equation of alpha decay is:

2X = 223Y + a (3He) (2.13)

The nucleus £X emits an a-particle and transforms into the nucleus 4-3Y. In this nuclear reaction,
an energy Q is released, known as the alpha decay energy. The new nucleus has two fewer protons
and two fewer neutrons, and in the periodic table, it will appear two positions to the left of the
original element. The atomic number of the daughter nucleus is reduced by two (to Z — 2) and the
mass number is reduced by four (to A —4). These rules are described by the Fajans—Soddy
radioactive displacement law, formulated by K. Fajans and F. Soddy in 1913. The law makes it
possible to predict the position of nuclei after radioactive decay and thus determine the chemical
properties of the daughter element.

An example of alpha decay is the following nuclear reaction:

“55Am — “3Np + a (3He) (2.14)

Alpha decay occurs predominantly in heavy nuclei (Z>82), for example
222Rn, 228Ra, a:Am .., as well as in a small group of nuclides in the region of the rare earth
elements: 1¢&¢Nd, 1¢7Sm, 125Gd, 15¢Hf, 129Pt. The cause of alpha radioactivity in heavy nuclei is the
imbalance between attractive nuclear forces among nucleons (strong residual interaction) and the
repulsive electrostatic forces between protons. Attractive nuclear forces are short-ranged, and the
total binding energy of the nucleus is roughly proportional to the mass number A. The repulsive
Coulomb forces among protons have an unlimited range, and their total destabilizing contribution
is roughly proportional to Z2. In nuclei with more than 82 protons, the repulsion is so strong that
short-range nuclear forces can no longer compensate for it. Alpha decay thus serves as a
mechanism by which the nucleus increases its stability by reducing its size.

16



Beta Decay (B)

Beta decay is the spontaneous transformation of a radioactive nucleus accompanied by the
emission of a B-particle or by electron capture. A beta particle is either an electron () or its
antiparticle, the positron (B*). Since electrons do not exist inside the nucleus, their emission is the
result of the transformation of one of the nucleons, provided that the emitted electron or positron
leaves the nucleus immediately. Beta decay is therefore an intra-nucleon process, by which the
nucleus adjusts its neutron-to-proton ratio to achieve greater stability. It occurs throughout the
periodic table for unstable isotopes.

There are three types of beta decay:

1. B~ decay, A neutron in the nucleus transforms into a proton, an electron, and an antineutrino:

Reaction:n - p+ = + v, (2.15)
General equation: 24X = ,,4Y + B~ + 7, (2.16)
Example: 12B - 12C+ e~ + 7, (2.17)

2. B decay, A proton transforms into a neutron, a positron, and a neutrino:

Reaction: p > n+ B+ + v, (2.18)
General equation: 24X = , 4Y + BT + v, (2.19)
Example: 12N - 12C + et + v, (2.20)

3. Electron Capture, A proton in the nucleus captures an orbital electron (usually from the K-
shell) and transforms into a neutron and a neutrino:

Reaction:p+ 5~ —» n+v, (2.22)
General equation: 4X+ B8~ - ,4Y + v, (2.22)
Example: ;Be + e~ — JLi + v, (2.23)

Because the captured electron usually comes from the closest shell (the K-shell), electron capture
is often referred to as K-capture. In all types of beta decay, the mass number A remains constant,
while the proton number Zchanges by +1.

17



Gamma Radiation (y)

All stable nuclei generally reside in their lowest energy state. If a nucleus is in an excited state,
typically after a preceding alpha or beta decay in which the emitted particles do not carry away the
entire excitation energy, it may undergo a transition to a lower energy level by emitting a gamma
photon. Thus, many nuclear transformations (alpha decay, beta decay) are frequently accompanied

by the emission of gamma radiation.

Gamma emission can only occur if the nucleus is in an excited state 4X* and transitions to the

lower state 4X.

IXF > 9X+y

(2.24)

In this process, neither the mass number nor the atomic number of the nucleus changes.

A nuclear transition may be single step, when the nucleus emits one gamma photon, or cascade,
when the transition to the ground state occurs through a sequence of gamma emissions (Figure

2.3).

Single step

AZX*

AZ X

cascade

‘-lzx‘k*

11

AE’Y1
AZX*

Y2

AEYQ
AZX

Figure 2.3: Single step and cascade transitions of a nucleus to a lower energy state
accompanied by gamma emission.

The energy of gamma radiation E,, equals the difference between the nuclear energy levels:

AE:El_EZ

The gamma-photon energy spectrum from a source is discrete. An example is the spectrum of $3Co
shown in Figure 2.4. After beta decay to S3Ni, the daughter nucleus undergoes a cascade transition
to the ground state, emitting two gamma photons with energies 1.17 MeV and 1.33 MeV (Figure

(2.25)

2.5). These photon types appear in the spectrum as two distinct peaks.
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Figure 2.5: $9Co decay scheme from the NuDat 3 database.

Gamma emission is not the only mechanism through which a nucleus may lose its excitation
energy. The energy may also be released through internal conversion, a competing process to
gamma emission. Electrons emitted in internal conversion arise due to electromagnetic interaction
with the atomic electron shell. In internal conversion, an orbital electron is ejected with kinetic
energy equal to the nuclear excitation energy minus the binding energy of the electron in the atom.
Because internal-conversion electrons are monoenergetic, they can be distinguished from beta-
decay electrons, which have a continuous spectrum.
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CHAPTER 3: THE INTERACTION OF IONIZING RADIATION
WITH MATTER

Understanding how ionizing radiation interacts with matter is essential in many fields of science
and technology, including nuclear engineering, medical imaging, radiation protection, space
research, and environmental monitoring. When radiation travels through any material (such as air,
water, biological tissue, or detector media), it transfers part or all its energy to the atoms and
molecules in that material. This energy transfer leads to ionization, excitation, or structural
changes, and it determines both the useful applications and the potential risks associated with
radiation. This chapter provides an overview of the basic types of ionizing radiation and the
principal mechanisms through which they interact with matter.

The Classification of lonizing Radiation

lonizing radiation refers to any form of radiation that has enough energy to remove electrons from
atoms or molecules, thereby creating ions. This distinguishes it from non-ionising radiation such
as visible light or radio waves.

lonizing radiation can be divided into four main categories, based on fundamental differences in
its interaction with matter:

e Heavy charged particles: a-particles, protons, heavy ions.

e Light charged particles: electrons, positrons (- and f* radiation).

e Photons: y-rays, X-rays (characteristic, bremsstrahlung), annihilation photons.
e Neutrons: fast, epithermal, and thermal neutrons.

Each group has one typical representative particle, which is very often used to distinguish different
types of ionizing radiation.

Alpha particles (o) represent heavy charged particles. They are fast-flying helium nuclei
(consisting of two protons and two neutrons). They:

e jonise atoms along their path through matter,
e have straight trajectories,
e are limited in their penetration ability, depending on their energy.
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Beta particles (B~ and B*) represent light charged particles. Beta radiation consists of electrons
(B") or positrons (B*) emitted during nuclear decay. Beta particles:

e are highly scattering,

e are more penetrating than alpha particles (they can travel several tens of centimetres in air and
can be stopped by thin metal sheets),

e can have longer and irregular paths in matter than alphas (Their trajectory is not straight
because they undergo strong deflections during collisions with atomic electrons.).

Their biological effects and detection depend strongly on their energy.

Gamma rays (y) represent high-energy photons. They are forms of electromagnetic radiation with
high energy. They:

e have very strong penetration ability
e interact with a certain probability.

Dense materials such as lead or thick concrete are required to attenuate them. Gamma radiation is
produced during the transition of an atomic nucleus, while X-rays are created in an atomic shell
and arise from electronic transitions or deceleration of charged particles.

Neutrons are uncharged particles with mass, which can be found in the nuclei of atoms. They
interact very differently from charged particles:

e they do not cause ionisation directly,
e they interact mainly with atomic nuclei,
e they are highly penetrating.

Special shielding materials (water, polyethylene, or concrete) are used to slow down or absorb
neutrons.

The Interaction of lonizing Radiation with Matter

The type and probability of the interaction with matter depend on both the radiation and the matter.
The main influencing properties of the interaction from a radiation point of view are:

e particle energy,
e particle electric charge,
e particle rest mass.
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From a matter’s perspective, it is:

e material density,
e material elemental composition,
e mean ionization potential of material atoms.

According to two important particle parameters, the electric charge and the rest mass, we
distinguish four main groups of ionizing particles, which fundamentally differ in their interaction
with matter. Their interactions are described below.

The Interaction of Heavy Charged Particles with Matter

Heavy charged particles interact with matter mainly through Coulomb forces between the particle
and the atomic electrons of the material. As a result of these interactions, the particle gradually
loses its kinetic energy, and the atoms are either ionized or excited. The process repeats with atoms
along the particle’s trajectory until the particle loses all its kinetic energy and stops. The distance
a particle travels before coming to a complete stop is called the range, and it depends on the
particle's kinetic energy, its mass, and its charge, as well as on the material it traverses. The particle
deviates slightly from its original path because, compared to electrons, it has a significantly greater
mass. Therefore, the path of heavy charged particles in matter is practically straight (Figure 3.1
left).
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Figure 3.1. SRIM simulated trajectories of heavy charged particles (a, 5.5 MeV) in air
(left). The energy deposition by a-particles of 5.5 MeV energy in the air. The a-particles deposit
energy over a short, well-defined range (< 5 cm) with a Bragg peak, SRIM simulation (right).

The energy-losses of a particle due to the ionization of matter atoms are called ionization losses.
lonization losses of a charged particle are proportional to the square of the particle's electric charge
(ze) and to the electron number density of material (n,), but inversely proportional to the square
of the particle's velocity (v). The mean energy loss per distance travelled of heavy charged particles
traversing matter describes the Bethe-Bloch formula, with &,, the permittivity of the vacuum, m,,
the rest mass of the electron, I, the mean excitation energy of the material atoms, e, the electron

charge and g = % with c, the velocity of light in the vacuum:
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This means that a particle with a higher velocity (greater kinetic energy) has smaller energy losses
than a slower particle. The same applies to a particle passing through a material. As a particle
passes through a material, its speed decreases, and energy losses increase. Consequently, the
particle slows down faster. Its energy losses will increase sharply until the particle stops. When
displaying the dependence of energy losses on the depth of particle penetration, this phenomenon
appears as a Bragg peak, see Figure 3.1 right.

The Interaction of Light Charged Particles with Matter

The light charged particles interact with matter in a similar way to heavy charged particles.
However, they are much lighter, so they undergo frequent scattering and produce more diffuse,
irregular tracks (Figure 3.2 left). In their case, the term range is not used, but a practical range is
more suitable. The practical range is the average length of the line between the beginning and end
of the particle trajectory. It is not the length of the distance particles travel in the material before
stopping, but the depth to which they reach in the material.

Moreover, besides the ionization and excitation of matter, another interaction mechanism plays a
role in the case of beta radiation. It is their braking in the field of matter-nuclei accompanied by
production of bremsstrahlung radiation (X-rays). The energy losses for braking are called radiative
losses. They are higher for particles with higher kinetic energy E and in absorbing materials with
higher atomic number Z and higher atomic density n:

<_dE) _EnZ(Z +1)e* 1 ( . 2E 4)

= = 3.2)

rad m,c? 137 mec? 3
The radiative losses dominate for electrons with high kinetic energy and in the case of their
penetration through a material with a high atomic number. The ratio of radiative and ionization
losses for an electron with kinetic energy E(MeV) in a material with atomic number Z is expressed
by the semi-empirical formula:

(_ fl_i)md _EMeV).Z 2
(_ d_E) ~ 800 (33)
dx ion
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The light charged particles exhibit two main types of energy losses during their penetration of
matter:

e ionizing losses (ionisation and excitation of atoms),
e radiative losses (bremsstrahlung production).

Light charged particles do not form a Bragg peak in energy-loss distribution; instead, their energy
is released to the material and decreases more gradually with material depth (Figure 3.2 right).
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Figure 3.2: CASINO simulated trajectories of light charged particles (5 MeV f-particles)
in GadAs (left). Energy deposition by 5.5 MeV B-particles as a function of penetration depth in the
air, with long (> 6 m), more gradual decrease, simulation in ModePEB (right).
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The Interaction of Gamma Rays with Matter

Gamma rays are electromagnetic waves or photons of high energy. Unlike charged particles, the
photons have no charge and no rest mass. Since photons are not subject to electromagnetic
interactions (they have no electric charge) or strong nuclear interactions, their interactions will take
place over short distances. They do not interact continuously with matter but instead undergo
discrete interactions at specific points with a certain probability. The energy of photon E., affects
its interaction mechanisms and is given by the formula:

E,=hv=— (3.4)

where h is Planck’s constant, 4, is a wavelength and v a frequency of the electromagnetic wave of
the photon.

24



e The characteristics of the interaction of photons with matter can be summarized in these points:

e The speed of gamma rays does not differ from the speed of light in a given medium.

e In the case of photons, there is no concept of maximum range in a substance, that is, the
thickness of the substance beyond which none of the photons will penetrate.

e The intensity of gamma rays is reduced when passing through matter due to their absorption or
scattering.

There are three basic mechanisms for the interaction of gamma rays with matter: the photoelectric
effect, Compton scattering, and pair production. In addition to these, other mechanisms such as the
nuclear photo-effect, Thompson, and Rayleigh scattering are also considered.

Photoelectric Effect: y + X - Xt + e

In the photoelectric effect, a photon transfers all its energy E,,, to a bound electron, which is then
ejected from the atom with Kinetic energy Ek. equal to the difference between the energy of the
photon and the binding energy of the electron Ej.

E)/O = EB + EKe (35)

This interaction is most probable for low-energy photons and in materials with a high atomic
number (Z).

If the ejected electron comes from an inner atomic shell, its vacancy is filled by an electron from
a higher shell. The energy released during this transition is emitted as a photon whose energy
equals the difference between the two energy levels. These photons are called fluorescent photons
and belong to characteristic X-ray radiation.

If this emitted photon is subsequently absorbed by another atomic electron and causes its ejection,
the released electron is called an Auger electron. Auger electrons are therefore produced when the
atom releases its excess energy without emitting an external X-ray photon (Figure 3.3).
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-\% Orbital Electron

When the photoelectric effect occurs inside the active volume of a detector, the emitted
photoelectrons are fully absorbed and contribute a well-defined signal. In gamma spectrometry,
this results in a sharp peak in the measured energy spectrum, known as the photopeak (Figure 3.3),
since the detector registers only the electrons and records their deposited energy.

Compton Scattering: yo+ X -y + Xt +e

A photon with energy E,, = hvy, = hc/A,, interacts with a weakly bound electron, transfers part
of its energy to the electron, which is converted into the electron’s kinetic energy Ex,. (we neglect
the energy needed to release the electron from the bond) and the rest of the energy is emitted as a
photon with energy E, = hv = hc/A,, , which is lower than the energy of the original photon E,, <
E,, and therefore the wavelength of the scattered photon will be greater (Figure 3.4).

E]/O = E]/ + EKe (36)
This mechanism dominates at intermediate photon energies and is responsible for the continuum
background observed in many gamma spectra, known as the Compton continuum. The upper limit

of this continuum corresponds to the maximum energy that can be transferred to the electron and
appears in the spectrum as the Compton edge (Figure 3.5).
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Figure 3.5: Gamma-ray spectrum of 137-Cs, showing the photopeak and the Compton
continuum.

Electron-positron Pair Production: y +X — e +e" + X*

Pair production is the process by which a photon is converted into an electron-positron pair, i.e.,
energy is converted into matter. Given the fact that a photon has zero rest energy, and an electron
and a positron are matter particles with a rest energy Egr. = m,c? = 511 keV, a necessary
condition for pair production is that the interacting photon has an energy greater than the energy
corresponding to the sum of the rest mass of the electron and the rest mass of the positron:
1.022 MeV. The second necessary condition for the interaction to occur is the presence of another
heavy particle in the vicinity of the photon to maintain the law of conservation of momentum. The
pair production occurs mainly in the vicinity of the nucleus of the atom (Figure 3.6), which will
take over the back reflection during the emission of mass particles. The energy of a photon is
converted into the electron and positron rest energies and their kinetic energies:

E]/O = ZmOeCZ + EKe + EK8+ (37)
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Photon Attenuation Law (Absorption Law)

As a beam of monochromatic photons (X-rays, gamma rays) passes through a material, its intensity
decreases because some photons are removed from the beam by interactions such as the
photoelectric effect, Compton scattering, or pair production. For a uniform material, this decrease
follows an exponential attenuation law:

[ = lyeH* (3.8)

where [ is the photon intensity after passing through a thickness x, I, is the initial intensity of the
beam, u is the linear attenuation coefficient of the material, which describes the probability of
photon interaction occurring per unit length within the absorber material. This law shows that the
photon beam intensity drops exponentially with increasing thickness of the absorber.

The Interaction of Neutrons with Matter

Neutrons primarily interact with atomic nuclei. Having no charge, they can interact with any
nucleus at any energy, but with varying probability. Neutrons undergo two main types of
interactions with atomic nuclei, absorption and scattering.

Absorption (Neutron Capture)

During absorption, the interacting neutron is captured by the nucleus and create a compound
nucleus, which transitions from an excited state to the ground state by the emission of a particle,
multiple particles, or a gamma photon. If the excited compound nucleus after neutron capture is
transitioning to the ground state only by the emission of a gamma photon, the process is called
radiative capture. If the compound nucleus emits an alpha particle or a proton, it is transmitted
into a new, radioactive isotope; the process is often called the neutron activation. If the compound
nucleus breaks into two fragments of approximately equal mass, we call it nuclear fission.
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Scattering

In case of the elastic scattering, the total kinetic energy of the system is conserved. It is only
redistributed among the particles of the system. The neutron transfers part of its kinetic energy to
the nucleus and changes the direction of its motion. The result is the deceleration of the neutrons.
It is the dominant mechanism of interaction of fast (> 0.1 MeV) neutrons with matter from light
nuclei (A < 20).

In case of the inelastic scattering, the neutron enters the target nucleus, and a compound nucleus
is formed in an excited state, which emits a neutron with a lower kinetic energy. The nucleus then
releases the energy difference by emitting a gamma photon.

The neutron current density J describes the net directional flow of monoenergetic neutrons
through a unit of surface and time (neutrons.cm2-st), decreases exponentially with depth x of
material into which neutrons impinge:

J =Joe (3.9)

where J, is the initial neutron current density and X is the macroscopic cross-section representing
the probability that a neutron will undergo a reaction (absorption or scattering) per unit path length
travelled in the material.
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CHAPTER 4: NUCLEAR FISSION

When uranium is irradiated with neutrons, it has been found that several new radioactive nuclei
with different half-lives are formed in the irradiated material. This fact was first observed by E.
Fermi in 1934. However, he incorrectly assumed that the absorption of neutrons in different
uranium isotopes resulted in the formation of radioactive nuclei with different half-lives. At the
end of 1938, O. Hahn and F. Strassmann proved through precise radiochemical analysis that when
uranium is irradiated with neutrons, elements from the middle of the periodic table are created.
Physicists L. Meitner and O. R. Frisch explained this remarkable fact by proposing a hypothesis
about the instability of heavy nuclei in relation to their shape, as a result of which the nucleus of a
heavy element excited by neutron capture splits into two, three, or more parts. The nucleons of the
original nucleus are distributed among these parts. The probability of a nucleus splitting into more
than two parts is small, so we will not consider triple or multiple fission in the following. The
fission process is schematically illustrated in Figure 4.1.
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Figure 4.1: Diagram of nuclear fission.

The Fission Mechanism

The theory of fission was developed in 1939 by N. Bohr, J. A. Wheeller and S. Frankel, who
analysed L. Meitner and O. R. Frisch's hypothesis on the instability of heavy nuclei in relation to
their shape using a droplet model of the nucleus.

The similarity between nuclear matter and an ideal fluid lies in the following:

Both nuclear matter and ideal fluids are incompressible.

Their density does not depend on volume.

Their potential energy is directly proportional to their mass.

Surface forces act on the surface of the nucleus in a similar way to those acting on the surface
of a liquid.

Hwnh e
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The fission process becomes energetically favourable (i.e., the amount of energy released Q>0)

2 2
when the ratio Z; > 17. The ration Z; is called the fission parameter. With the growth of the fission

parameter the amount of energy released during fission Q also increases. The condition for the
energy efficiency of fission is met for all nuclei located in the second half of the periodic table of
elements. However, despite the energy efficiency, fission of all nuclei meeting this condition has
not been observed experimentally. The fission has only been experimentally observed in the
heaviest elements, starting with 233Th.

Next, the necessary energy conditions for fission will be examined. To this end, we will analyse
the potential energy curve of two fission products. One of them is firmly connected to the origin
of the coordinate system in Figure 4.2, and the second is approaching it. While the two products
are far apart (r = o), their mutual potential energy is zero. As they gradually approach each other,
the energy of Coulomb repulsion E¢ increases inversely proportional to the distance until the
moment when they touch each other; then nuclear forces, which are opposite to Coulomb forces,
begin to act, causing the two fragments to merge and form the original nucleus. The course of the
interaction energy between the two products is shown in Figure 4.2, where E4 is the initial energy
of the nucleus, which is at rest and, according to the droplet theory of the nucleus, has a spherical
shape (a) (Figure 4.3).
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Figure 4.2: Change in potential energy depending on the distance between fission products.
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Figure 4.3: Schematic course of nuclear fission.

Let us assume that the nucleus is excited by neutron capture and begins to oscillate. Depending on
the magnitude of the excitation energy, two cases are possible.

In the first case, if the excitation energy is low, the nucleus (a) will perform an oscillatory motion,
therefore its shape will gradually change from a rotational ellipsoid (b) to a sphere. The size of the
major and minor axes of the rotational ellipsoid will depend on the excitation energy. In this case,
the nucleus oscillates until it emits the received amount of energy and returns to its initial position

(@).

In the second case, if the excitation energy is high, the nucleus may exceed the critical point (c)
of elastic deformation during the oscillation process, at which point it is no longer possible to return
to its initial position. In this case, due to the action of large Coulomb repulsive forces between the
created poles of the nucleus, the nucleus elongates increasingly until it splits into two parts. Surface
forces quickly bring the new nuclei into a spherical state (d).

In Fig. 4.2, energy Ex represents the fission energy barrier. The value Ex is called activation energy
and, by definition, it is equal to the energy that must be transferred to the nucleus. The magnitude

2
of the activation energy determines the fission parameter; the greater Z; is than 17, the value of Ex

2

2
is smaller, and for 27: 49, Ex = 0. This means that the nucleus with Z; =49 will split
spontaneously, therefore such nuclei do not exist in nature.

2
For Z; less than 49, or for Ex close to zero, we speak of spontaneous fission of nuclei. The

probability of spontaneous fission is lower, the lower the fission parameter is than 49. Spontaneous
fission of uranium, which has a fission parameter equal to 36, occurs with very low probability.
To induce prompt fission of a nucleus with a fission parameter lower than 49, a certain amount of
energy E to the nucleus must be added, which is greater than or equal to the fission barrier Ex<E.
This energy can be transferred to the nucleus in any way, e.g., by irradiation with photons,
neutrons, etc. If the fission of the nucleus is induced by a neutron, then the condition for prompt
fission has the following form:

E,=en+Ty > Eg (4.1)

32



where e,, is the mean binding energy of a neutron in the nucleus, and Tx is the kinetic energy of
the neutron relative to the target nucleus.

There can be two cases here:

1. e, = Ej - fission can be induced by thermal neutrons.
2. e, < E, - fission can only occur if the kinetic energy of the neutron complies with the
condition:

Th 2 Ex—en (4.2)

Experiments have shown that fission of 235U, and isotopes found in nature 232Pa and 233Th, is
only possible by the neutrons if their kinetic energy T is approximately equal to 1 MeV (fast
neutrons), while the fission of the 233U is carried out by thermal neutrons. It follows that the
barrier isotope for the fission of isotopes 235U, 232Pa and 233Th is equal to:

Ex=e,+T, = (e, +1)MeV (4.3)

and for the isotope 233U
Ek < €n (44)

The difference in the fission conditions of two isotopes (235U, 235U) of the same element is
explained by two reasons. Firstly, the height of the energy barrier Ej, in the nucleus 233U is lower

than in the isotope 235U because the fission parameter— is greater in 235U than in 238U. Secondly,

the average binding energy of the neutron absorbed by nucleus 235U is greater than the binding
energy of a neutron absorbed by nucleus 235U. The difference in binding energies can be explained
by the fact that in the first case, a more stable even-even nucleus is formed by neutron capture 235U
,while in the second case, an odd-even nucleus is formed 235U, which is less stable. Thus, in the
transition from the isotope 238U to isotope 233U, the fission barrier E,, decreases, and the average
binding energy of the neutron e,, increases to such an extent that it exceeds the fission barrier.
Therefore, only isotope 233U is considered as fissile material.

Spontaneous Fission

Through a detailed study of the fission process of heavy nuclei in 1940, K. Petrzhak and G. Florov
experimentally discovered spontaneous fission of heavy nuclei, caused by no external factors with
a half-life elements in a wide range from 232Th (Thorium) to 2§9Ku (Kurchatovium) of decay
half-life Tss ranging from 108 years to 380 pus. Spontaneous fission is a process of nuclear decay
into two heavy fragments without the addition of external energy to the splitting nucleus.
Fragments formed during spontaneous fission overcome the "fission barrier” through the tunnelling
effect, see Figure 4.2, similar to alpha decay. The excitation energy in this case is less than Ex,
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where the fission products gain energy inside the splitting nucleus through the process of energy
fluctuation.

2
The probability of spontaneous fission depends on the fission parameter Z; or the activation energy

2
Ex. With increasing, Z; or decreasing value of Ex, the probability of spontaneous fission increases.

The values of half-lives and decay constants of spontaneous fission of selected isotopes are given
in Table 4.1. The index sf corresponds to the abbreviation of spontaneous fission.

Spontaneous fission produces similar products to those produced by the fission of heavy nuclei by
thermal neutrons. The VVER 440 nuclear reactor uses 42t of UO2 with an average enrichment of
4.87 % of the isotope 233U in fresh fuel. The initial core loading for the first start-up can be
characterized by 2.5x10° spontaneous fissions per second. The neutrons produced in this way are
used to initiate a controlled fission chain reaction in the reactor core.

Table 4.1: Spontaneous fission characteristics.

Nucleus  Half-life of spontaneous fission Decay constant of spontaneous fission
Tst [year] st [s7]
2.196x10%
233U 1.0x10% 2.196x10%
232U 1.0x10%° 2.196x10724
2350 1.8x10%7 1.22x102%
237U 1.0x10% 2.196x10%
238y 8.0x10% 2.745x10724
23U 1.0x10 2.196x10%2
239Pu 5.5x10% 1.21x10%
2e1Pu 1.0x10%! 2.196x10°19
282Cm 7.2x106 3.05x10
233Es 7.0x10° 3.14x10°4
iggFm 3.9x10* 5.5x10°

Fission Energy

The energy Q released during fission is determined from the difference in mass between the initial
nucleus M and the fission products (M1 and M>):

Q = (My + M, — M)c? (4.5)
The mass of the nucleus can be expressed as:

M=Zm,+ (A—Z)m, —eA (4.6)
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where m,, and m,, are the masses of the proton and neutron, e is the average binding energy of a
nucleon in the nucleus.

Substituting the last relation into the expression for fission energy, we obtain:

Q = elAl + ezAz - eA == (é - e)A (47)

— elA1+eA
Whereg:#

is the mean binding energy of a nucleon in the nucleus of fission products.
Since the mean binding energy e of the fission products is approximately 0.8 MeV greater than the
mean binding energy e of uranium, we can approximately determine the amount of energy released
in a single fission event as follows:

Q= (g—e)A =08 x 236 =188 MeV (4.8)

In the following, we will assume that approximately 200 MeV is released on average per fission
event. During fission, the fission products carry away all the energy released during fission. The
fission energy can then be characterized as the kinetic energy of the fission products Q, and the
energy of the radioactive decay of the fission products Q,. The radioactive decay of the fission
products includes beta decay, neutron emission, and accompanying gamma radiation.

The energy released during fission is distributed as follows:

Kinetic energy of fission products Q;, ~

energy of radioactive decay Q4 ~ 40 MeV
of which:

energy carried away by beta particles 8 MeV
energy carried away by gamma photons 15 MeV
energy carried away by neutrons 7 MeV
energy carried away by antineutrinos 10 MeV
Total 200 MeV

Since the fission products are nuclei from the middle of the periodic table of elements, which have
a large electric charge, the loss of their kinetic energy per unit length will be very large. On average,
fission products transfer all their kinetic energy to the environment in which they move along a
path equal to approximately 10® m. Neutrons, beta particles, and gamma photons are also absorbed
near the site of fission. Therefore, when determining the reactor's power, we assume that all the
energy (reduced by the energy carried away by antineutrinos) released during fission is converted
into thermal energy in the volume where fission occurs, i.e., in the nuclear reactor.
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Fission Products

Analysis of the nuclear fission process using the liquid drop model of the nucleus suggests that the
nucleus splits into two equal parts. However, this conclusion has not been confirmed
experimentally. During the fission of the isotope 233U by thermal neutrons, it was experimentally
found that the most probable ratio of mass and atomic numbers of the nuclei produced during
fission (fragments) is 2:3. We denote the heavier of the fragments as Mt(Zn,An) and the lighter as
My(ZL,AL). Absorption of thermal neutrons by the target nucleus results in the formation of 235U,
and this nucleus fissions if condition (4.1) is met. The nuclear reaction can be written as follows:

235+1=Ax+AL
(4.9)
92+0=Zn+7Z.

Using the conditions AL/An=2/3 and Z./Zn=2/3, individual values can be determined using
equation (4.9) as follows:

An=142 AL=94

Zv="55 7,=37 (4.10))

These values lead to isotopes *22Cs and 35Rb, which have stable isotopes: 123Cs, §7Rb and $3Rb.
The number of neutrons in each fragment is then:

NH=AH-ZH=87 and N =A(-Z =57 (4.11)

What has shown that the resulting nuclei have significantly more neutrons than protons. Nuclei
with an excess of neutrons are unstable and undergo changes over time that lead to a reduction in
the imbalance between neutrons and protons. In other words, nuclei increase their stability in this
way.

The first of the nuclear processes that reduces the excess of neutrons is the direct emission of an
integer number of neutrons, accompanied by gamma radiation. The average number of
instantaneous neutrons v produced during fission depends on the mass number of the fissioning
element and the kinetic energy of the bombarding neutrons.

The new nuclei are not stable; they still have an excess of neutrons, but their excitation energy is
less than the binding energy of the neutron, so further reduction of their excitation is only possible
through gradual g~ decay until a stable nucleus is formed. For example, as a result of the fission
of 2°U, the emission of prompt neutrons occurs with a 5.6% probability of isotope *25Te, which
decays via B~ decay as follows:

B~ B~ B~ B~
iggre — s 1331 2 agne L ses P 1gga @12)

19sec. 6.57h 9.14h 2.6x10° years
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At the end of the decay chain is the isotope 122Ba, which is stable. As was noted that fission of
235U by thermal neutrons produces fragments with asymmetrically distributed mass and atomic
numbers. A detailed study of the fission of 235U has shown that the probability of asymmetric
fission is 600 times greater than the probability of symmetric fission (where both fragments have
the same mass). Figure 4.4 shows the yield of fission products 233U as a function of mass number

A. The figure shows two maxima, one at A_=90+100 and the other at A= 135 +145.
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Figure 4.4: Yield of fission products depending on mass number A.

In addition to the fission of 235U, asymmetric fission of other heavy elements starting with 233Th
up to transuranic elements 237Pu and 241Pu was observed. The 233U splits directly to 62 different
fragments, which decay due to their instability. On average, these nuclei become stable after 2 - 3
successive S~ decays. In the core of a nuclear reactor in operation, approximately 200 different
radioactive isotopes were observed. Therefore, "spent” fuel assemblies unloaded from the reactor
are stored in specially prepared pools. In these so-called decay pools, the activity of the spent fuel
gradually decreases to a level where the fuel can be transported in transport containers to a
processing plant.
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CHAPTER 5: NEUTRONS IN THE FISSION PROCESS

In the initial phase, the fission fragments contain many neutrons, and therefore, these nuclei are
unstable. Transformation to a more stable state is accompanied by the emission of one, two, or
more neutrons. The emission time of such neutrons is in the order of 10 to 102 s after the
fragment formation. Due to the short time of the release, these neutrons are called the prompt
neutrons.

Prompt Neutrons

The prompt neutrons are emitted in the energy range from 0.0253 eV to 10 MeV. The distribution
of neutron emission depending on their energy is called the Fission Neutron Spectrum, see Figure
5.1, and is expressed empirically by the relationship:

n(E) = ce E sinhV2E (5.1)

In this equation, E is the kinetic energy of neutrons and c is a constant. The most probable energy
of prompt neutrons is approximately 0.8 MeV. The average energy of prompt neutrons is E = 2
MeV.

0.4

0 2 4 6 8 10
Neutron energy (MeV)

Figure 5.1: Fission Neutron Spectrum.

The prompt neutrons are generated by many daughter nuclei. Each of these nuclei can release one,
two, or more immediate neutrons. On average, there are v prompt neutrons per fission event. The
value of v varies depending on the fission nuclide and the energy of the neutrons that caused the
fission; the higher the energy, the more neutrons are released per fission, i.e. v, = f(4, Ey,).
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For example:

U v =242 vf =263
23Pu vir =287  vj =312

253U vir =0 vip = 2.67

where the indices fT and ff denote the average number of neutrons from fission with thermal and
fast neutrons.

Delayed Neutrons

The daughter nuclei of the fission fragments are formed after the fission and pass through several
B~decays. The nuclei formed in this way are usually in an excited state, where the excitation energy
is lower than that of the original fragment. In some cases, the excitation energy may be greater
than the binding energy of the neutron in the new nucleus. When these conditions are met, a neutron
is emitted in a time interval of the order of 1032 s, and the nucleus deexcites to its ground state,
thus becoming stable.
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Figure 5.2: Mechanism of delayed neutron production with T = 55.6 s.

A specific example is the decay scheme shown in Figure 5.2. As a direct product of fission, the
bromine nucleus §ZBr is created in an unstable state and decays. The product of S ~decay is the
krypton isotope §7Kr with several energy excited levels, depending on the distribution energy of
the reaction between an electron (beta particle) and an antineutrino. This isotope of krypton has 36
protons and 51 neutrons in its nucleus. The fifty-first neutron has a binding energy of only 5.1
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MeV. If 8ZKr is formed at an excited level of 5.4 MeV, this nucleus releases the excess energy by
emitting a neutron with kinetic energy of 300 keV.

The neutrons produced in this way are delayed relative to the moment of fission by the lifetime of
the precursor of the parent nucleus. We can say that the time it takes for a delayed neutron to be
produced is equal to the lifetime of the precursor nucleus from which the excited parent nucleus
that emitted the neutron originated. Depending on the time it takes for these neutrons to be
produced, delayed neutrons have been divided into several groups. The parameters of the six-group
representation of delayed neutrons are listed in Table 5.1. Each group is characterized by the time
of origin (half-life) T(s) and the relative number of delayed neutrons (delayed neutron fraction) S;,
which are defined as follows:

number of delayed neutrons in the i — th group

~ umber of prompt + delayed neutrons of all groups
6
B=) 5
i=1

The total proportion of delayed neutrons depends on the fissile material used, and in the minority
on the energy of the neutrons that caused the fission. For individual fissile materials such as?33U,
235U, 237Pu and 241Pu, the proportion of delayed neutrons is equal to:

i

(5.2)

3 =0.0021, 85 = 0.0064, B2 = 0.0021, B = 0.0051.

The total delay time of these neutrons depends on the fissile material used and is expressed by the
sum:

BiT; (5.3)

-
IIMO\
[uxy

If the fissile isotope is 233U, the total delay time will be:

6 5
[Z B;T;| =0.0942s (5.4)

i=1

Note that the index in the upper right corner of the square bracket indicates that the given quantity
belongs to the specified uranium isotope. For selected fissionable isotopes, Table 5.1 shows the
distribution of the proportion and energy of delayed neutrons by individual groups.
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Table 5.1: Delayed neutron fraction by group for selected isotopes.

Group Half-life  Decay 23U 235U 23830 2Pu  Kinetic
T(s)  constant. energy
A(s?) (keV)
1 55.6 0.0125 0.000224 0.000215  0.0002 0.00021 250
2 22.7 0.0305 0.000777 0.001424  0.0022  0.00182 460
3 6.22 0.1114 0.000655 0.001274  0.0025 0.00129 405
4 2.30 0.3014 0.000723 0.002568  0.0061  0.00199 450
5 0.61 1.1363 0.000133 0.000748  0.0035  0.00052 410
6 0.23 3.0137 0.000088 0.000273  0.0012  0.00027 -
Total - - 0.0026 0.0065 0.0157  0.00200 -

Atomic Number Density

The atomic number density N is the number of atoms of a given type per unit volume of the material
and is determined using the definition of Avogadro's number as follows:

N = NaP (5.5)

Where N, is Avogadro's number (6.023 x 102 atoms/mol), A is atomic weight or molar mass, and
p is material density. For a chemical compound with a molecular weight of M, the atomic number
density of the nuclei, as an i-th component, can be calculated as follows:

Map

N; =
iTM

Yi (5.6)

where M is the molecular weight y; is the atom fraction of the i-th component in one molecule.
The atomic number density can also be calculated using the weight fraction w;, where the relation

between the atom fraction and the weight fraction is as follows w; = y; %.

The Cross-section of Neutron Interaction

If there is one target nucleus in a unit area and one neutron passes through this area, the probability
that a neutron will interact with the target nucleus is equal to the microscopic cross section of the
interaction. It is denoted by o and it is given in units of area (cm?) or in reduced units of barn; 1
barn = 1024 cm?,
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Depending on the type of interaction, we refer to:

e g, - absorption microscopic cross-section,
e g, - scattering microscopic cross-section,

e g,- total microscopic cross-section.

The total microscopic cross-section is equal to the sum of all effective cross-sections characterizing
the interaction of neutrons with matter, and is therefore equal to:

oy =05 + 0, (5.7)

The Macroscopic Cross-Section

The macroscopic cross section is the product of the microscopic cross sections and the atomic
number density of corresponding nuclei located in a unit volume. If there is only one type of
nucleus, then for a given type of interaction, the macroscopic cross section is determined using the
relationship:

L=No (5.8)

The unit of macroscopic cross-section is cm™ and can be interpreted as the average number of
collisions that a neutron undergoes when travelling a distance of 1 cm. The inverse value of the

macroscopic cross-section 1/E is equal to the mean free path of a neutron between two collisions
A

The Dependence of the Absorption of a Microscopic Cross-Section on Energy

The value of the microscopic cross-section depends on the target nuclide, characterised by mass
number and the energy of neutrons. An example of the energy-dependent fission cross-section
or (E) for 235U is shown in Figure 5.3. The cross-section significantly changes depending on the
energy of the interacting neutrons. In accordance with the shape and energy, the cross-section can
be divided into three regions.
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Figure 5.3 Energy-dependent microscopic cross-section of the absorption.

The first region, located in the energy range up to 1 eV, is called the thermal region. Here, the
value of the microscopic effective absorption cross section gradually decreases with increasing
energy. The change in the fission microscopic cross-section can be expressed by the relation:

a
E) =~ —
Uf( ) "

Where a is a constant and v is the absolute value of the neutron velocity.

T Y
T °
¢ AE
: :
E T
€n
Target nucleus Compound nucleus

Figure 5.4: Energy levels of a compound nucleus.
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The second region is characterised by significant changes in the value of the microscopic cross-
section depending on energy. The shape is similar to resonance phenomena known, for example,
in the theory of electrical circuits. Here, the value of the cross-section changes depending on
whether, after neutron capture, a new nucleus is formed with energy quantum-mechanically
determined, or whether the resulting energy of the nucleus acquires a different and therefore
forbidden value. The energy of the new nucleus after neutron capture will be higher than the energy
value of the target nucleus by the binding energy of the neutron in the new nucleus and the kinetic
energy of the neutron. The average binding energy of a neutron in a heavy nucleus is ~ 7.5 MeV.
The nucleus created by neutron capture will have an energy at least 7.5 MeV greater than the target
nucleus. In this energy range, heavy nuclei have excited levels. The nucleus will remain at the
excited level only for the shortest possible time, after which it will transfer part of its energy to its
surroundings, for example, in the form of electromagnetic radiation. Based on Heisenberg's
uncertainty principle AEAt = h, it can be stated that each excited level has its own width. The
relation also implies that as the excitation energy increases (the state is more natural, so At
decreases), the width of the energy level also increases. In accordance with quantum mechanics,
the distance between the centers of excited levels decreases as the energy increases. Therefore,
above a certain energy, the excited levels overlap.

The energy of the composite nucleus changes depends on the kinetic energy of the neutron;

therefore, it is in the energy range from 1 eV to 10 keV, significant maxima alternating with
minimum values of the effective cross section can be observed. If a new nucleus is formed with
energy corresponding to one of the excited levels after the neutron is captured by the target nucleus,
this will be a state that is highly likely to occur, as expressed by the large value of the cross-section.
If a new nucleus is to be formed with energy not corresponding to any of the excited levels after
the neutron capture by the target nucleus, such an energy state is unlikely, which is reflected in a
sharp decrease in the cross section to a low or zero value. This is evident from Figure 5.4. In the
energy region above 10 keV, the resonant character of the cross-section disappears, as the excited
levels overlap.

The third region of the cross-section energy dependence is characterised by a low and slightly
changing value of the microscopic cross-section. This statement applies to all light and heavy
nuclei, i.e., in this region there are no nuclei that strongly interact with neutrons. In terms of neutron
energy, this part of the cross-section is called the fast neutron region.

Fission Chain Reaction

As was stated above, when the heavy element nuclei are split, more than two new neutrons are
created for each split nucleus. This makes it possible to create, through a suitable combination of
fissile material, moderator (used to slow down neutrons), coolant, structural material, and
geometric configuration, a fission system in which a controlled fission chain reaction can be
maintained. Every system containing fissile material is characterised by a parameter that reflects
its neutron multiplying properties, therefore this parameter is called the multiplication coefficient
and is denoted by k.
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Thermal neutrons split 233U nuclei, releasing energy and fast neutrons. The fission products
transfer their kinetic energy to the environment, which results in the temperature increase. Fast
neutrons enter the moderator, where they slow down and return to the fuel as thermal neutrons to
contribute to further fission of 233U. Thus, the fuel elements serve as a source of heat and fast
neutrons, and the moderator serves as a source of thermal neutrons. The fission chain reaction in
the core is characterised by the parameter k. - the effective multiplication coefficient, which we
will discuss in detail in the next section of this chapter. The value of k.f; can be influenced by
changing the number of absorbers in the core, which is in the form of control rods or boride acid.
By the change of position of the control rods or the change of boride acid concentration, the chain
reaction of fission in the active zone is controlled. The material contained the fissile material is
called nuclear fuel. For thermal reactors, uranium is mainly used as fissile material in various
forms, such as metal, oxide, nitride, and carbide. Uranium in the form of pellets is encapsulated in
materials that absorb neutrons very weakly and are sufficiently resistant to the effects of radiation
damage and the chemical aggressivity of the coolant. In thermal reactors, alloys based on
aluminium and magnesium, as well as zirconium and niobium alloys, are used. The coolant used
in thermal reactors can be:

1. gaseous - carbon dioxide, helium, water vapour,
2. liquid - light water, heavy water, organic substances.

A moderator is a substance that effectively slows down neutrons. Moderators are usually:

1. solid - graphite, beryllium, beryllium oxide,
2. liquid - light water, heavy water.

Multiplication Coefficient

Let’s discuss processes, which characterized multiplication properties of the system with fissile
material and define the multiplication coefficient. At the beginning, consider a large medium,
where the neutron leakage is negligible. The medium consists of a combination of a moderator and
fissile material. Without preliminary investigation, assume that N, fast neutrons are available, and
due to infinite dimensions, all these neutrons are absorbed within this media. Since the energy of
these neutrons is higher than the fission threshold of uranium 235U, some of these neutrons will
cause the fission of 238U nuclei, thereby increasing the number of fast neutrons by a factor of «.
The ¢ is called the Fast fission factor and, by definition, represents the ratio of the total number of
fast and thermal neutrons produced to the number produced by just thermal fission. Empirical
relationships are usually used because it is a difficult parameter to calculate. If the fissile material
is natural uranium, then & =1.03, which is its maximum value. For pure 235U, € ~ 1. Thus, after
the absorption of N, fast neutrons in the fissile material, a total of Ny& new fast neutrons can start
the process of slowing down. The energy of the neutrons is reduced as a result of their collisions
with the moderator nuclei. During the slowing-down process, the energy of the neutrons decreases
from E, = 2 MeV (the average energy of prompt neutrons produced during fission) to E; = 0.0253
eV, which is the energy of thermal motion of atoms in a given environment at a temperature of 20
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°C. However, not all neutrons that have begun to slow down become thermal, because a certain
portion of them are absorbed by 235U nuclei in the resonance region (1 eV to 10 keV). Neutrons
absorbed in this way cannot cause fission of 238U nuclei because their energy is lower than the
fission threshold of 238U (4.1 MeV). For this reason, the absorption of neutrons by 238U nuclei in
the resonance region has a negative effect on the neutron balance. The loss of neutrons in the
slowing-down process is characterized by the Resonance escape probability p that neutrons are not
absorbed in the resonance region. The Resonance escape probability is given by the ratio of the
number of neutrons that have reached the thermal region to the number of neutrons that have begun
the slowing-down process. The Resonance escape probability is highest where the concentration
of 238U is zero, i.e., in pure 233U. As the concentration of 238U increases, its value decreases.
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Figure 5.5: Neutron balance in the reactor core.

In this case, the slowing-down process began with Nye fast neutrons, and only Nyep neutrons
reached the thermal region. Since the media is infinitely large, all neutrons that have become
thermal are absorbed by the materials of the core. This means that some of the thermal neutrons
are absorbed by the fissile material, some by the moderator, and the rest by the structural materials.
In case of the multiplication properties, the fraction of the neutrons absorbed by the 235U must be
known. The proportion of neutrons absorbed by nuclei 235U is expressed by the Neutron thermal
utilization coefficient f or Fuel utilization factor. This coefficient is defined as the ratio of the
number of thermal neutrons absorbed by nuclei 235U to the total number of absorbed thermal
neutrons. Then, from the total number of thermal neutrons Nyep, only Nyepf neutrons are absorbed
by nuclei 233U.
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Not all neutrons absorbed by 233U nuclei cause their fission, because some of these neutrons are

radiatively captured, resulting in the formation of 235U, and the rest of the absorbed neutrons cause
the fission of 233U. Therefore, the microscopic cross-section of absorption g, for 233U is equal to
the sum of the microscopic cross-sections of radiation capture o, and fission g¢. The probability
of fission in a single act of thermal neutron absorption by this nucleus is given by the ratio of the
microscopic fission cross section oy to the microscopic absorption cross section g, The probability

of 235U fission can also be expressed as the ratio of the corresponding macroscopic cross sections.
As a result of the absorption of Nyepf thermal neutrons, Nyepf ;—Z fissions occur. In each act of
235U fission, v of new fast neutrons with an average energy of 2 MeV are produced. If the number
of fissions caused by thermal neutrons is multiplied by the average number of prompt neutrons
produced in a single act of fission, the number of fast neutrons of the new generation Nospfi—z Vf

is obtained. Product of fission probabilities and the average number of prompt neutrons per fission
vy is called the Neutron reproduction factor n. Thus:

Lf
n= gvf (5.10)

The number of fast neutrons of the new generation expressed with the Neutron reproduction factor
is written as follows:

Noepfn (5.11)

The multiplication coefficient k is defined as the ratio of the number of neutrons in the n®
generation to the number of neutrons in the (n-1)"" generation. In our case, there were N, fast
neutrons in the (n-1)"" generation and Nyepf 7 fast neutrons in the n™ generation, so in our case, k
will be given by:

_ Noepfn
k = N, (5.12)
After adjustment, the four-factor formula is obtained:
ke = epfn (5.13)

Equation 5.12 expresses the multiplication coefficient in an infinitely large system, which is why
the multiplication coefficient for an infinitely large system is denoted by k..

Both slowing down and thermal neutrons can escape from a system of finite dimensions. The P is
the probability that neutrons do not escape from a system of finite system during the slowing-down
process and Pr the probability that neutrons will not escape from a finite system during the
diffusion process. The product of both probabilities determines the probability that neutrons will
not escape from the system, which is denoted by P, then:
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P=P.P (5.14)

The multiplication coefficient k., for a system of finite dimensions is then given by the
relationship: k.rr = ko P. The described process is schematically illustrated in Figure 5.5.

Reactivity and Its Units

In a fission system such as a nuclear reactor, neutrons produced during fission travel through the
system, colliding with nuclei, which slow them down, absorb them, or cause them to escape from
the system. Some of the captured neutrons cause new fission, resulting in the production of a new
generation of neutrons. Neutrons produced in successive fission are characterised by the lifetime
of one generation of neutrons, ¢. In pressurised water reactors, the average lifetime of neutrons is
2x10° to 5x10° s, depending on the amount of fuel loaded. This means that in a nuclear reactor,
between 1.4x10%and 3.5x10° generations of neutrons decay every second.

The system, in which the same number of neutrons is produced in each generation, is in the state
called critical. Here the k. is equal the unity. But in some cases, the configuration of the fission
system can change, then in each subsequent neutron generation, more neutrons are produced; this
state is called super-critical, or less neutrons are produced than in the previous generation, and
this state is called sub-critical. To quantify the level of sub- or super-criticality, the concept of
reactivity was implemented. The reactivity of a fission system indicates the relative change of k. ¢
from one, i.e., from the critical state:

kerr—1
p= el/;f— (5.15)
eff

In general, the reactivity of a fission system changes during operation as a result of changes in the
content of fissionable material in the system, but also depending on changes in the physical
properties of the environment caused, for example, by changes in temperature or configuration,
etc.

The definition of reactivity implies that its value is dimensionless. It is a quantity expressed by
values that differ very little from zero. In practice, reactivity is therefore often expressed in
percentages, dollars, cents, pcm, etc. The purpose of these "units" is to increase the numerical
value, which is more natural to use during reactor operation. Below are some frequently used units
of reactivity.
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Reactivity in dollars

In reactor technology, the reactivity unit dollar is often used, especially when measuring reactivity,
for example, by the Rod drop method or by measuring with a reactimeter. Any reactivity can be
expressed in dollars as the ratio of reactivity in absolute value to the effective delayed neutrons
fraction, i.e., the following applies:

p

p($) = Borr (5.16)
Reactivity in cents
Reactivity in cents is determined as follows:
p(e) = Bors 100 (5.17)
Reactivity in percent
Reactivity in percent is determined as follows:
p(%) = p100 (5.18)
Reactivity in pcm
Reactivity in pcm (percent milli rho) is expressed as follows:
p(pem) = p10° (5.19)
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CHAPTER 6: NUCLEAR REACTORS

The Classification of Nuclear Reactors

From an energy perspective, a nuclear reactor is a generator of heat that is released during a
controlled, self-sustaining fission or thermonuclear chain reaction. In the narrower sense, a
nuclear reactor is often understood to be a reactor operating on the principle of fission of heavy
nuclei. A reactor that performs exothermic synthesis of light isotopes is often called a
thermonuclear reactor.

Nuclear reactors can be classified according to many criteria (see Table 6.1). The most important
of these is their use. Nuclear reactors can be used for educational purposes, for various research
purposes, for the production of pure fissile materials (production reactors), for powering ships,
submarines and rockets, for large-scale energy production at a given location (stationary energy
reactors) and for various other special purposes (transport energy reactors for the production of
smaller amounts of energy, reactors as sources of photon and neutron radiation for the production
of radioisotopes or for the chemical production of substances with special properties). Stationary
energy reactors produce heat that is either used directly (for industrial purposes, desalination of
seawater, heating of large urban areas) or converted into electrical energy. Nuclear reactors are
usually multi-purpose, and their operation serves several purposes at the same time. For example,
the production of electrical energy and the production of new fissile materials.

An important criterion for classifying nuclear reactors is their ability to produce new nuclear fuel.
If a nuclear reactor does not produce new fuel at all, but only burns pure fissile material, it is called
a burner (e.g., PWR submarine reactors for highly enriched 2*°U. If a nuclear reactor produces
new fissile material, but of a different chemical type than it burns, it is called a converter or a
pseudobreeder. Converters burn more fissile material nuclei than they produce as new ones (e.g.,
stationary PWR power reactors for mildly enriched 23U produce 23°Pu). Pseudobreeders produce
more new fissile material nuclei than they burn (e.g., Molten Salt) Breeder Reactors (see Table
6.2) for highly enriched 23U and  %*2Th burn ?**U and produce #°U. Breeder reactors produce
more nuclei of new fissile materials of the same chemical type than they burn (e.g., Liquid Metal
Fast Breeder Reactors with 2%°Pu and 238U reactors burn 2%Pu and produce the 2*Pu).
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Table 6.1: Classification of nuclear reactors.

Characteristics Types \
Purpose Educational, research, production, transport, stationary energetic,
special
Type of exothermic nuclear Fission, thermonuclear

reaction utilised
Fuel cycle Burners, converters, pseudo-breeders, breeders

Neutron energy Thermal, epithermal, fast

Core arrangement Homogeneous, heterogeneous
Number of structural Three-component, two-component, single-component
components of the core
Fissile material 233,235y, %y, (**1Pu)
Fertile material 282Th, 238y, (**Pu),
Chemical form of fissile or Metal, oxide, carbide, (nitride, silicide), fluoride

fertile material
Moderator C, H,0, D,0, Be, (BeO), organic compounds, ZrH,
Reflector C, H; O, D;0O, Be, (Be0), organic compounds

Coolant CO2, N2, He, NO2,(dissociating gases), H-0, D-0O, organic
compounds, molten salts (LiF, BeFz, ZrF.), liquid metals (Na, K,
Ho)
Reactor design Pressure vessel, pressure (channels) pipes, pool-type configuration
Conceptual layout of External with cooling loops, internal integrated in the reactor vessel
cooling circuits

The most important physical characteristic of a nuclear reactor is the energy of neutrons causing
fission. If this energy is greater than 1.6 x 10™4J (0.1 MeV) (we recommend using eV for neutrons),
the energy of the neutrons causing fission is approximately the same as the energy of fast neutrons
from fission, which is referred to as fast reactors. If, on the other hand, this energy is less than 1.6
x 102°J (0.1 eV) and thus corresponds to the kinetic energy of the atoms in the environment with
which the neutrons are in thermal equilibrium, these are thermal (slow) reactors. In some cases,
neutrons with energies of 1.6x107° to 10°%J 1 to 1,000 eV) or more are also used for fission. Such
reactors are called epithermal reactors. In thermal and epithermal reactors, the neutrons produced
in the fission process must be slowed down. The moderator, designed for this purpose, can be
incorporated into a homogeneous mixture with nuclear fuel, or it can be spatially separated from
the fuel in a heterogeneous grid. The design concept of the core determines the number of basic
heterogeneous components. The three-component core comprises fuel, moderator, and coolant
spatially and usually also separated by mass substance. Two-component cores are found in reactors
without moderators (e.g., Liquid Metal Fast Breeder Reactors) or in thermal reactors in which the
moderator and coolant are identical in terms of both substance and space (e.g., Pressurized Water
Reactors). This group also includes reactors that operate with a fuel solution in the coolant (e.g.,
Molten Salt Breeder Reactors) or with fuel elements that form fissile material in a solid moderator
(e.g., High Temperature Gas-cooled Reactors). Single-component cores are only possible in
homogeneous reactors, where the fuel is dissolved or finely dispersed in the coolant, which also
acts as a moderator in thermal reactors.
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Table 6.2: International designation of nuclear power reactor types.

Designation Meaning of designation Moderator ~ Coolant |
GCR Gas-Cooled, graphite-moderated Reactor Graphite CO;
AGR Advanced Gas-cooled, graphite-moderated Graphite CO;

Reactor
HTGR High-Temperature Gas-cooled, graphite-moderated Graphite He
Reactor
LWGR Light-Water-cooled, Graphite-moderated Reactor Graphite H.0
BWGR Boiling light-Water-cooled, Graphite-moderated Graphite H.0
(RBMK) Reactor
MSGR Molten—Salt-cooled, Graphite—-moderated Reactor Graphite Molten
salts
MSBR Molten-Salt-cooled, Graphite-moderated Breeder Graphite Molten
Reactor salts
HWR Heavy-Water-moderated Reactor D0 Various
PHWR Pressurised Heavy-Water-moderated and cooled DO DO
Reactor
BHWR Boiling Heavy-Water-moderated and cooled DO DO
Reactor
HWGCR Heavy-Water-moderated, Gas-Cooled Reactor D,0O CO,
LWR Light-Water—-moderated and cooled reactor H.0 H.0
PWR Pressurised light-Water-moderated and cooled H.0 H.0
reactor
BWR Boiling light-Water-moderated and cooled reactor H.0 H.0
FBR Fast Breeder Reactor - Various
LMFBR Liquid—Metal—cooled Fast Breeder Reactor - Na
GFBR Gas-cooled Fast Breeder Reactor - He
SFBR Steam-—cooled Fast Breeder Reactor - H.0
OMR Organic—Moderated and cooled Reactor Organic Organic

The basic physical concept of the core and thus the type of nuclear reactor determines the type of
nuclear fuel used, its chemical form (which affects fuel density), moderator, and coolant. There are
a relatively large number of options when choosing individual characteristics (Table 6.1) and an
even greater number of combinations. However, not all combinations are physically possible (e.g.,
a homogeneous reactor with natural uranium or a heterogeneous reactor with natural uranium
moderated by light water). Some combinations are structurally complicated to implement in a way
that still meets basic physical requirements (e.g., a graphite gas-cooled reactor with natural
uranium dioxide, a slow-neutron breeder implementing the uranium-plutonium fuel cycle, or a
fast-neutron reactor cooled with light water).

Some physically possible combinations do not allow the desired technical objectives to be achieved
(e.q., a fast pseudobreeder for enriched uranium or a light water steam-cooled fast breeder results
in unacceptably long doubling times for fissile materials). Some combinations are clearly
physically or technically inferior to others (e.g., heavy water-cooled graphite reactors or sodium-
cooled light water reactors, etc.). Therefore, the number of different designs of energy reactors
implemented is not very large. To ensure efficient large-scale deployment of economic power
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reactors, it is essential not only to optimize the physical and technical viability of design
combinations but also to focus development and manufacturing efforts on a limited number of
standardized reactor types. Therefore, in global nuclear energy practice, which has so far focused
on the uranium-plutonium fuel cycle, only the following combinations of moderators and coolants
have remained in widespread use: graphite-gas (GCR, AGR, HTGR), graphite—light water
(BWGR), light water—light water (PWR, BWR), heavy water—heavy water (PHWR), and sodium-
cooled fast reactors (LMFBR). Gas-cooled fast reactors (GFBR) are considered promising. For the
promising thorium-uranium fuel cycle, the following combinations of moderators and coolants are
being considered: graphite — gas (HTCGR), graphite — molten salts (MSBR), and light water —
light water (LWBR).

The Properties of Power Reactors

The most important properties of power reactors are those that determine the safety of their
operation, the economics of energy production, and, where applicable, the economics of associated
production of new fissile materials. These are primarily the most credible accidents, followed by
unit power, specific volume power, coolant parameters at the reactor inlet and outlet, kinetic and
dynamic properties of the reactor, and nuclear fuel reproduction intensity.

In addition to the design configuration, the properties of nuclear reactors are most influenced by
the energy of fission neutrons, the type of moderator, the fission material, and the coolant.

The Unit Power of Power Reactors

From a technological standpoint, the unit power of an energy reactor represents its most intricate
attribute. It reflects the level of technical maturity and operational mastery achieved for a given
reactor type, signals its potential for further advancement, and plays a pivotal role in determining
its economic viability.

The development of most commercial types of power reactors began between 1955 and 1960
(GCR, LWR, LWGR, FBR), with only HTGR and HWR reactors in the power version appearing
about five years later, between 1960 and 1965. The speed of development also varies. For LWR
and LWGR types, it took about 15 years to transition from a demonstration prototype to a serial
unit with a thermal output of 3,000 MW. For GCR (continued in AGR), HWR, HTGR, and
LMFBR reactors, this development is slower or has stopped.

The largest nuclear power plants (by capacity) worldwide as of August 2025 are shown in Figure
6.1
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Figure 6.1 Ranking of leading nuclear power plants in megawatts electric
(source: statista.com, 2025).

The Comparison of the Most Important Characteristics of the Basic Types of
Power Reactors

Table 6.3 compares the most important characteristics of PWR, BWR, BWGR, HTGR, PHWR,
and LMFBR power reactors at a power level corresponding to a net unit output of 1,000 MWe. In
cases where such units have not yet been deployed, their characteristics are extrapolated from the
most advanced design features of existing lower-capacity reactors. Although the power
characteristic of a nuclear reactor is its thermal output, electrical outputs are more commonly
reported. These also include the impact of the overall efficiency of the nuclear power plant, which
is influenced by other parameters of the nuclear unit.
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Table 6.3: Comparison of the main characteristics of different types of power reactors with
a net electrical output of 1,000 MW.

Characteristic BWGR PWR BWR HTGR PHWR
Net electrical 30 33 34 41 31 43
efficiency of the
power plant [%]
Heat output 3,340 2,950 2,950 2,440 3,230 2,326
[MW]
Fuel enrichment 1.8 3.0 24 4.2 0.7 28
[%6]
Fuel rod cladding Zr-Nb Zry-4 Zry-2 C-SiC Zry-4 stainless
material [-] steel
Max. fuel rod - 380 380 800 320 650
cladding
temperature [°C]
Fuel rod 13.5 10.7 12.5 12.7 15.2 5.8
diameter [mm]
Average fuel 80 242 155 380 90 150
assembly
diameter [mm]
Power density 18 40 27 54 20 260
[kW/kg]
Active zone 9.6 3.1 4.5 6.7 4.7 2.7
diameter [m]
Core height [m] 7.0 3.7 3.7 6.3 6.3 1.0
Number of core 1,770 166 678 308 567 325
channels [-]
Mass of fuel [t] 188 74 129 45 160 8
Equivalent of 590 410 560 360 160 436
natural U feed [t]
Thermal load of 6.6 104 51 8.2 11 370
the core
[kW/dm?®]
Burnup of 1,600 2,850 2,380 8,600 860 (100) 8,600
equilibrium load (18.5) (33) (27.5) (100) (100)
[GI/tum
(GWd/tum
Equivalent 51 520 540 1,080 860 160
burnup of (5.9 (6.0) (6.3) (12.5) (10) (1.8)
natural uranium
[GI/tum
(GWd/thm
Average 0.6 0.5 0.6 0.6 0.8 1.2
conversion rate
Coolant H.0 H20 H-0 He D20 Liquid
metal
Temperature at 284 326 284 760 300 562
reactor outlet
[°C]
Pressure at 7.0 15.3 7.0 4.8 8.9 0.1
reactor outlet
[MPa]
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Temperature 280 280 280 510 250 510
before the
turbine [°C]
Pressure before 6.8 6.8 6.8 17.0 4.1 17.0
the turbine
[MPa]
Method of Continuous campaign  campaign ~ Campaign  Continuous campaign
replacing fuel continuous
assemblies [-]

Light-Water—-moderated and cooled reactor

The development of a nuclear reactor for submarine propulsion required compact and simple
nuclear technology due to the large operating range and the impossibility of replacing fuel elements
while at sea with extremely enriched fuel operating without conversion (burner reactors). The light
water reactor (LWR) type PWR was chosen as the most suitable for this purpose. It was first tested
on land (STR Mark I, Arco, United States, 1953) and later on the first nuclear submarine (Nautilus,
United States, 1955). Developments around the world have confirmed the correctness of this
choice.

Today's PWR power reactors were developed as a stationary variant of the original transport and
submarine reactors. Nuclear power thus gained reactors that were compact and sufficiently
inexpensive, simple and highly reliable in operation, but which operate in a fuel cycle that is
demanding on uranium raw material, which must be enriched in any case. The first demonstration
nuclear power plant with a pressurised water reactor (Shippingport — 1, United States, 1957)
confirmed the expected high economic potential of this reactor for the medium-term prospects of
nuclear energy, paving the way for the extensive development of what is now the most widely used
energy reactor.

Parallel to this development, light water reactors of the BWR boiling type were also developed,
which were expected to further reduce the construction costs of nuclear power plants due to their
single-circuit design. However, the first demonstration nuclear power plant with a boiling reactor
(Dresden-1, United States, 1960) showed that this type did not have significant economic
advantages, but that it was no worse than power plants with pressurised water reactors. Competitive
reasons have led to both types of light water reactors being manufactured and supplied worldwide.
In the USSR, demonstration nuclear power plants with pressurised water reactors (Novovoronezh-
1, 1964) and boiling water reactors (Melekess, 1965) were put into operation. However, as the
development of the BWGR (RBMK) channel-type boiling reactor continued in parallel, and it
became clear that the economic potential of both PWR and BWR types was comparable, the
decision was eventually made to develop only the PWR reactor.

Natural uranium cannot be used as fuel in light water reactors (the multiplication factor does not
reach 1). The use of enriched fuel has removed the physical limits of the core in a narrower sense.
The light water moderator with a short neutron migration length has compacted the fuel grid to
such an extent that it has become technically impossible to place individual fuel channels outside
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the core pressure environment and thus enable continuous fuel replacement. Therefore, the
campaign fuel exchange with poorer fuel economy was introduced. Light water cores have
excellent self-regulating properties (large negative temperature and power reactivity coefficients)
because, due to their compactness, the coolant serves as a moderator and thus follows all power
changes in the coolant parameters. Increasing the power leads to under-moderation of the reactor.
However, at certain times during the campaign, large excess reactivity (due to high burnup, high
power reactivity coefficients) must be compensated for. The spatial compactness of these cores
required very thorough neutron flux equalisation throughout their volume. The combination of all
these requirements (compensation for large excess reactivity, balancing the neutron flux while
maintaining a negative power coefficient of reactivity even in the early stages of the campaign) led
to a very complex reactivity control and compensation system in light water reactors using
absorption rods, burnout absorbers and varying degrees of fuel element enrichment (in BWR
reactors, also by means of changes in coolant recirculation intensity).

Although light water reactors have a steel pressure vessel, they are not yet limited by this
demanding structural component. Only in the former USSR, where there was a requirement for
pressure vessels to be manufactured in a production plant and transported by rail, was the thermal
output of the reactor limited to approximately 3,000 MW. In other cases, the power limit of light
water reactors in terms of steel pressure vessels is approximately 6,000 MW. The actual technical
limit of these reactors is the temperature of the fuel element cladding in terms of long-term
mechanical properties and corrosion. The stainless-steel cladding used in the past did not limit the
reactor temperature, while the zirconium cladding used today allows temperatures of almost 380°C
to be reached. This determines the maximum temperature and pressure of the coolant, depending
on whether boiling is to be prevented or, conversely, whether boiling is to be achieved. The second
technical limit is the intensity of heat transfer from the fuel pin, which ensures that boiling does
not occur under the given conditions, thereby preventing damage to the fuel pin cladding. For
pressurised water reactors, this limit is close to 180 W.cm, and for boiling reactors, 135 W.cm™.

The fuel elements of light water reactors have undergone significant development. Except for the
fuel elements for parts of the core of the Shippingport-1 reactor, which had plate fuel elements, all
fuel elements in light water reactors are longitudinal bundles of rod fuel elements. The number of
fuel elements in a bundle is increasing (currently up to 289 in PWRs and 64 in BWRSs), and their
diameter is decreasing (currently approx. 10 mm in PWRs and 12.5 mm in BWRS) as the energy
load of the fuel increases. All fuel elements are covered with a zirconium alloy (for PWRs this is
usually zircalloy4, for BWRs zircalloy-2); only the first pressurised water reactors had austenitic
stainless-steel cladding. The fuel elements of pressurised water reactors are channel-less tubes, so
that the coolant is mixed in the core and balances its energy. In boiling reactors, the individual fuel
elements are equipped with a square channel tube. The cores of light water reactors are inserted
into a vertical cylinder. Depending on their power output, they have a diameter of 2.0 m to 3.7 m
for PWR reactors and 3.3 m to 4.8 m for BWR reactors. Nowadays a typical fuel burnup is arround
40,000-60,000 MWd/tym for PWR reactors and 35,000-55,000 MWd/tym for BWR reactors. The
conversion ratio varies widely between reactors, from 0.1 to 0.7, and is most often reported as
around 0.5 for PWR reactors and around 0.6 for BWR reactors.
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Figure 6.3: Pressurised water reactor (PWR) — Biblis nuclear power plant.

The mechanical control of both types of reactors is different. In PWR reactors, the absorption rods
are controlled from above, so at a certain stage of development (Indian Point-2, United States),
they could become part of the fuel elements and meet the requirement to distribute the absorbers
as finely and evenly as possible in the active zone (bundled control rods). In BWR reactors, the
control mechanisms are located at the bottom. This ensures more effective operation of the
absorption rod in the lower part of the core, where the coolant has the lowest vapour phase content,
and eliminates problems with cooling mechanisms that would otherwise operate in hot steam.
Therefore, the absorption rods could not become part of the fuel elements (which are loaded from
above); they had to retain their original form of cross rods and were controlled from below. The
method of driving the control mechanisms is determined by their position. In PWR reactors, it is
an electric or electromagnetic, and in BWR reactors, it is hydraulic.

The pressure vessels of light water reactors are gradually increasing in volume, from an original
diameter of 2.7 m for PWR reactors and 3.7 m for BWR reactors to 5.0 m and 6.4 m, respectively.
The height of the largest pressure vessels in PWR reactors is 13 m, and in BWR reactors, 22 m. In
BWR reactors, the method of coolant recirculation is still being debated. To minimise the amount
of highly radioactive coolant discharged from the reactor, water jet injectors (US method) or
centrifugal pumps with drives located outside the pressure vessel (German method) are installed
in the reactors. In Europe, there is also a concept of removing the entire recirculating flow from
the reactor.

The change of coolant parameters at the reactor outlet is very slow in light water reactors. In PWR
reactors, the temperature of the primary water rose from 280 °C and 7.13 MPa. The net thermal
efficiency increased from 26% in PWR reactors and 29% in BWR reactors, and today it reaches
33% and 34% for both types, respectively. The highest net unit electrical output for both types is
approximately 1,700 MW,
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CHAPTER 7: NUCLEAR FUEL CYCLE

Nuclear fuel is the active, neutron-fissile material that forms the basic component of a nuclear
reactor. The active materials of fuel rods (elements, cells) are divided into two groups according
to their purpose:

o fissile materials (provide a fission reaction),
e Dbreeding materials (ensuring the creation of new nuclear fuel).

Fissile materials of nuclear fuels are divided into:

e primary fissile materials (naturally occurring, e.g., uranium isotope 2°U),
e secondary fissile materials (not found in nature at all or only in ultra-trace amounts and
obtained artificially by neutron irradiation in a reactor, e.g., 23U, %Pu, 24'Pu).

The breeding materials include 2%2Th and 2*8U:

232Th (n ,Y) 233Th -B N 233Pa -B N 233U

(7.1)
238U (n,Y) 239U -B s 239Np -8 239Pu

The basic fissile materials are natural uranium_(which has the following isotopic composition:
238U=99.274%, 2*U=0.720%, **U=0.006%) and enriched uranium_(also used in VVER-440
nuclear power reactors. In Slovakia, profiled nuclear fuel with varying enrichment levels in
individual rods (3.3%, 3.6%, and 4% of U-235) is or was used, with an average enrichment of
3.82% in the fuel assemblies. Nowadays, fuel assemblies with burn-up absorbers and an average
enrichment of 4.87 % are also used.

Uranium

Uranium is the most important material for nuclear power. It has an atomic number of Z=92 and
is alpha-radioactive. Its most important isotopes are:

o 238 (half-life T12 = 4.5%10° years),

o 25U (Typ=7.1x108 years),

o 24U (Ty2=2.5%10° years)

o 28U (Tyz=1.6x10°years) - prepared artificially by irradiating thorium 232Th with neutrons in
a nuclear reactor.

Uranium is tough, silvery metal, relatively soft, and can be forged or rolled at room temperatures.
The melting point is 1133 °C. It occurs in three crystalline modifications: alpha phase (up to 660

59



°C, orthorhombic lattice, p=19.08 g.cm™), beta phase (from 660 to 760 °C, tetragonal lattice,
p=18.11 g.cm=), gamma phase (from 760 to 1133 °C, cubic spatially centred lattice, density
p=18.00 g.cm™). In air, uranium oxidizes rapidly at elevated temperatures. It is therefore mainly
processed in a vacuum or inert atmosphere. By annealing in air, it burns to triuranium octoxide
(U30s). It corrodes more rapidly in contact with water or water vapour than in air. The radiation
resistance of uranium can be increased by alloying (Cr, Ce, Y, Be, Mo, Fe, Zr, AL, Si) with
optimum heat treatment.

Uranium Stockpiles

In the Earth's crust, uranium is present in concentrations of 2 to 4 g/t. Higher concentrations occur
in some geological formations, which, once explored and accessed, may become a resource and
economically recoverable reserves. The volume of exploration work in recent years has been in
line with the expected trend in nuclear power development and is now, like mining, experiencing
some stagnation due to the saturation of the market with uranium. Until 1980, the volume of the
world's identified geological uranium reserves was growing steadily at an average rate of 20,000
tonnes of uranium per year. After 1980, there was a significant reduction in the scale of exploration
work. This resulted in a stagnation in the growth of proven reserves. Uranium ore reserves are
classified according to the degree of verification and the cost of mining and processing, usually in
US$/lb U30s. (Ib = pound, 1 Ib = 0,4536 kg, 1 Ib U3Og = 0.38466 kgU, 1 kg of uranium = 2.5997
Ib U30s). Verified and, similarly, inferred reserves are further subdivided into groups up to 80 and
80 -130 USD/kgU, respectively. According to the OECD NEA 2022, the total proven reserves in
the world in the price category up to 260 USD/kgU amount to around 7.918 million tonnes of U.
In 2006, the Uranium Institute in London reported (using its classification) that proven reserves
with a price of up to USD 40/kgU were around 1.32 million tonnes of U, which at the current world
demand of 84,000 tonnes of natural uranium per year alone would be enough for just over several
tens of years. The future increase in nuclear capacity can be seen more specifically in the WNA's
2003 and 2005 forecasts, which show projections of capacity development up to 2030. The forecast
is shown in Figure 7.1.
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Figure 7.1: World Nuclear Capacity Forecast to 2035 by WNA 2005.

The exploration for new uranium sites and the exploitation of uranium deposits are taking
place at ever greater depths, which has resulted in rising exploration and consequently extraction
costs. As of 2024, uranium'’s finding costs make up only 2% of the recent spot price of 30 USD/Ib
(78 USD/kgu), while the oil finding costs are 12% of a recent spot price of 50 USD/bbl.

Uranium deposits were first discovered in the world in Bohemia, in the Jachymov region, in the
uranium mineral known as pitchblende (uraninite). A little later, uranium was also found in Africa
and the northwestern part of Canada. Today, Australia (37 % of the world's proven reserves) and
Canada (18 %) are the world's main producers of uranium. These countries have high metallicity
ores. Russia, Kazachstan and some other countries of the former Commonwealth of Independent
States, in turn, have the largest leachable reserves (21 % in total). In Africa (10 %), there are large
deposits in South Africa, Gabon, and Niger. The rest of the reserves are divided among 16 other
countries. Currently, the uranium content of mined ores (sandstones, quartz-sandy
conglomerates, uranium veins and chambers, pegmatites, granites, schists, etc.) ranges from 0.02
% to 2-3 % U (sometimes more). Uranium can also be obtained as a by-product of gold and copper
mining and phosphoric acid production. Very low-grade or unconventional sources such as black
shales, monazites, coal, and seawater also contain large amounts of uranium.
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Uranium Mining

About 80 % of uranium ore is mined underground; the rest is extracted by open-pit mining. Under
certain conditions, uranium can be extracted by in situ leaching. The mining method used is
generally chosen based on the characteristics of the ore deposit in terms of extraction, such as the
size of the deposit, the quality of the ore, the depth, and the condition of the bedrock. Underground
mines are at depths from 30 to more than 1000 m, and open pit mines can be as deep as 150 m. In
1996, 35,350 tonnes of natural uranium were produced worldwide (taken from Nukem 1996), but
the need was about 64,070 tonnes (figure from Uranium Institute 1996). Just for the sake of
comparison, it should be noted that already in 1981, about 40,000 tonnes of uranium were produced
in the world (excluding the Eastern Bloc countries), with uranium concentrate extracted from about
80 million tonnes of ore. In 2024, the world's need for reactors is still around 80,000 tonnes of U
per year but is expected to grow slowly.

Uranium Price

In the 1960s and 1970s, programmes were proposed to build large power reactors, which required
rising uranium production. This was particularly evident after the 1973 oil crisis. The price of
uranium rose and reached a peak of US$ 43/Ib U30g in 1979 (see Figure 7.2a). Subsequently,
uranium producers reacted faster than the need for nuclear power, and overproduction resulted.
Huge uranium stockpiles were built up, which caused a reversal of price trends. Investment and
operating costs were greatly increased by mining at greater depths, inflation, and environmental
costs that had been virtually unforeseen before. The reduced metallicity of the ores mined also had
some impact on concentrate production, which has remained virtually flat, although ore volumes
have increased significantly (e.g., almost doubling in the US). This and the significant fall in the
price of uranium on the open market in the 1980s meant that virtually only supplies tied to long-
term contracts were secured. To cover long-term contracts with nuclear power plants, US fuel
producers preferred to buy uranium on the open market (where prices were lower) rather than to
mine it domestically. The production capacity of mines in operation or idled in the US was about
24 040 tu/year, of which 10,000 tu/year was idled, and the rest was only 50 % operational.

In 1990-94, the CIS countries (mainly Russia) entered the Western markets with their low
prices and partly threatened the relatively expensive production in the USA. Subsequently, similar
practices - anti-dumping regulations - were introduced by the US administration, but also by
Euratom. For the first time, free market prices were divided into higher (capped) for the US and
lower (uncapped) for non-US markets. At the same time, Russia and the US agreed to the
dismantlement of nuclear warheads and the subsequent commercial use of fissile material. Under
the 1993 intergovernmental agreement, Russia is to export 500 tonnes of reprocessed enriched
uranium, derived from dismantled nuclear weapons to the US by 2013. The program was
successfully completed in December 2013, resulting in the elimination of HEU equivalent to
approximately 20,000 nuclear warheads. The resulting LEU was used to generate about 10% of
the electricity produced in the United States during the program's duration.
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Fuel prices are now becoming something of an unknown for the projected development of nuclear
power. In the recent past, when nuclear power was almost marginal, the market for natural crude
nuclear fuel behaved abnormally. Since 1979 (~$100/kg UsOs), prices have continuously declined
and reached a low in 2001 (~$15/kg U30s). Production capacity in the world has not been expanded
or renewed. Since then, however, prices have risen steadily. Between January and July 2007 alone,
uranium prices on the open market rose by almost 100% to ~$300/kg U3QOs. Subsequently, from
August 2007 onwards, prices started to decline with some fluctuations (Figure 7.2b) and currently
(March. 26, 2024) reach values of around $65/Ib U3Os.
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Figure 7.2: Uranium prices.

However, the overall prices for complete nuclear fuel are much higher than those for "raw" uranium
and depend on many factors. Enrichment services, the actual final production of the tablets and
fuel assemblies, including demanding control operations (up to 30% of the total price), are the
largest contributors to the price. Currently, the price of a fuel assembly for pressurised water
reactors ranges from $3000 to $8000 per kilogram of uranium, depending on the enrichment of the
uranium.

Uranium Ore Processing

Includes technological procedures for obtaining ore and chemical concentrate. The mined ore is
ground in ball or autogenous (aerofall) mills to particle sizes below 0.15 -0,30 mm. The resulting
dust particles are collected in hydrocyclones, and the slurry passes through a concentration line
where about 40 % of the rock is separated. The ore concentrate is further processed by chemical
leaching of the sand slurry with H>SO4 (acid leaching) or by alkaline leaching. Leaching is
followed by the separation of the liquid component from the solid ore residues and their re-washing
with water. Uranium is separated from the leach by sorption on ion-exchangers or liquid amine
extraction is used. After saturation of the ionex or organic phase, the uranium is re-extracted with
various chemical reagents (NaNOs, Na.COs, H2SO4, etc.). From the solutions obtained, a
chemical concentrate (powdered ammonium diuranate) with a uranium content at least 60-65 %
is precipitated, which is also called yellow cake because of its colour. Most uranium ores processed
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today contain approximately 0.02 to 0.2 % recoverable uranium, and therefore, 0.5 to 5 tonnes of
uranium ore must be processed to obtain 1 kg U.

Chemical concentrate is the feedstock for nuclear fuels. The most used fuel is natural or slightly
enriched U, usually in the form of high-purity uranium dioxide (UO.). Refining and conversion
processes are necessary to produce high-purity uranium and to convert uranium compounds from
a crude yellowcake composition to a composition suitable for direct fuel cell production or
enrichment. These processes produce a nuclear pure uranium hexafluoride UFs from the chemical
concentrate. For UFs production wet or dry refining and conversion methods can be used.

In the wet route, the chemical concentrate is first dissolved in nitric acid (HNO3), the resulting
solution is filtered, and then the uranium is extracted with tributyl phosphate (basic purification
operation). The product of the re-extraction is a solution of nuclear pure uranyl filtrate, which, after
isolation, is converted by heating to uranium oxide (UO3) and further thermal decomposition to
triuranium octoxide (UsOg). The latter is reduced by hydrogen or cracked ammonia to uranium
dioxide (UO2), from which uranium fluoride - UF4.is obtained by hydro fluorination (from which
uranium metal can be obtained by reduction of Mg or Ca). Subsequent fluorination with fluorine
gas produces UFe.

In newly constructed plants, cleaning and conversion are carried out in a dry route. The
delivered concentrate is first heat-treated, and the uranium contained in the concentrate is
converted to UzOs. This is reduced by hydrogen or cracked ammonia to UO>, hydrofluorinated,
and finally fluorinated. Subsequent vacuum rectification produces UFs of the required quality for
the enrichment process. The dry process is cheaper and has the advantage that purification is the
final operation, so the product cannot be contaminated with impurities. In reprocessing plants, the
recycled uranium is converted into UFe and re-enriched for further use in reactor fuel. The process
is similar, with the addition of a decontamination stage to separate the radioactive burn-up
products, and the size of the individual plants is limited by the criticality of the system due to the
possible higher contents of 23U and 2%°Pu.

Uranium Enrichment

Many isotope separation techniques have been developed for uranium enrichment. All separation
methods are based on the different physical or physicochemical properties of the isotopes and their
compounds and are usually derived from the different masses of their atoms. For most elements,
the relative change in mass of individual isotopes is quite small, which makes the separation
process difficult. The efficiency of different separation methods can be characterized by the
separation coefficient (factor) a, which can be expressed as the ratio of the relative abundance of
the separated isotope after and before separation. If a differs only slightly from unity, the
separation process must be repeated many times. The oldest and currently most used is diffusion
technology. It uses the different velocities of UFs molecules for different isotopes of uranium as
they pass through a porous semi-permeable membrane with apertures ranging from a few units to
tens of nm for isotope separation. Such a device consists of vessels divided into two parts by porous
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baffles. A gas (e.g., in the case of uranium, UFs) is introduced under low pressure (~0.1 Pa) from
one side of the vessel, and a vacuum is maintained in the other part of the vessel. Following the
principle of uniform energy distribution, which follows from the kinetic theory of gases, a slightly
larger proportion of lighter molecules (at the same energy, they have a greater velocity) will
penetrate the semipermeable layer than heavier molecules. The ratio of the concentrations behind
and in front of the baffle, irrespective of time, is called the separation coefficient and depends on
the ratio of the masses of the UFs molecule made up of the heavier and lighter isotopes of uranium.
For uranium with 3% enrichment, it is necessary to include 1,000 to 1,500 separation steps in the
cascades. The centrifugal approach_is based on the separating effect of a strong centrifugal field
in a rotating cylinder (centrifuge), suitably combined with the cascade effect of counter-current
circulation on the UFg isotope mixture. In a centrifuge with very high inversion speeds
(circumferential velocity reaching 400 to 700 m/s), heavier molecules are concentrated at the
circumference and lighter ones in the central part near the axis. Although the separation factor of
a single-stage centrifugation process is 1.1 to 1.5 (depending on the rotor length and the
circumferential speed of the cylinder), cascades should be used in this case as well. For uranium
with 3 % enrichment, a minimum of 12 separation stages are required.

Aerodynamic processes for_the separation of uranium isotopes are based on the dependence of
centrifugal force on the mass of molecules in a rapidly heated gas stream. Separation nozzles have
been developed in which a mixture of H> and UFs gases (about 5% UFg) flows through a set of
curved slits. The achieved separation factor is between the values of the centrifugal and diffusion
processes. Laser procedures separate isotopes in uranium atomic pairs or a molecular compound.
The photoionisation method of atomic laser separation is preferred, where a tuneable laser excites
individual ?*°U atoms to form ions, which are then separated electromagnetically from the isotopic
mixture. The input material is uranium metal, which is converted into atomic vapour in an electron
furnace. The photodissociation method uses gaseous UFe as the input medium, and molecules
containing 2*°U are selectively separated by laser and separated again, e.g., by filtration. Chemical
processes use different chemical properties in exchange reactions between two chemical
substances in different phases; plasma processes are based on the different ion cyclotron
resonance of uranium isotopes. Enrichment plant capacity is expressed in separative work units
(SWU), which is a quantitative measure of the degree of separation and the amount of enriched
material produced. It is the effort that helps to overcome the difficulties in all the different stages
of the enrichment cascade (in both the enrichment and depletion parts) and that must be expended
to progressively enrich the product to the desired concentration or, conversely, to deplete the raw
material to the desired residue. The magnitude of the separative effort required (SWU) depends on
the quantity of uranium processed and the degree of isotopic enrichment needed. Enrichment plant
capacities are typically expressed in separative work units per year (SWU/year), while the specific
separative work required per kilogram of enriched uranium produced (SWU/kg enriched U)
depends on the enrichment levels of feed, product, and tails. The separative workflow has the same
dimension as the nuclear material flow, i.e., the unit used is 1 kgU/year.

Another operation in the production of nuclear fuel is the so-called reconversion, which is the
conversion of enriched UFs to UO». There are three different UFe reconversion processes used
industrially. The ADU procedure is named after the ammonium diuranate intermediate. First, UFg
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is hydrolysed with water, and then ADU is precipitated from the solution with ammonia. The
precipitate is washed with ammonia water, purified from F, and decomposed to U3Osg (500 °C) by
annealing. It is then reduced with hydrogen at temperatures between 500 and 800 °C to UO. The
disadvantages of this process are the high number of operations and the difficult filtration of the
ADU.

The AUC procedure is used in most Western countries. The name is again derived from the
intermediate, the crystalline precipitate of ammonium uranyl carbonate (AUC). AUC is
decomposed and reduced in the presence of hydrogen at 500 to 600 °C to UO>. Reduction of the
fluorine content is accomplished by pyrohydrolysis with water vapour at 650 °C. After this
treatment, powdered UO> is chemically passivated by mild oxidation to a stoichiometric ratio of
about UO2 1.

The IDR approach (Integrated Dry Route) is used in the UK. The process is a dry route, i.e., UFs
is hydrolysed by water vapour to solid uranyl fluoride (UO2F2), which is then reduced to UO-. In
the above processes, there is some uranium loss, which cannot be reduced practically.

The literature states that, for an annual fresh fuel loading (equilibrium loading) of a VVER-440
reactor with an average enrichment of 3.6 % 23%U, the following uranium masses are required at
various stages of the fuel cycle - from uranium mining to finished fuel rods - assuming a 2*°U
concentration of 0.25 % in the depleted enrichment tails:

e equilibrium loading 14,000 kg enriched U
e entry into the production of fuel rods 14,140 kg enriched U
e reconversion input 14,170 kg enriched U
e enrichment input 98,390 kg natural U
e conversion input 98,880 kg natural U
e input of chemical concentrate production 99,080 kg natural U
e mined ore contains 107,000 kg natural U

e The number of units of separative work required 100,000 SWU

In addition to the enriched product, the production of enriched uranium for the fuel of light-water
reactors produces depleted uranium_with a concentration of 2%U in the range of 0,20 to 0,30
weight percent (wt. %). For example, the production of fuel for VVER-440 with 3,5 % enrichment
(for equilibrium loading equalled to 14,000 kg) produces 84,220 kg of depleted uranium with a
concentration of 23U of about 0.25 wt. %. Depleted uranium in the form of UFe gas is usually
stored directly at the enrichment plants in cylindrical steel containers in the open air. It represents
a certain strategic reserve which would allow further use of part of the remaining 2%°U. It is
estimated that residual 2®U concentrations as low as 0.05 wt.% can be achieved by laser
enrichment.
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Plutonium

Plutonium has atomic number Z=94 and many isotopes, all of which are alpha-radioactive. The
oldest isotope 2**Pu has a half-life of T1> = 373,000 years. The most important and predominant
isotope is 239Pu with T = 24,360 years. It is found in ultrapure quantities in uranium ores. Since
its abundance in uranium is of the order of only 10"12wt.%, it is formed mainly in nuclear reactors
specially designed for this purpose. They utilise the reaction:

238U (n,Y)ZSQU B ; 239Np i s 239PU. (72)

Other isotopes such as ?*°Pu, 2*'Pu, and 2*?Pu are also produced by long-term neutron
irradiation. Metallic plutonium is obtained by the reduction of plutonium fluoride PuFs with barium
vapour. Density equals p = 19.74 g.cm™. Plutonium occurs in 6 allotropic modifications (transition
o—f as early as 120 °C). The melting temperature is 640 °C. During solid-state phase
transformations, the material experiences significant volume changes, leading to large internal
stresses that may cause the castings to crack or rupture. Because of these properties, but also due
to its unfavourable physical properties (brittleness, low thermal conductivity), pure plutonium
metal is not suitable for the production of fuel cells (alloys with uranium, thorium, molybdenum,
zirconium, and PuO; oxide are usable). Chemically, plutonium is very active. It is dark grey,
oxidises rapidly in moist air, but is almost unoxidised in dry air, and is therefore its best protective
atmosphere. It is highly toxic, much more so than other nuclear materials. The critical mass of Pu
is considerably less than that of uranium (*°U). The minimum critical mass in a Pu(SOs)2 solution
with a reflector is only 0.257 kg, and therefore, plutonium must be processed in small amounts.
Plutonium is a very suitable fissile material for fast reactors (the larger average number of neutrons
released during fission increases the fuel reproduction coefficient). However, it is important in the
form of mixed MOX fuel (i.e., UO2/PuO3) not only in fast reactors but also as a fissile material
already in thermal reactors. Nowadays, MOX fuel is increasingly deployed in light water reactors
in Western countries for technical and economic reasons.
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CHAPTER 8: PROSPECTIVE REACTORS

Nuclear energy has been undergoing a period of rapid innovation as researchers and industry seek
reactor systems that are safer, efficient, and sustainable. Equal emphasis is placed on the economic
competitiveness of emerging technologies. Generation IV International Forum (GIF) defined
generation IV nuclear reactor technology as a set of the most advanced concepts currently under
development. These reactor systems aim to address limitations of earlier designs by improving
inherent and passive safety, minimizing waste generation, enabling fuel-cycle sustainability, and
opening new applications such as industrial process heat or hydrogen production. While still in
various stages of research, demonstration, and early commercialization, GEN 1V technologies
illustrate the future trajectory of nuclear engineering and the global energy landscape. Information
included in this chapter is sourced mainly from the GIF (GEN IV International Forum n.d.).

The Classification of GEN IV Technologies

The current reactor technologies are largely based on proven materials, mechanisms, and design
features. Thanks to the use of conventional technologies, there is a great understanding of the NPPs'
behaviour, increasing the effectiveness of safety culture in the nuclear industry. However, modern
material science and advancements in fabrication and construction present possibilities of reactor
systems with improved parameters. Beyond the basic improvements, such as efficiency, safety,
etc., decarbonization efforts present new possible use cases for the new technology. The most
notable feature which gained traction due to the new commercial requirements is the production
of high-temperature heat, directly usable in industrial processes such as metallurgy, hydrogen
production, CO; capture, etc.

The terms of GEN IV technologies encompass all design choices, and the GEN 1V technologies
could be categorized based on several aspects:

e Neutron spectrum: thermal spectrum, fast spectrum.

e Coolant: supercritical water, molten salts, liquid metal, gas.

e Fuel form: liquid, pebble bed, rods, plates, etc.

e Fuel composition: molten salts, oxides, metal alloys, carbon matrices, etc.
e Fuel cycle: open, closed.

Besides these aspects, the GEN IV technologies also include innovative construction materials and
components outside the reactor vessel. The last aspect, which is largely connected to the GEN IV
technology, is the miniaturization and modularization of both existing and new reactor
technologies into the form of small modular reactors (SMRs). The GEN IV reactor concepts
usually combine several of these innovations.
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The GIF identified six potential GEN IV reactor technologies (GEN IV International Forum n.d.):
molten salt reactors (MSRs), supercritical water-cooled reactors (SCWRs), very high-
temperature reactors (VHTRS), gas-cooled fast reactors (GFRs), and two liquid-metal-cooled
fast reactors (LMFRs), the lead-cooled fast reactor (LFRs) and the sodium-cooled fast reactors
(SFRs). The main aspects of these reactor technologies are listed below in Table 8.1. All the
mentioned concepts have both promising capabilities and several hurdles that need to be overcome.
For example, the MSR and LMFR concepts feature highly corrosive coolants but allow the creation
of highly efficient breeder/breeder-and-burner reactor designs. It must be noted that most of these
reactor technologies have been proven in the past, either fully or partially. However, the obstacle
presented by these technologies is not the proof-of-concept, but rather proof-of-safety, economic
viability, sustainability, etc.

Table 8.1: Overview of main aspects of GIF-recognized GEN IV reactor technologies
(GEN 1V International Forum n.d.).

GEN 1V technology Neutron Outlet Fuel cycle
spectrum Temperature
°C
VHTR (Very-high-temperature Thermal 900-1000 Open
reactor)
SCWR (Supercritical-water- Thermal/fast 510-625 Open/closed
cooled reactor)

MSR (Molten salt reactor) Thermal/fast 700-800 Closed
GFR (Gas-cooled fast reactor) Fast 850 Closed
SFR (Sodium-cooled fast reactor) Fast 500-550 Closed
LFR (Lead-cooled fast reactor) Fast 480-570 Closed

All designs which utilise a fast neutron spectrum have one feature which is very desirable. Due to
the reduced neutron absorption compared to the moderated systems, fast systems can operate as a
breeder or breeder and burner reactors. These capabilities might significantly improve the nuclear
fuel economy and nuclear waste management, allowing the disposal of weapon-grade plutonium
and actinoids in spent fuel. The use of fast spectrum, however, means that the initial fissile
inventory must be substantially larger than for thermal spectrum systems due to the decreased
fission probability. Using the SFR enrichment figures as an example, the EBR-1 and EBR-I1 initial
average uranium enrichment achieved 90 % (Zinn 2024) and 67 % (Feldman, et al. 1987)
respectively. The Phénix reactor, which utilised mixed oxide fuel (MOX), contained between 20
% to 25 % of plutonium enriched to around 77 % of 23%Pu.

In addition to the six main categories, GIF also recognizes additional sub-categories of small
modular reactors (SMRs). SMR technology has a primary goal of decreasing the initial burden of
commissioning new NPPs, as well as improving the financial sustainability of maintaining and
scaling the reactor fleet. As such, SMR technology does not necessarily depend on any specific
technological improvement. Rather, the industry-wide adoption of SMRs relies on fundamental
economic principles to decrease the cost per unit of installed power.
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Very-High-Temperature Reactors

The Very High Temperature Reactor (VHTR) builds on the operating history of gas-cooled
reactors used in several countries and employs TRISO fuel, a helium coolant, and a low power
density that enables passive removal of decay heat. Although early VHTR concepts aimed for
extremely high outlet temperatures to support hydrogen production, newer studies and market
analyses indicate that more moderate temperatures, around 700 to 850 °C, can meet industrial
needs while reducing technical hurdles. As a result, the focus has moved from higher outlet
temperature designs, such as in DRAGON (UK) and THTR (Germany) reactors, to lower outlet
temperature designs, such as HTR-PM (China). The expectation, however, is that improvements
in technology and operational experience will pave the way for higher output temperature (above
1000 °C) in the future.

Designed for combined heat and power generation, the reactor’s high-temperature output is well-
suited for applications in hydrogen systems and in sectors such as chemicals, oil refining, and iron
production. In addition to process heat capability, the VHTR offers benefits such as inherent safety
characteristics, strong thermal efficiency, comparatively low operating costs, and a modular
construction approach. The utilisation of helium gas is advantageous, since it is chemically inert,
non-corrosive, and transparent.

The most interesting feature of VHTR technology is the fuel, which is built from tiny TRISO
particles, each less than a millimetre across. At the centre is a fuel kernel, which is encased in
multiple layers of carbon and silicon carbide that securely retain fission products even at
temperatures above 1600 °C. These particles can be configured in two main ways: they may be
pressed into cylindrical compacts that fit into graphite blocks shaped like hexagonal prisms,
forming what is known as a prismatic-block core, or they can be embedded within graphite and
silicon carbide shells to form spherical pebbles roughly 60 mm in diameter, used in pebble-bed
reactor designs.

The commercial viability of VHTR technology requires solving a few key technological
challenges:

e Achieving fuel resistant to temperatures up to 1800 °C under accident conditions.
e Achieving fuel capable of burnup up to 200 GWd/tHm.

e Preventing power peaking and large temperature gradients in the core.

e Limiting structural degradation from air or water ingress.

Currently, only two facilities are in operation, the High-Temperature Engineering Test Reactor
(Japan) and HTR-PM (China), and only a few projects are currently under development compared
to other technologies, such as SFR. Both prismatic-block core and pebble-bed VHTR designs
utilise the same layout, with a primary loop connecting the gas coolant from the core to the heat
exchanger and a secondary loop, also with gas coolant, connecting from the heat exchanger to the
turbines or cogeneration unit.
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Supercritical-Water-Cooled Reactors

Drawing on decades of operating experience with conventional water-cooled reactors, as well as
long-term industrial use of supercritical fluids in fossil-fired power plants, Supercritical-water-
cooled reactors (SCWRs) are based on well-established technologies. Supercritical (SC) systems
have been common in the energy sector for many decades, with the first supercritical boiler
introduced in 1960, largely because they offer improved thermodynamic efficiency and therefore
require less fuel for the same power output.

SCWRs operate above the critical point of water (approximately 374 °C and 22.1 MPa) and can
be configured to use thermal, fast, or mixed neutron spectra depending on the core design. Two
major design lines exist: one adopts a large pressure vessel similar to PWRs and BWRs, and the
other uses pressure tubes and a calandria vessel, as in CANDU reactors. It is important to
emphasize that the SCWRs are still considered water-cooled reactors, possibly simplifying the
licensing process. However, successful design must overcome some nontrivial technological
challenges:

e Manufacturing of advanced materials capable of sustaining structural integrity under SC
conditions, without negative impact on neutron economy.

e Development of suitable testing procedures, simulating SC conditions, allowing research of
SC and near SC thermohydraulic systems.

e Development and validation of suitable computational tools.

e Demonstration of proposed passive safety systems.

One of the key advantages of using supercritical water is its single-phase behaviour, which enables
simpler plant layouts. Many SCWR concepts, therefore, use a direct power cycle, eliminating the
need for steam generators and associated equipment. This simplification can reduce initial capital
costs and boost reliability. With these design features, SCWRs aim for thermal efficiencies on the
order of 44-48% or higher, compared with roughly 34-36% for today’s water-cooled reactors.

Historically, SCWR technology had seen only limited demonstrations. Important experience was
obtained from the operation of units such as the Beloyarsk pressure -tube boiling water reactors
(Russia), which operated above the critical temperature (at 500 °C) but deep below the critical
pressure (at only 8 MPa). Many SCWR designs are currently under development, such as Super
LWR and Super FR (Japan), CSR1000 (China), VVER-SCP-600 (Russia), or ECC-SMART (EU,
Canada, China). However, no SCWRs are currently under construction or in operation.
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Molten salt reactors

The Molten salt reactor (MSR) technology is a technology with the highest amount of variability
between the design approaches and desired parameters. The fundamental idea behind MSRs is the
use of molten salts, such as salts based on fluorine, chlorine, lithium, etc., as a coolant medium.
However, many different parameters can vary:

e Fuel form: fuel can be in the form of either a conventional/unconventional solid state, or liquid,
dissolved in the coolant itself.

e Neutron spectra: proposed designs consider either thermal, epithe