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Unit 1 — Nuclear Physics: Atoms and Their
Structure

1.1 Historical development of nuclear physics

Nuclear physics emerged from groundbreaking discoveries in the late 19th and early 20th centuries.
Scientists like Becquerel, the Curies, and Roentgen uncovered radioactivity and X-rays, revolutionizing our
understanding of atoms and opening new avenues for research and applications.

Rutherford's gold foil experiment and Chadwick's neutron discovery laid the foundation for modern atomic
theory. These insights paved the way for nuclear fission and fusion, leading to both destructive weapons
and promising energy sources, shaping the course of history and technology.

Early Discoveries

Radioactivity and X-rays
* Henri Becquerel discovered radioactivity in 1896 while studying uranium salts
» Observed that uranium emitted invisible rays that could fog photographic plates
» Marie and Pierre Curie continued research, isolating radioactive elements (polonium, radium)
» Wilhelm Roentgen discovered X-rays in 1895
» Observed that cathode rays could produce fluorescence in certain materials
» X-rays could penetrate solid objects and create images on photographic plates
» Radioactivity and X-rays revolutionized scientific understanding of atomic structure
* Led to development of new medical diagnostic tools (X-ray imaging)

+ Enabled study of atomic nuclei and subatomic particles

Rutherford's Gold Foil Experiment

* Ernest Rutherford conducted the gold foil experiment in 1909

» Aimed alpha particles at a thin gold foil

+ Expected particles to pass through with minimal deflection

+ Observations contradicted the prevailing "plum pudding" model of the atom
» Most alpha particles passed through undeflected

« Small fraction of particles deflected at large angles or bounced back

* Results led to the development of the nuclear model of the atom

* Proposed that atoms consist of a small, dense, positively charged nucleus
* Electrons orbit the nucleus in mostly empty space

» Experiment laid foundation for modern understanding of atomic structure
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Discovery of the Neutron

» James Chadwick discovered the neutron in 1932

+ Observed that beryllium emitted neutral radiation when bombarded with alpha particles
+ Radiation could knock protons out of paraffin wax

* Neutron discovery completed the basic model of the atom

» Explained discrepancies between atomic number and atomic mass

+ Allowed for better understanding of isotopes and nuclear reactions

* Neutrons played crucial role in subsequent nuclear research

* Used as projectiles in nuclear reactions due to lack of electric charge

* Led to discovery of nuclear fission and development of nuclear reactors

Nuclear Reactions

Nuclear Fission
* Nuclear fission involves splitting heavy atomic nuclei into lighter elements
* Discovered by Otto Hahn and Lise Meitner in 1938
* Occurs when uranium-235 nucleus absorbs a neutron and splits into smaller nuclei
* Fission reactions release enormous amounts of energy
* Energy released as kinetic energy of fission fragments and radiation
» Accompanied by emission of neutrons, enabling chain reactions
* Applications of nuclear fission include
* Nuclear power plants for electricity generation
* Nuclear weapons (atomic bombs)

+ Fission reactions pose challenges related to radioactive waste management and nuclear proliferation

Nuclear Fusion

* Nuclear fusion involves combining light atomic nuclei to form heavier elements

* Occurs naturally in stars, powering their energy output

* Requires extremely high temperatures and pressures to overcome electrostatic repulsion
* Fusion reactions release even more energy per unit mass than fission

* Primary energy source in the universe

* Responsible for creation of elements heavier than hydrogen in stars

* Potential applications of controlled fusion include

* Clean and virtually limitless energy source
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* Fusion reactors (still in experimental stages)
+ Challenges in achieving controlled fusion on Earth include
* Maintaining plasma at required temperatures and densities

* Developing materials to withstand extreme conditions in fusion reactors

Applications and Impact

The Manhattan Project and Nuclear Weapons

* Manhattan Project was a secret U.S. government research program during World War I
+» Aimed to develop atomic weapons before Nazi Germany

* Led by physicist J. Robert Oppenheimer

* Project involved collaboration of top scientists from various countries
+ Enrico Fermi achieved first controlled nuclear chain reaction in 1942
* Developed uranium enrichment and plutonium production techniques
* Resulted in creation and use of first atomic bombs

* "Trinity" test in New Mexico on July 16, 1945

* Bombs dropped on Hiroshima and Nagasaki in August 1945

» Manhattan Project had far-reaching consequences

* Ended World War Il but initiated the nuclear arms race

* Led to development of nuclear power for civilian use

+ Raised ethical questions about scientific responsibility and use of technology

Peaceful Applications of Nuclear Physics

* Nuclear medicine revolutionized medical diagnosis and treatment

» Radioisotopes used for imaging (PET scans, SPECT scans)

* Radiation therapy for cancer treatment

* Nuclear power provides significant portion of global electricity

* Produces low-carbon energy but raises safety and waste concerns

» Ongoing research into safer reactor designs (thorium reactors, fusion reactors)
* Industrial applications of nuclear technology include

» Non-destructive testing using radiography

* Food irradiation for preservation

» Radiocarbon dating in archaeology and geology

* Nuclear physics research continues to advance our understanding of the universe
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« Particle accelerators probe fundamental particles and forces

« Astrophysics studies stellar evolution and cosmic radiation

1.2 Atomic structure and the nuclear model

Atoms are the building blocks of matter, consisting of a dense nucleus surrounded by electrons.
Understanding their structure is crucial for grasping nuclear physics concepts, from isotopes to radioactive

decay.

Nuclear properties delve deeper into atomic behavior, exploring stability, binding energy, and reactions.
These concepts form the foundation for understanding nuclear power, weapons, and the processes that
fuel stars.

Atomic Structure

Components of the Atom
* Nucleus forms the dense central core of an atom containing most of its mass
* Protons carry positive charge and reside within the nucleus
* Neutrons possess no electrical charge and also reside in the nucleus
« Electrons orbit the nucleus in electron shells or energy levels
» Atomic number equals the number of protons in an atom's nucleus

» Mass number represents the total number of protons and neutrons in an atom

Atomic Structure Characteristics

* Protons and neutrons collectively referred to as nucleons

* Electrons occupy discrete energy levels around the nucleus

« Strong nuclear force binds protons and neutrons together in the nucleus

+ Electromagnetic force causes protons to repel each other but attracts electrons to the nucleus

* Neutrons contribute to nuclear stability by increasing the strong nuclear force without adding to proton
repulsion

* Isotopes of an element have the same number of protons but different numbers of neutrons
Nuclear Properties

Isotopes and Nuclear Stability
* Isotopes are atoms of the same element with different numbers of neutrons
* Nuclear shell model describes the organization of nucleons into energy levels or shells
» Magic numbers (2, 8, 20, 28, 50, 82, 126) correspond to particularly stable nuclear configurations

» Binding energy measures the energy required to break apart a nucleus into its constituent nucleons
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* Binding energy per nucleon generally increases with atomic number up to iron-56, then decreases for
heavier elements

* Nuclear stability belt represents the range of stable isotopes on a chart of nuclides

Nuclear Reactions and Decay

» Radioactive decay occurs when unstable nuclei emit particles or energy to achieve a more stable
configuration

* Alpha decay involves the emission of two protons and two neutrons (helium nucleus)

* Beta decay can be either beta-minus (electron emission) or beta-plus (positron emission)

+ Gamma decay releases high-energy photons without changing the number of protons or neutrons
* Nuclear fission splits heavy nuclei into lighter elements, releasing energy and neutrons

* Nuclear fusion combines light nuclei to form heavier elements, releasing enormous amounts of energy
(powers stars)

1.3 Fundamental particles and forces

Fundamental particles and forces are the building blocks of our universe. Quarks and leptons make up
matter, while bosons carry forces between them. These particles interact through four fundamental forces,
shaping everything from atoms to galaxies.

The Standard Model explains most particle interactions, but mysteries remain. Ongoing research explores
theories beyond the Standard Model, seeking to unify all forces and explain phenomena like dark matter
and dark energy.

Fundamental Particles

Quarks and Leptons: Building Blocks of Matter
* Quarks form the foundation of hadrons (protons and neutrons)
* Six types of quarks exist (up, down, charm, strange, top, bottom)
* Quarks possess fractional electric charges (2/3 or -1/3)
* Leptons include electrons, muons, taus, and their associated neutrinos
* Leptons carry integer electric charges (0 or -1)
* Neutrinos interact weakly with matter, making them difficult to detect

* Both quarks and leptons are organized into three generations or families

Bosons: Force-Carrying Particles
» Bosons mediate fundamental forces between particles
* Gluons carry the strong nuclear force between quarks
+ W and Z bosons mediate the weak nuclear force

* Photons transmit the electromagnetic force
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* Gravitons (hypothetical) would mediate the gravitational force

+ Higgs boson gives mass to other particles through the Higgs field

Fundamental Forces

Strong and Weak Nuclear Forces

« Strong nuclear force binds quarks together within hadrons

« Strong force has the greatest strength but shortest range of all forces

» Weak nuclear force governs certain types of radioactive decay (beta decay)

» Weak force affects all known fermions (quarks and leptons)

« Strength of weak force falls between electromagnetic and gravitational forces

» Weak interactions allow for flavor-changing processes (quark transformations)

Electromagnetic and Gravitational Forces

« Electromagnetic force acts between electrically charged particles

« Electromagnetic interactions govern chemical reactions and molecular bonding

« Strength of electromagnetic force decreases with distance (inverse square law)

* Gravitational force attracts all objects with mass

« Gravity operates on the largest scales in the universe (planetary orbits, galaxy formation)
+ Gravitational force remains the weakest of the four fundamental forces

* General relativity describes gravity as curvature of spacetime

Theoretical Framework

The Standard Model: Unifying Particle Physics

« Standard Model describes three of the four fundamental forces (excluding gravity)
* Incorporates quantum field theory to explain particle interactions

+ Predicts the existence of antimatter particles for each matter particle

* Successfully explains most experimental observations in particle physics

* Periodic table of elementary particles organizes fundamental particles

« Symmetries play a crucial role in the Standard Model (gauge symmetries)

« Limitations include inability to explain dark matter, dark energy, and gravity

Beyond the Standard Model: Ongoing Research

» Supersymmetry proposes a symmetry between fermions and bosons

« String theory attempts to unify all forces, including gravity
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» Quantum gravity seeks to reconcile general relativity with quantum mechanics
» Grand Unified Theories aim to merge strong, weak, and electromagnetic forces
* Neutrino oscillations suggest neutrinos have small, non-zero masses

» Experiments at particle accelerators (Large Hadron Collider) test new theories

» Dark matter and dark energy remain major unsolved mysteries in physics

1.4 Units and scales in nuclear physics

Nuclear physics deals with tiny particles and massive energies. We need special units to make sense of it
all. From electron volts measuring energy to femtometers sizing up nuclei, these units help us grasp the
atomic world.

Understanding these units is key to grasping nuclear concepts. They let us compare particle masses,
measure radioactivity, and assess radiation risks. Mastering these units opens the door to exploring the
fascinating realm of nuclear physics.

Energy and Mass Units

Electron Volt and Atomic Mass Unit

* Electron volt (eV) serves as fundamental energy unit in nuclear physics

* Defined as energy gained by an electron accelerated through 1 volt potential difference
« Equivalent to approximately 1.602x1071? joules

« Commonly used multiples include keV (103 eV), MeV (10° eV), and GeV (10° eV)

+ eV applications extend to particle physics and atomic interactions

» Measures binding energies of electrons in atoms (typically few eV)

* Quantifies nuclear reaction energies (often in MeV range)

» Atomic mass unit (amu) represents standard unit for measuring atomic and nuclear masses
* Defined as 1/12 of the mass of a carbon-12 atom

« Approximately equal to 1.66054x10727 kg

« Facilitates convenient expression of particle masses (proton mass = 1.007276 amu)

* Relationship between mass and energy established through Einstein's famous equation

2

* E = mc“ connects mass (m) to energy (E) via speed of light (c)

+ Allows conversion between amu and eV (1 amu = 931.5 MeV)
Length and Area Units

Nuclear Scale Measurements

» Femtometer (fm) functions as primary unit for measuring nuclear dimensions

* Also known as fermi, named after physicist Enrico Fermi
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« Equals 10~ 1° meters, appropriate for subatomic scales

* Typical nuclear radius ranges from 1 to 10 fm

* Proton charge radius measured at approximately 0.8768 fm

» Demonstrates scale of individual nucleons

* Highlights precision of modern experimental techniques

 Barn serves as unit of area in nuclear and particle physics

« Defined as 10728 square meters

» Name originates from phrase "as big as a barn" in context of nuclear cross-sections

* Commonly used to express probability of nuclear interactions (cross-sections)

Applications in Nuclear Physics

» Femtometer enables precise description of nuclear structure

* Nuclear shell model utilizes fm to define potential wells

* Helps explain magic numbers in nuclear stability

« Barn proves crucial in quantifying reaction probabilities

* Cross-sections for neutron capture often measured in barns

* Fission cross-sections vary widely (0.001 to 1000 barns)

» Combination of fm and barn provides comprehensive framework
* Describes both nuclear sizes and interaction probabilities

* Facilitates calculations in nuclear reactor design and particle accelerator experiments

Radioactivity and Radiation Dose Units

Activity Measurement Units

* Curie (Ci) represents historical unit of radioactivity

* Originally defined as activity of 1 gram of radium-226

« Equivalent to 3.7 x 101° disintegrations per second

« Still used in some applications despite being replaced by Sl unit
 Becquerel (Bq) functions as Sl unit for radioactivity

* Defined as one nuclear disintegration per second

* Named after physicist Henri Becquerel, discoverer of radioactivity
* Relates directly to number of unstable nuclei in a sample

« Conversion between Ci and Bq illustrates vast scale differences

+1Ci=3.7x10%° Bq
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* Demonstrates why Bq often uses prefixes (kBq, MBq, GBq)

Radiation Dose and Health Effects

« Sievert (Sv) measures biological effects of ionizing radiation

+ Sl unit for equivalent dose and effective dose

« Takes into account different types of radiation and tissue sensitivities
* Typical annual background radiation dose = 2-3 mSv

+ Radiation weighting factors adjust absorbed dose to equivalent dose
» Gamma rays and beta particles have factor of 1

* Neutrons range from 5 to 20 depending on energy

* Alpha particles assigned factor of 20 due to high ionization density

« Effective dose calculation incorporates tissue weighting factors

+ Accounts for varying radiosensitivity of different organs

* Allows comparison of different exposure scenarios

* Occupational and medical exposures often expressed in Sv

* Annual limit for radiation workers typically 20 mSv

+ CT scan of abdomen delivers approximately 10 mSv
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Unit 2 — Nuclear Properties and Nuclear
Forces

2.1 Nuclear mass, charge, and size

Nuclear properties are crucial for understanding atomic behavior. This section dives into the mass, charge,
and size of nuclei, which determine how atoms interact and react.

We'll explore how nuclear composition affects stability, and how measuring techniques reveal the tiny
world inside atoms. These concepts are key to grasping nuclear forces and reactions.

Nuclear Mass and Composition

Fundamental Units and Atomic Structure

« Atomic mass unit (amu) defined as 1/12 the mass of a carbon-12 atom, approximately 1.66x10~2’

kg

» Mass number represents the total number of protons and neutrons in an atomic nucleus

» Atomic number indicates the number of protons in the nucleus, determines the element's identity
» Neutron number calculated by subtracting the atomic number from the mass number

* Nuclide notation uses the format QX, where A is the mass number, Z is the atomic number, and X is

the element symbol

Isotopes and Nuclear Variations
* Isotopes consist of atoms with the same atomic number but different numbers of neutrons
* Varying neutron numbers affect nuclear stability and radioactive properties
* Isobars share the same mass number but have different atomic numbers (calcium-40 and argon-40)

* Isotones have the same number of neutrons but different numbers of protons (carbon-13 and
nitrogen-14)

* Nuclear binding energy measures the energy required to break apart a nucleus into its constituent
nucleons

Nuclear Size and Radius

Nuclear Dimensions and Measurement Techniques

+ Nuclear radius typically ranges from 1 to 10 femtometers (1 fm = 1071> m)

* Nuclear volume increases proportionally to the mass number

« Empirical formula for nuclear radius: R = roAY3, where o = 1.2 fm and A is the mass number
« Electron scattering experiments reveal information about nuclear size and shape

 Rutherford scattering provided early evidence for the existence of a small, dense nucleus
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Advanced Nuclear Size Concepts

* Root-mean-square (RMS) radius measures the average distance of nuclear matter from the center

. . . [ripind’r (r) i .
* RMS radius calculated using the formula: Ryms = Tonar where P\r) is the nuclear density

distribution

* Nuclear skin refers to the diffuse outer region of the nucleus where proton and neutron densities differ

« Skin thickness varies among nuclei, influencing nuclear reactions and properties

Nuclear Charge and Density

Nuclear Density Characteristics

« Nuclear density remains approximately constant across all nuclei at ~ 2.3x10%7 kg/m?
* Nucleon hard-core repulsion prevents further compression of nuclear matter
* Nuclear incompressibility explains the resistance of nuclei to density changes

« Neutron stars represent extremely dense states of nuclear matter, reaching densities of 1017 kg/m?* or
higher

Charge Distribution and Nuclear Structure

* Proton charge distribution within the nucleus determines its electromagnetic properties
+ Charge radius slightly smaller than the mass radius due to the neutron distribution

« Electron scattering experiments reveal non-uniform charge distributions in many nuclei
* Nuclear shell model explains charge distribution patterns observed in different elements

» Deformed nuclei (uranium-235) exhibit non-spherical charge distributions, influencing nuclear
reactions and fission processes

2.2 Binding energy and mass defect

Nuclear binding energy is a fundamental concept in atomic physics. It explains why nuclei are stable and
how much energy is released in nuclear reactions. Understanding binding energy is crucial for grasping
nuclear forces and their effects on atomic structure.

Mass defect, the difference between a nucleus's mass and the sum of its nucleons, is key to calculating
binding energy. This relationship, expressed through Einstein's famous equation E=mc?, forms the basis
for understanding nuclear stability and energy release in fission and fusion reactions.

Mass and Energy in Nuclear Physics

Mass Defect and Binding Energy

» Mass defect represents difference between mass of individual nucleons and actual mass of nucleus

« Calculated by subtracting actual nuclear mass from sum of proton and neutron masses
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* Binding energy derives from mass defect through Einstein's mass-energy equivalence equation
E=mc?

* Binding energy measures energy required to separate nucleus into individual nucleons
* Expressed in units of mega-electron volts (MeV) or joules (J)
« Stronger nuclear binding results in greater mass defect and higher binding energy

» Mass defect typically ranges from 0.1% to 1% of total nuclear mass

Binding Energy per Nucleon
* Binding energy per nucleon calculated by dividing total binding energy by number of nucleons
* Provides measure of nuclear stability and average energy needed to remove one nucleon
* Varies across periodic table, peaking around iron and nickel
+ Explains why fusion releases energy for light nuclei and fission for heavy nuclei
* Typical values range from 7-9 MeV for most stable nuclei

* Plotted against mass number, forms characteristic curve with maximum at iron-56

Applications and Implications

» Understanding binding energy crucial for nuclear power generation and weapons development
+ Explains energy release in nuclear reactions (fission and fusion)

* Aids in predicting nuclear decay modes and half-lives

* Influences nuclear synthesis in stars and early universe

* Helps determine feasibility of nuclear transmutation processes

* Impacts research in fields like nuclear medicine and radioisotope production

Nuclear Structure Models

Liquid Drop Model

* Treats nucleus as incompressible fluid of protons and neutrons

* Accounts for nuclear properties like binding energy and fission

+ Based on five main terms: volume, surface, Coulomb, asymmetry, and pairing

» Volume term represents attractive nuclear force between nucleons

* Surface term accounts for reduced binding of nucleons at nuclear surface

» Coulomb term represents electrostatic repulsion between protons

» Asymmetry term accounts for preference for equal numbers of protons and neutrons

« Pairing term explains increased stability of even-even nuclei
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Nuclear Shell Model

* Describes nucleus in terms of energy levels or shells filled by nucleons

+ Analogous to electron shell model in atomic physics

» Explains magic numbers (2, 8, 20, 28, 50, 82, 126) corresponding to filled shells

* Accounts for increased stability of nuclei with magic numbers of protons or neutrons
* Incorporates spin-orbit coupling to explain observed nuclear properties

* Predicts ground state properties, excited states, and magnetic moments of nuclei

» Combines aspects of independent particle model with residual interactions

Semi-empirical Mass Formula

» Combines liquid drop model with empirical corrections

* Provides accurate predictions of nuclear masses and binding energies

+ Consists of five terms: volume, surface, Coulomb, asymmetry, and pairing

» Each term includes experimentally determined coefficients

* Volume term proportional to mass number A

« Surface term proportional to A42/3

« Coulomb term proportional to Z2/A1/3

« Asymmetry term proportional to (N — Z)?/A

« Pairing term adds or subtracts based on evenness of proton and neutron numbers

* Used to predict mass defects, binding energies, and nuclear reaction energies

Nuclear Stability

Factors Influencing Nuclear Stability

* Neutron-to-proton ratio plays crucial role in determining stability

« Stable nuclei generally have N/Z ratio close to 1 for light elements

* N/Z ratio increases for heavier elements due to Coulomb repulsion

* Magic numbers (2, 8, 20, 28, 50, 82, 126) correspond to exceptionally stable nuclei
» Even-even nuclei (even number of protons and neutrons) tend to be more stable

» Odd-odd nuclei (odd number of protons and neutrons) are generally less stable

* Binding energy per nucleon influences overall stability

Nuclear Decay Modes and Stability

* Alpha decay occurs in heavy nuclei to reduce Coulomb repulsion

* Beta decay (B- and B+) adjusts neutron-to-proton ratio towards stability
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* Electron capture competes with positron emission in proton-rich nuclei

» Gamma decay releases excess energy without changing nucleon composition
» Spontaneous fission observed in very heavy nuclei (A > 230)

* Proton and neutron emission occur in extremely proton or neutron-rich nuclei

« Half-lives of radioactive nuclei range from fractions of a second to billions of years

Stability Belt and Nuclear Landscape
« Stability belt represents region of stable nuclei on chart of nuclides
» Extends from hydrogen to bismuth-209, the heaviest stable isotope
* Light elements have roughly equal numbers of protons and neutrons
* Heavier stable nuclei require more neutrons to counteract Coulomb repulsion
« Islands of stability predicted for superheavy elements beyond current periodic table
* Drip lines mark limits of nuclear existence for extreme proton or neutron numbers

* Nuclear landscape includes about 3000 known nuclei and predicts thousands more

2.3 Nuclear force characteristics

The strong nuclear force is the glue holding atomic nuclei together. It's incredibly powerful but only works at
tiny distances. This force is key to understanding why atoms exist and how they behave.

Nuclear physicists use various models to explain this force. From exchange particles to quantum theories,
these ideas help us grasp how nucleons interact and why nuclei stay stable.

Fundamental Properties

Characteristics of the Strong Nuclear Force

« Strong nuclear force binds nucleons (protons and neutrons) together within atomic nuclei

« Strongest of the four fundamental forces of nature, approximately 100 times stronger than the
electromagnetic force

» Responsible for overcoming electrostatic repulsion between protons in the nucleus

* Operates only at extremely short distances, typically within the range of 1-3 femtometers (10*-15
meters)

Range and Independence Properties

+ Short-range interaction limits the strong force to subatomic scales

* Force becomes negligible beyond nuclear dimensions, explaining why it doesn't affect macroscopic
objects

» Charge independence means the strong force acts equally between proton-proton, neutron-neutron,
and proton-neutron pairs

* Isospin concept introduced to describe this symmetry in nuclear interactions
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Saturation and Nuclear Stability

« Saturation property prevents nuclei from collapsing or growing indefinitely
« Each nucleon interacts strongly only with its nearest neighbors
+ Explains why nuclear density remains relatively constant across different elements

+ Contributes to the stability of atomic nuclei and the existence of the nuclear shell model

Theoretical Models

Exchange Force Concept

» Exchange force model proposes nucleons interact by exchanging virtual particles
+ Analogous to electromagnetic force mediated by photons
» Explains how nucleons can attract each other without direct contact

* Provides a conceptual framework for understanding nuclear binding energy

Yukawa Potential and Meson Theory

* Yukawa potential describes the strength of the strong nuclear force as a function of distance

» Mathematical form: V(r) = —gz%w, where g is the coupling constant, m is the mass of the exchange

particle, and r is the distance between nucleons
* Predicts the existence of particles with masses between electrons and protons (mesons)

» Meson exchange theory later confirmed with the discovery of pions (1T mesons) in cosmic rays

Advancements in Nuclear Force Models

* Quantum chromodynamics (QCD) provides a more fundamental description of the strong force
» QCD introduces quarks and gluons as the underlying particles responsible for the strong interaction
* Residual strong force between nucleons arises from the exchange of gluons between quarks

» Modern nuclear physics combines aspects of meson exchange theory and QCD to create accurate
models of nuclear structure and interactions

2.4 Nucleon-nucleon interactions

Nucleon interactions form the foundation of nuclear structure and behavior. The interplay between
electromagnetic and strong nuclear forces shapes how protons and neutrons bind together, determining
nuclear stability and properties.

Scattering experiments reveal key characteristics of nucleon-nucleon forces, like their short range and
charge independence. These insights help scientists develop potential energy models and understand
nuclear potential wells, energy levels, and unique structures like the deuteron.
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Nucleon Interactions

Types of Nucleon-Nucleon Interactions

* Proton-proton interaction involves repulsive electromagnetic force and attractive strong nuclear force
* Electromagnetic force dominates at longer ranges (>1 fm)

« Strong force becomes dominant at shorter ranges (<1 fm)

» Neutron-neutron interaction consists solely of attractive strong nuclear force

* No electromagnetic repulsion due to neutral charge

* Interaction strength similar to proton-proton at short ranges

* Proton-neutron interaction combines attractive strong nuclear force and magnetic moment interaction
« Strongest of the three nucleon-nucleon interactions

 Explains stability of nuclei with equal numbers of protons and neutrons

Scattering Experiments and Force Characteristics

« Scattering experiments provide crucial data on nucleon-nucleon interactions
* Involve accelerating particles and observing collision outcomes

* Yield information on interaction cross-sections and angular distributions

* Nucleon-nucleon force characteristics revealed through experiments

« Short-range nature, effective only within ~1-2 fm

» Charge independence, similar strength for all nucleon pairs

* Spin dependence, interaction strength varies with nucleon spin alignment

* Scattering data analysis leads to potential energy models

* Yukawa potential approximates nucleon-nucleon interaction

V(r)= —gzL,,”R, where g is coupling constant and R is range
Nuclear Potential and Structure

Nuclear Potential Wells and Energy Levels

* Nuclear potential wells represent the potential energy of nucleons within the nucleus
* Typically modeled as finite square well or Woods-Saxon potential

* Depth approximately 50 MeV for nucleons

* Energy levels within the well correspond to allowed nucleon states

* Discrete energy levels due to quantum confinement

* Shell structure emerges, similar to electron shells in atoms

Fiveable archived study guides Page 17



* Potential well characteristics affect nuclear properties
» Well depth influences binding energy

» Well shape impacts nuclear size and density distribution

Deuteron Properties and Structure

* Deuteron consists of one proton and one neutron bound together
 Simplest bound nuclear system after the single proton

* Serves as a crucial test case for nuclear force models

» Deuteron binding energy measured at 2.2246 MeV

* Relatively small compared to heavier nuclei

* Indicates delicate balance of nuclear forces

» Magnetic dipole moment of deuteron provides insights into internal structure
» Experimental value deviates from simple proton-neutron sum

» Suggests presence of non-central forces and orbital angular momentum

Spin-Orbit Coupling in Nuclear Systems
* Spin-orbit coupling arises from interaction between nucleon spin and orbital motion
* Analogous to atomic physics, but much stronger in nuclear systems
* Crucial for explaining magic numbers and nuclear shell structure
« Strength of spin-orbit interaction varies with nuclear mass
* Increases for heavier nuclei
* Leads to energy level splitting and reordering
* Spin-orbit coupling impacts nuclear properties
« Affects nuclear magnetic moments
* Influences nuclear decay modes and transition probabilities
» Mathematical representation often uses L-S term in Hamiltonian

«Hso =aL - S, where a is the spin-orbit coupling constant
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Unit 3 — Nuclear Models and Stability

3.1 Liquid drop model and semi-empirical mass formula

The liquid drop model compares atomic nuclei to liquid drops, explaining nuclear properties through energy
components like volume, surface, and Coulomb energies. This model forms the basis for understanding
nuclear stability and fission, crucial concepts in nuclear physics.

Building on the liquid drop model, the semi-empirical mass formula combines theory and experimental data
to calculate nuclear masses and binding energies. It's a powerful tool for predicting nuclear stability and
identifying potential fission and fusion candidates.

Liquid Drop Model Components
Fundamental Concepts of the Liquid Drop Model

* Liquid drop model analogizes atomic nuclei to incompressible liquid drops
* Nucleons (protons and neutrons) behave similarly to molecules in a liquid
* Model assumes nucleons interact strongly with their nearest neighbors

+ Explains various nuclear properties and behaviors (nuclear fission, binding energies)

Energy Components in the Liquid Drop Model

» Volume energy represents the strong nuclear force between nucleons
* Proportional to the total number of nucleons (A)

* Contributes positively to nuclear binding energy

« Surface energy accounts for nucleons at the nuclear surface

* Proportional to the nuclear surface area (A*(2/3))

» Reduces overall binding energy due to fewer neighboring nucleons
» Coulomb energy stems from electrostatic repulsion between protons
* Proportional to Z(Z-1)/A(1/3), where Z is the number of protons

» Decreases binding energy as it opposes nuclear cohesion

» Symmetry energy arises from the Pauli exclusion principle

* Proportional to (A-2Z2)"2/A, penalizing neutron-proton imbalance

* Favors nuclei with equal numbers of protons and neutrons

« Pairing energy accounts for nucleon spin-coupling effects

» Adds extra stability for even-even nuclei (even Z and even N)

* Reduces stability for odd-odd nuclei (odd Z and odd N)
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Applications and Limitations of the Liquid Drop Model
* Accurately predicts binding energies for medium to heavy nuclei
« Explains nuclear fission process in heavy nuclei (uranium-235)
* Fails to account for quantum mechanical shell effects
* Does not accurately describe light nuclei or nuclei near magic numbers

* Serves as a foundation for more sophisticated nuclear models

Semi-Empirical Mass Formula

Derivation and Structure of the Semi-Empirical Mass Formula

» Semi-empirical mass formula developed by Hans Bethe and Carl Friedrich von Weizsacker
» Combines theoretical predictions with experimental data to calculate nuclear masses
* Also known as the Bethe-Weizsacker formula or liquid drop model formula

» Expresses binding energy as a sum of five terms corresponding to liquid drop model components

Components and Calculation of Binding Energy
+ Binding energy calculated using the semi-empirical mass formula
«B.E.=aA-aA?? -aZ(Z-1)AP —agm(A-22)°A 1 +6(A, 2)
*a_v, a_s, a_c, a_sym are empirically determined constants
* 8(A,Z) represents the pairing energy term
» Each term corresponds to a specific energy component from the liquid drop model

» Formula allows for accurate prediction of nuclear masses and binding energies

Applications and Significance of the Semi-Empirical Mass Formula

» Weizsacker formula provides insights into nuclear stability and decay processes
* Predicts the most stable isotopes for a given element

+ Explains the trend of binding energy per nucleon across the periodic table

* Helps identify potential candidates for nuclear fission and fusion reactions

* Surface tension concept incorporated through the surface energy term

» Analogous to surface tension in actual liquid drops

* Accounts for the reduced binding of nucleons at the nuclear surface

« Serves as a foundation for more advanced nuclear mass models and theories
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3.2 Shell model and magic numbers

The nuclear shell model explains how protons and neutrons organize in energy levels within the nucleus.
It's like an atomic model, but for the nucleus itself. This structure helps us understand why some nuclei are
more stable than others.

Magic numbers in nuclear physics are special. They represent configurations where nuclei are super
stable. This stability comes from completely filled shells of protons or neutrons, similar to noble gases in
chemistry.

Nuclear Shell Model Fundamentals

Energy Levels and Nuclear Potential

* Nuclear shell model describes atomic nuclei structure using energy levels occupied by nucleons
* Energy levels exist within a nuclear potential well representing the strong nuclear force

* Nuclear potential well approximated by Woods-Saxon potential combines square well and harmonic
oscillator

« Single-particle states represent individual nucleon energy levels within the potential well

+ Pauli exclusion principle limits occupancy to two nucleons (one proton, one neutron) per quantum
state

Quantum Numbers and Shell Structure

* Principal quantum number n determines major shells, similar to electron shells in atoms
» Angular momentum quantum number | defines subshells within each major shell

» Magnetic quantum number ml specifies orbital angular momentum projection

* Spin quantum number ms indicates intrinsic angular momentum direction of nucleon

+ Shell structure emerges from filling these quantized energy levels according to the Pauli principle

Magic Numbers and Closed Shells
Magic Numbers and Nuclear Stability

» Magic numbers (2, 8, 20, 28, 50, 82, 126) correspond to exceptionally stable nuclei configurations
» Occur when a major shell or subshell is completely filled with nucleons
* Nuclei with magic numbers of protons or neutrons exhibit increased binding energy per nucleon

+ Double magic nuclei (magic numbers for both protons and neutrons) show extreme stability (helium-4,
oxygen-16, calcium-40)

Shell Closure Effects

* Closed shells result in spherical nuclei shapes due to symmetric charge distribution
» Energy gap between closed shell and next available level creates resistance to excitation

* Closed shell nuclei have higher first excited state energies compared to neighboring isotopes
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* Neutron or proton separation energies show significant jumps at magic numbers

» Abundance patterns in nature reflect increased stability of nuclei with magic numbers

Nuclear Properties and Interactions

Spin-Orbit Coupling and Nuclear Spin

» Spin-orbit coupling arises from interaction between nucleon's intrinsic spin and orbital angular
momentum

» Modifies energy levels, explaining observed magic numbers beyond the simple harmonic oscillator
model

* Total angular momentum j combines orbital angular momentum | and intrinsic spin s
* Nuclear spin | results from vector sum of individual nucleon angular momenta
» Even-even nuclei (even number of protons and neutrons) have zero ground state spin

» Odd-mass nuclei have half-integer spins, while odd-odd nuclei have integer spins

Nuclear Magnetic Properties

* Nuclear magnetic moment p arises from motion of charged protons and intrinsic magnetic moments of
nucleons

 Measured in units of nuclear magneton pN, defined as Hv = ze—nl

« g-factor relates nuclear magnetic moment to nuclear spin: 4 = gHn/
* Protons and neutrons have different g-factors due to their charge and internal quark structure

* Nuclear magnetic resonance (NMR) techniques exploit nuclear magnetic properties for medical
imaging and chemical analysis

3.3 Nuclear stability and the chart of nuclides

Nuclear stability is all about the delicate balance of protons and neutrons in an atom's core. As elements
get heavier, they need more neutrons to stay stable. This balance is key to understanding how atoms
behave and change.

The chart of nuclides is like a map of all known atomic nuclei. It shows which combinations of protons and
neutrons make stable atoms and which ones decay. This visual tool helps scientists predict and study
nuclear behavior.

Nuclear Stability
Stability Belt and Neutron-to-Proton Ratio

« Stability belt represents region of stable nuclides on chart of nuclides

+ Follows diagonal line from lighter to heavier elements

* Neutron-to-proton ratio increases as atomic number increases

* For lighter elements (Z < 20), stable nuclei have approximately equal numbers of protons and

neutrons
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» Heavier stable nuclei require more neutrons than protons to counteract electrostatic repulsion

* Neutron-to-proton ratio for stable heavy nuclei approaches 1.5

Decay Processes for Unstable Nuclei

* Beta decay occurs when nucleus has excess neutrons or protons

* Beta minus (B-) decay converts neutron to proton, emits electron and antineutrino
* Beta plus (B+) decay converts proton to neutron, emits positron and neutrino

+ Alpha decay involves emission of helium-4 nucleus (two protons and two neutrons)
* Typically observed in heavy nuclei with atomic number greater than 82 (lead)

» Spontaneous fission splits heavy nucleus into two or more lighter nuclei

* Occurs in very heavy elements (atomic number > 90)

+ Releases neutrons and significant energy

Chart of Nuclides

Structure and Organization of the Chart

+ Chart of nuclides graphically represents all known nuclides

* Horizontal axis shows number of neutrons (N)

* Vertical axis shows number of protons (Z)

» Each square represents a specific nuclide with given Z and N

* Color-coding indicates stability and decay modes (black for stable, others for various decay types)

* Provides visual representation of nuclear landscape and trends in stability

Island of Stability and Nuclear Shell Model

« Island of stability refers to predicted region of superheavy elements with increased stability
* Located beyond currently known elements on chart of nuclides

» Based on nuclear shell model and magic numbers of protons and neutrons

* Magic numbers (2, 8, 20, 28, 50, 82, 126) correspond to filled nuclear shells

* Nuclei with magic numbers of protons or neutrons exhibit enhanced stability

* Predicted island centered around elements with proton numbers near 114, 120, or 126

Binding Energy and Nuclear Stability

* Binding energy per nucleon (B/A) measures average energy required to remove a nucleon from
nucleus

« Calculated using mass defect and Einstein's mass-energy equivalence (E = mc?)

* Plotted against mass number (A) reveals characteristic curve
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* Peak of curve occurs around iron (Fe-56), indicating most stable nuclei
« Explains trends in nuclear stability and energy release in fusion and fission reactions

» Higher B/A values indicate greater nuclear stability

Radioactive Decay

Decay Chains and Modes of Decay

» Radioactive decay chains describe series of successive decays from parent to stable daughter
nucleus

* Include multiple decay modes (alpha, beta, gamma)

* Uranium-238 decay chain ends with stable lead-206 after 14 decay steps

* Thorium-232 decay chain produces stable lead-208 after 10 decay steps

* Branching ratios indicate probability of different decay modes for a given nuclide

+ Decay chains important for understanding natural radioactivity and dating methods

Half-Life and Decay Kinetics

« Half-life defines time required for half of radioactive sample to decay

« Characteristic property of each radionuclide, ranging from fractions of a second to billions of years
» Exponential decay law describes decrease in number of radioactive nuclei over time

* Activity (A) represents rate of decay, measured in becquerels (Bq) or curies (Ci)

- Decay constant (A) relates half-life to activity: A = In(2)/t1,2

* Used in radiometric dating techniques (carbon-14, potassium-40, uranium-lead)

* Applications in medicine for diagnostic imaging and radiation therapy

3.4 Collective models of nuclear structure

Nuclear models go beyond simple spheres. Collective models describe how groups of nucleons move
together, creating vibrations and rotations. These motions explain energy levels and shapes we see in real
nuclei.

Collective models bridge the gap between single-particle and bulk nuclear behavior. They help us
understand complex spectra, deformed nuclei, and giant resonances - key features of nuclear structure
beyond the basic shell model.

Collective Nuclear Models

Collective Excitations and Vibrational Modes

+ Collective excitations involve coordinated motion of many nucleons
« Vibrational modes represent oscillations of the nuclear shape

« Surface vibrations occur when the nuclear surface oscillates around its equilibrium shape
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* Breathing mode involves radial expansion and contraction of the entire nucleus

+ Multipole vibrations characterized by different angular momentum values

* Dipole vibrations (L=1) involve oscillations of protons against neutrons

» Quadrupole vibrations (L=2) produce elongation and compression along different axes
* Phonons describe quantized vibrational energy states

« Single-phonon states represent the first excited vibrational level

» Multi-phonon states occur when multiple vibrations are excited simultaneously

Rotational Modes and Deformed Nuclei

* Rotational modes arise in nuclei with permanent deformation

» Deformed nuclei deviate from spherical shape, often adopting prolate (elongated) or oblate (flattened)
forms

* Rotational energy levels follow a characteristic pattern

* Energy proportional to J(J+1), where J is the total angular momentum quantum number
+ Rotational bands consist of a series of states with increasing J values

» Moment of inertia determines the spacing between rotational levels

* Rigid rotor model assumes a constant moment of inertia

« Soft rotor model accounts for centrifugal stretching at higher spin states

+ Coupling between intrinsic and collective motions leads to complex spectra

» K quantum number represents projection of angular momentum on the symmetry axis

« Different K values produce distinct rotational bands

Nuclear Deformation and Moments

Nuclear Quadrupole Moment and Shape Analysis

* Nuclear quadrupole moment quantifies deviation from spherical shape

+ Positive values indicate prolate deformation (cigar-shaped)

* Negative values indicate oblate deformation (disk-shaped)

« Zero quadrupole moment corresponds to spherical nuclei

* Measurement techniques include Coulomb excitation and hyperfine structure analysis
» Quadrupole moment relates to the electric field gradient at the nucleus

» Expressed mathematically as Q = jp(r)(Sz2 - r?)dV, where p(r) is the charge density

» Deformation parameter B2 quantifies the degree of quadrupole deformation

* B2 > 0 for prolate shapes, 32 < 0 for oblate shapes
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* Typical values range from 0.1 to 0.3 for well-deformed nuclei

Nilsson Model and Single-Particle States in Deformed Nuclei

* Nilsson model describes single-particle states in deformed nuclei

» Extends the shell model to account for non-spherical potentials

* Introduces deformation-dependent quantum numbers (N, nz, A, Q)

* Energy levels split and shift as a function of deformation

» Degeneracy of spherical shell model states is lifted

» New magic numbers emerge at large deformations

* Nilsson diagrams plot single-particle energies vs. deformation parameter
* Sloping lines indicate states sensitive to deformation

« Crossing of levels can lead to shape coexistence phenomena

+ Explains properties of deformed nuclei in rare earth and actinide regions
* Predicts ground state spins and magnetic moments

» Accounts for odd-A rotational band structures

Unified Model: Combining Collective and Single-Particle Motions

+ Unified model integrates collective and single-particle degrees of freedom
* Developed by Bohr and Mottelson to describe complex nuclear spectra

* Treats core and valence nucleons separately

* Core described by collective variables (shape parameters, rotational angles)
* Vibrations and rotations of the nuclear core

* Valence nucleons couple to the core motion

« Strong coupling limit: nucleon follows core rotation

* Weak coupling limit: nucleon motion largely independent of core

* Predicts various types of collective bands

* Ground state band built on the intrinsic state

« y-vibrational band associated with non-axial shape oscillations

* B-vibrational band related to changes in overall deformation

» Explains phenomena like backbending in rotational spectra

+ Results from alignment of high-j orbitals with rotation axis
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Nuclear Resonances

Nuclear Giant Resonances: Collective Excitation Modes

* Giant resonances represent highly collective nuclear excitation modes
* Involve coherent motion of many nucleons

*» Observed in various multipolarities (dipole, quadrupole, monopole)
* Giant Dipole Resonance (GDR) most prominent and well-studied

* Oscillation of protons against neutrons

* Typically occurs at excitation energies of 10-20 MeV

* Width of several MeV due to damping mechanisms

* Isoscalar Giant Quadrupole Resonance (ISGQR)

« Surface oscillation preserving proton-neutron ratio

« Excitation energy roughly proportional to A*-1/3)

* Giant Monopole Resonance (GMR) or "breathing mode"

+ Radial oscillation of the entire nucleus

* Provides information on nuclear compressibility

» Experimental techniques to study giant resonances

* Photonuclear reactions for GDR

* Inelastic scattering of a particles or electrons for ISGQR and GMR
* Microscopic description using Random Phase Approximation (RPA)
* Accounts for particle-hole excitations and residual interactions

* Predicts strength distributions and transition densities

* Applications in astrophysics and nuclear structure studies

* GDR impacts photodisintegration rates in stellar nucleosynthesis

* GMR constrains the nuclear equation of state
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Unit 4 — Radioactivity and Radioactive
Decay

4.1 Radioactive decay law and half-life

Radioactive decay is a natural process where unstable atomic nuclei emit particles or energy. This
phenomenon follows an exponential decay pattern, described by a mathematical function. The decay rate
is proportional to the number of radioactive nuclei present.

Half-life is the time it takes for half of a radioactive sample to decay. It's crucial for understanding decay
rates and is used in radiometric dating. The decay constant and activity are key concepts that help quantify
radioactive decay processes.

Radioactive Decay Fundamentals

Understanding Radioactive Decay and Exponential Decay

» Radioactive decay involves spontaneous emission of particles or energy from unstable atomic nuclei
* Process transforms unstable isotopes into more stable daughter nuclei

* Follows exponential decay pattern described by mathematical function

+ Decay rate proportional to the number of radioactive nuclei present

« Exponential decay formula: N(t) = Noe ™t

* N(t) represents number of radioactive nuclei at time t

* No denotes initial number of radioactive nuclei

* A (lambda) signifies decay constant

* t indicates elapsed time

* Graphical representation shows rapid initial decrease followed by gradual decline

Decay Constant and Activity
* Decay constant (A\) measures probability of a single atom decaying per unit time
+ Unique value for each radioactive isotope
» Expressed in units of inverse time (s™, min™, or yr™)
* Activity quantifies rate of radioactive decay in a sample
* Defined as number of decays per unit time
« Calculated using formula: A = AN
* A represents activity
* A denotes decay constant

* N indicates number of radioactive nuclei
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« Activity units include becquerels (Bq) or curies (Ci)

Decay Rate and Its Significance

+ Decay rate refers to number of radioactive nuclei decaying per unit time

+ Equivalent to activity of a radioactive sample

* Varies among different isotopes (uranium-238 decays slowly, while radon-222 decays rapidly)
* Influences radiation exposure and safety considerations in nuclear applications

- Decay rate formula: —2¢ = AN

» dN/dt represents rate of change in number of nuclei

* Negative sign indicates decrease in number of nuclei over time

Half-Life and Mean Lifetime

Concept and Calculation of Half-Life

« Half-life defines time required for half of radioactive sample to decay
* Remains constant for a given isotope regardless of initial quantity

« Calculated using formula: t1/2 = 'n,(\l

* t1/2 represents half-life

* In(2) denotes natural logarithm of 2

* A signifies decay constant

* Varies widely among isotopes (carbon-14 half-life: 5,730 years, uranium-238 half-life: 4.5 billion years)

« Used in radiometric dating techniques to determine age of materials (geological samples,
archaeological artifacts)

 Multiple half-lives reduce radioactive material to negligible levels (after 10 half-lives, less than 0.1% of
original material remains)

Mean Lifetime and Its Relationship to Half-Life

» Mean lifetime represents average time a radioactive nucleus exists before decaying
» Calculated as reciprocal of decay constant: T= %

* T (tau) denotes mean lifetime

* A represents decay constant

» Relates to half-life through equation: T = |;1(’§

~

* Provides alternative measure of radioactive decay rate

* Used in theoretical calculations and modeling of radioactive processes
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Radioactive Decay Products

Parent Nuclide Characteristics

« Parent nuclide refers to original unstable radioactive isotope
» Undergoes decay process to form more stable configuration
+ Characterized by specific atomic number and mass number
» Decay mode depends on neutron-to-proton ratio (alpha decay, beta decay, gamma emission)

* Examples include uranium-238 (parent nuclide in uranium decay series) and carbon-14 (used in
radiocarbon dating)

Daughter Nuclide Formation and Properties

» Daughter nuclide results from decay of parent nuclide

* May be stable or undergo further decay (decay chains)

« Often has different chemical properties than parent nuclide

* Decay series continue until reaching stable end product (lead-206 in uranium-238 decay series)
* Ratio of parent to daughter nuclides used in radiometric dating techniques

» Daughter nuclide accumulation rate depends on parent nuclide half-life and initial concentration

Units of Radioactivity

Becquerel and Related Units

» Becquerel (Bq) represents Sl unit of radioactivity

* Defined as one decay per second

* Named after physicist Henri Becquerel, discoverer of radioactivity

* Replaced older unit curie (Ci) in scientific applications

» Conversion: 1 Ci=3.7 x 10" Bq

* Related units include:

* Gray (Gy) measures absorbed radiation dose (1 Gy = 1 J/kg)

« Sievert (Sv) quantifies equivalent biological effect of radiation

« Activity often expressed in multiples of becquerel (kBq, MBq, GBq) for practical applications

* Used in radiation protection, environmental monitoring, and nuclear medicine

4.2 Radioactive equilibrium

Radioactive equilibrium is a crucial concept in nuclear physics, describing the balance between parent and
daughter nuclides during decay. It comes in three types: secular, transient, and no equilibrium, each with
unique characteristics and applications.
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Understanding radioactive equilibrium is essential for analyzing decay chains, predicting nuclide
concentrations, and applications in various fields. Quantitative methods like activity ratios and Bateman
equations help scientists study these complex decay processes accurately.

Types of Radioactive Equilibrium

Secular Equilibrium Characteristics

» Occurs when parent nuclide half-life significantly exceeds daughter nuclide half-life
* Parent activity remains nearly constant over many daughter half-lives

» Daughter activity approaches parent activity asymptotically

* Equilibrium reached when daughter decay rate equals parent decay rate

« Common in naturally occurring radioactive decay series (uranium-238 decay chain)

Transient Equilibrium Conditions

« Parent nuclide half-life moderately longer than daughter nuclide half-life

« Parent activity decreases noticeably during equilibrium period

» Daughter activity initially increases, then decreases at same rate as parent

* Equilibrium reached when daughter-to-parent activity ratio becomes constant

* Observed in medical isotope production (molybdenum-99/technetium-99m generator)

No Equilibrium Scenarios

« Parent nuclide half-life shorter than or comparable to daughter nuclide half-life
» Daughter activity never reaches equilibrium with parent activity

« Parent decays faster than daughter can accumulate

* Activity ratio constantly changes over time

» Encountered in some artificial radioactive decay chains (iodine-131 decay to xenon-131)
Quantifying Radioactive Equilibrium

Parent-Daughter Activity Ratio Analysis
* Measures relative activities of parent and daughter nuclides
+ Calculated as ratio of daughter activity to parent activity
* Indicates type of equilibrium and decay chain progression
* Secular equilibrium ratio approaches 1 as time increases
* Transient equilibrium ratio stabilizes at a constant value greater than 1

* No equilibrium shows continuously changing ratio

Fiveable archived study guides Page 31



Bateman Equations Application
« Set of differential equations describing radioactive decay chains
* Developed by Harry Bateman in 1910
+ Calculates activities of parent and daughter nuclides over time
* Accounts for simultaneous decay and production of nuclides
» Enables prediction of nuclide concentrations at any given time

* Crucial for understanding complex decay chains with multiple daughters

Decay Chain Analysis Techniques

* Graphical representations of nuclide activities over time

* Logarithmic plots used to visualize long-term behavior

* Branching ratios considered for nuclides with multiple decay modes
+ Equilibrium constant determination for transient equilibrium

+ Half-life measurements using equilibrium conditions

* Applications in radiometric dating and nuclear forensics

4.3 Radioactive series and branching

Radioactive decay series and branching are key concepts in understanding nuclear transformations. These
processes involve chains of radioactive decays, from unstable parent nuclides to stable end products, with
multiple intermediate steps and decay modes.

Branching in radioactive decay adds complexity, as some nuclides can decay through different pathways.
This affects decay rates, half-lives, and daughter nuclide production. Understanding these processes is
crucial for applications in geology, nuclear medicine, and waste management.

Radioactive Decay Series

Characteristics and Types of Decay Series

* Decay series represents a sequence of radioactive decays from an initial parent nuclide to a stable
end product

* Uranium series begins with uranium-238 and ends with lead-206 after 14 decay steps
* Thorium series starts with thorium-232 and concludes with lead-208 through 10 decay steps
* Actinium series initiates with uranium-235 and terminates at lead-207 after 11 decay steps

» Neptune series commences with plutonium-241 and finishes with bismuth-209 via 9 decay steps

Decay Processes and Intermediate Nuclides

* Decay series involve multiple types of radioactive decay (alpha, beta, gamma)
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* Uranium series includes intermediate nuclides such as thorium-234, protactinium-234, and
radium-226

* Thorium series features intermediate elements like radium-228, actinium-228, and lead-212

* Actinium series encompasses intermediate nuclides including thorium-231, protactinium-231, and
francium-223

* Neptune series contains intermediate elements such as americium-241, neptunium-237, and
thallium-209

Significance and Applications of Decay Series

* Decay series provide insights into the age and composition of geological formations

+ Uranium series dating helps determine the age of carbonate materials (coral reefs, cave deposits)

» Thorium series analysis aids in studying ocean circulation patterns and sediment transport

» Actinium series contributes to understanding nuclear fuel cycles and radioactive waste management

* Neptune series plays a role in the production of certain medical isotopes for diagnostic imaging

Branching in Radioactive Decay

Branching Ratio and Its Implications
* Branching ratio defines the probability of a particular decay mode occurring for a radioactive nuclide
» Expressed as a fraction or percentage of the total decay events
* Influences the overall decay rate and half-life of the radioactive nuclide
* Branching ratios can vary from nearly 0% to 100% for different decay modes

* Impacts the production and abundance of daughter nuclides in decay chains

Types of Branching Decay

* Branching decay occurs when a radioactive nuclide can decay through multiple pathways

« Isobaric decay involves the decay of a nuclide to different daughter nuclides with the same mass
number

+ Beta decay branching can produce different elements with the same mass number (potassium-40 to
calcium-40 or argon-40)

+ Alpha decay branching may result in different daughter nuclides with varying energy levels

* Electron capture branching competes with positron emission in some nuclides (beryllium-7 to
lithium-7)

Isomeric Transitions and Nuclear Energy States

« Isomeric transition involves the decay of a metastable nuclear state to a lower energy state of the
same nuclide

* Occurs through the emission of a gamma-ray photon or internal conversion electron
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* Metastable states have longer half-lives compared to typical excited nuclear states
* Technetium-99m, widely used in nuclear medicine, undergoes isomeric transition to technetium-99

* Isomeric transitions contribute to the complexity of nuclear decay schemes and energy level diagrams

4.4 Natural and artificial radioactivity

Radioactivity, both natural and artificial, shapes our world in surprising ways. From cosmic rays to radon
gas, we're surrounded by natural radiation. Primordial radionuclides, formed billions of years ago, still
persist in our environment today.

Humans have also created artificial radioactivity through nuclear reactions and weapons testing. These
man-made radionuclides have found applications in medicine, research, and industry. From cancer
treatments to carbon dating, radioactivity plays a crucial role in modern life.

Natural Radioactivity

Primordial and Cosmogenic Radionuclides

* Primordial radionuclides formed during nucleosynthesis in stars and supernovae before Earth's
formation

* Uranium-238, thorium-232, and potassium-40 constitute primary primordial radionuclides on Earth
« Half-lives of primordial radionuclides exceed billions of years, allowing their continued presence

» Cosmogenic radionuclides produced by cosmic ray interactions with atmospheric gases

» Carbon-14, beryllium-7, and tritium represent common cosmogenic radionuclides

» Cosmic ray flux varies with altitude and latitude, affecting cosmogenic radionuclide production rates

Environmental Radioactivity Sources and Impacts

* Natural background radiation stems from terrestrial and cosmic sources

» Radon gas, a decay product of uranium, contributes significantly to indoor radiation exposure
+ Granite-rich areas often exhibit higher levels of natural radioactivity due to uranium content

» Cosmic radiation intensity increases with altitude, leading to higher exposure for air travelers
+ Natural radioactivity in soil and water affects plants and animals through bioaccumulation

* Human activities like mining and fossil fuel combustion can enhance natural radioactivity levels

Artificial Radioactivity

Anthropogenic Radionuclides and Nuclear Fission Products

» Anthropogenic radionuclides produced through human activities, primarily nuclear reactions
* Nuclear weapons testing released significant amounts of artificial radionuclides into the environment
» Cesium-137 and strontium-90 represent prominent artificial radionuclides from nuclear fission

* Nuclear power plant accidents (Chernobyl, Fukushima) contributed to environmental radioactivity
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* Plutonium isotopes, created in nuclear reactors, persist in the environment due to long half-lives

« Artificial radionuclides used as environmental tracers to study oceanic and atmospheric processes

Activation Products and Radioisotope Production

+ Activation products formed when stable nuclei absorb neutrons in nuclear reactors or accelerators

* Cobalt-60, a common activation product, widely used in industrial radiography and cancer treatment
« Particle accelerators produce short-lived radioisotopes for medical imaging (fluorine-18, carbon-11)
+ Neutron activation analysis employs artificial radioactivity to determine elemental composition

» Radioisotope production methods include reactor irradiation, cyclotron bombardment, and generator
systems

» Molybdenum-99/technetium-99m generator system crucial for nuclear medicine diagnostics

Applications of Radioactivity

Radioactive Tracers in Research and Industry

» Radioactive tracers allow non-invasive tracking of chemical and biological processes

» Carbon-14 dating determines age of organic materials up to approximately 50,000 years old
* lodine-131 used to study thyroid function and treat thyroid disorders

« Tritium serves as a tracer in groundwater hydrology studies

+ Industrial applications include leak detection in pipelines and wear analysis in engines

» Radioactive tracers aid in understanding metabolic pathways and drug metabolism in pharmaceutical
research

Nuclear Medicine Diagnostics and Therapies

* Nuclear medicine utilizes radiopharmaceuticals for diagnosis and treatment of various diseases

» Technetium-99m, the most widely used medical radioisotope, employed in bone and organ scans

* Positron Emission Tomography (PET) scans use short-lived positron emitters (fluorine-18, gallium-68)
* Radioiodine therapy effectively treats thyroid cancer and hyperthyroidism

« Targeted radionuclide therapy delivers radiation directly to cancer cells (lutetium-177, yttrium-90)

* Brachytherapy involves placing sealed radioactive sources near tumors for localized treatment
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Unit 5 — Alpha, Beta, and Gamma Decay

5.1 Alpha decay process and energetics

Alpha decay is a crucial process in nuclear physics, involving the emission of helium nuclei from heavy
atoms. This topic explores the characteristics of alpha particles, decay rates, and the quantum tunneling
mechanism that enables this radioactive process.

The energetics of alpha decay are essential for understanding nuclear stability and applications. We'll
examine the Q-value, energy distribution, and practical uses of alpha decay in various fields, from space
exploration to medical treatments.

Alpha Particle and Decay Characteristics

Structure and Properties of Alpha Particles

+ Alpha particles consist of two protons and two neutrons bound together
+ Identical to the nucleus of a helium-4 atom

« Carry a positive charge of +2e

» Possess a mass of approximately 4 atomic mass units

+ Exhibit high ionizing power due to their charge and mass

* Travel at speeds up to 15,000 km/s when emitted during radioactive decay

Decay Constant and Half-Life Relationship

» Decay constant measures the probability of a nucleus decaying per unit time
» Expressed as A (lambda) in units of inverse time (s”-1)

+ Relates to half-life through the equation T1/2 = m,(\l

« Half-life represents the time required for half of a radioactive sample to decay

* Varies widely among different isotopes (ranging from microseconds to billions of years)

* Remains constant regardless of environmental factors (temperature, pressure)

Binding Energy and Nuclear Stability
+ Binding energy quantifies the energy required to break a nucleus into its constituent nucleons
« Calculated using the mass defect and Einstein's mass-energy equivalence E = mc?
« Higher binding energy per nucleon indicates greater nuclear stability
* Alpha decay occurs in heavy nuclei where the binding energy per nucleon decreases
* Typically observed in elements with atomic numbers greater than 82 (lead)

* Results in the emission of an alpha particle and the formation of a daughter nucleus with atomic
number decreased by 2 and mass number decreased by 4
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Quantum Tunneling in Alpha Decay

Quantum Tunneling Mechanism

» Quantum tunneling allows alpha particles to escape the nucleus despite insufficient energy
* Occurs due to the wave-like nature of particles at the quantum scale

» Enables particles to penetrate potential barriers classically considered impenetrable

* Probability of tunneling depends on the barrier height and width

* Explains why alpha decay can happen spontaneously without external energy input

* Applies to other forms of radioactive decay and various quantum phenomena (scanning tunneling
microscopes)

Barrier Penetration and Decay Rates

* Nuclear potential well confines alpha particles within the nucleus

» Coulomb barrier prevents alpha particles from escaping classically

» Tunneling probability decreases exponentially with increasing barrier width

* Decay rates vary significantly among isotopes due to differences in barrier properties
* Heavier nuclei generally have higher decay rates due to increased Coulomb repulsion

« Barrier penetration factor influences the overall decay constant

Geiger-Nuttall Law and Empirical Relationships

* Geiger-Nuttall law establishes a relationship between decay constant and decay energy
* Expressed as logig(A) =a+ b - Q2 where a and b are constants

* Provides a method for estimating half-lives of unknown alpha emitters

* Accurately predicts decay rates for many alpha-emitting nuclides

* Breaks down for some very heavy elements and odd-odd nuclei

« Serves as a valuable tool in nuclear physics research and radioisotope dating techniques

Energetics of Alpha Decay

Q-Value and Energy Release

» Q-value represents the total energy released during alpha decay

» Calculated using the mass difference between parent nucleus and decay products
- Expressed as Q = (M, — My — My) - ¢, where M represents masses

+ Positive Q-value indicates an energetically favorable decay process

* Typically ranges from 4 to 9 MeV for naturally occurring alpha emitters

+ Determines the kinetic energy of the emitted alpha particle and recoil energy of the daughter nucleus
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Energy Distribution and Kinematics

* Kinetic energy of the alpha particle depends on the Q-value and mass ratio

« Calculated using Ea = 7% * Q

* Recoil energy of the daughter nucleus accounts for the remaining energy

 Conservation of momentum requires the daughter nucleus to move in the opposite direction
* Alpha particle spectrum can reveal information about nuclear structure and excited states

* Fine structure in alpha decay occurs when the daughter nucleus is left in an excited state

Applications of Alpha Decay Energetics
* Used in radioisotope thermoelectric generators for space exploration (plutonium-238)
* Employed in smoke detectors (americium-241)
« Utilized in nuclear forensics to determine the origin and age of radioactive materials
* Applied in radiotherapy for cancer treatment (radium-223 for bone metastases)
» Enables geological dating techniques (uranium-lead dating)

* Provides insights into nuclear structure and stability across the periodic table

5.2 Beta decay types and neutrino hypothesis

Beta decay is a fascinating process where unstable atomic nuclei transform, emitting electrons or
positrons. This section dives into different types of beta decay, including beta-minus, beta-plus, and
electron capture, explaining how they change atomic structure.

The neutrino hypothesis, proposed to explain the continuous energy spectrum of beta decay,
revolutionized our understanding of particle physics. We'll explore neutrino properties, their experimental
discovery, and their role in fundamental interactions.

Beta Decay Types

Beta-Minus and Beta-Plus Decay

* Beta-minus decay occurs when a neutron in an unstable nucleus transforms into a proton
* Emits an electron and an antineutrino

* Increases atomic number by 1 while mass number remains constant

« Represented by the equation: N> P + &~ + e

* Beta-plus decay involves a proton converting into a neutron

* Releases a positron and a neutrino

* Decreases atomic number by 1 while mass number stays the same

« Equation for beta-plus decay: = n+e ™" + ve

* Both processes result from weak nuclear force interactions
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* Occur in neutron-rich or proton-rich nuclei to achieve stability

Electron Capture and Energy Spectrum

* Electron capture happens when an inner shell electron combines with a proton
* Transforms proton into a neutron and emits a neutrino

* Decreases atomic number by 1, mass number unchanged

« Represented as: Pt €~ = n+ Ve

+ Continuous energy spectrum characterizes beta decay

» Energy distributed between emitted particles and recoil nucleus

» Spectrum ranges from zero to maximum energy (endpoint energy)

« Contradicts conservation of energy in classical physics

* Led to neutrino hypothesis to explain missing energy

Neutrino Hypothesis

Neutrino Properties and Discovery

* Neutrino proposed by Wolfgang Pauli in 1930 to explain beta decay spectrum

* Neutral, nearly massless particle with spin 1/2

* Interacts very weakly with matter, making detection challenging

» Antineutrino serves as the antiparticle counterpart to neutrino

» Possesses opposite lepton number but same mass and spin

* Produced in beta-minus decay

» Experimental confirmation of neutrinos came in 1956 (Cowan-Reines experiment)
+ Used nuclear reactor as neutrino source

» Detected inverse beta decay reactions

Pauli Exclusion Principle and Fermi Theory

« Pauli exclusion principle states no two identical fermions can occupy the same quantum state
* Applies to neutrinos, which are fermions

+ Explains why neutrinos and antineutrinos are distinct particles

» Fermi theory of beta decay developed by Enrico Fermi in 1934

* First quantum field theory description of weak interactions

* Treated beta decay as point-like four-fermion interaction

* Accurately predicted shape of beta decay energy spectrum

+ Laid groundwork for modern electroweak theory
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Fundamental Interactions

Weak Interaction in Beta Decay

» Weak interaction governs beta decay processes

+ One of four fundamental forces in nature (along with strong, electromagnetic, gravitational)
» Much weaker than strong and electromagnetic forces, but stronger than gravity

* Mediated by W and Z bosons

* Beta decay serves as prime example of weak interaction

» Changes flavor of quarks (d quark to u quark or vice versa)

* Violates parity conservation, discovered in Wu experiment (1956)

+ Characteristic time scale for weak interactions much longer than strong or electromagnetic

» Explains relatively long half-lives of beta-decaying isotopes

Neutrino Interactions and Detection

* Neutrinos primarily interact through weak force

» Extremely small interaction cross-section

* Can pass through enormous amounts of matter unaffected
* Detection methods rely on rare neutrino interactions

» Radiochemical detectors (Davis experiment)

» Water Cherenkov detectors (Super-Kamiokande)

* Liquid scintillator detectors (Borexino)

* Neutrino oscillations discovered in late 20th century

* Implies neutrinos have non-zero mass

* Requires extension of Standard Model of particle physics

5.3 Gamma decay and internal conversion

Gamma decay and internal conversion are crucial processes in nuclear physics, explaining how excited
nuclei release energy. These mechanisms showcase the interplay between nuclear and atomic physics,
revealing the complex nature of radioactive decay.

Understanding these processes is essential for grasping the full picture of nuclear decay. They
complement alpha and beta decay, providing insights into nuclear structure, energy levels, and the various
ways atoms can shed excess energy.

Nuclear Excited States and Deexcitation

Nuclear Energy Levels and Transitions

* Nuclear excited states represent higher energy configurations of nucleons within an atomic nucleus
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* Excited nuclei possess excess energy above their ground state

* Energy levels in nuclei are quantized, similar to electron energy levels in atoms

* Transitions between nuclear energy levels involve emission or absorption of energy

* Isomeric transition occurs when a nucleus in a metastable state transitions to a lower energy state

* Metastable states have longer lifetimes compared to typical excited states (ranging from nanoseconds
to years)

* Isomers are denoted with an "m" after the mass number (Technetium-99m)
* Nuclear deexcitation involves the release of excess energy as the nucleus returns to its ground state
+ Can occur through various processes (gamma emission, internal conversion, pair production)

+ Energy conservation dictates that the energy released equals the difference between initial and final
nuclear states

Mechanisms of Nuclear Deexcitation

» Gamma decay serves as a primary mechanism for nuclear deexcitation

* Involves emission of high-energy photons (gamma rays)

* Does not change the number of protons or neutrons in the nucleus

* Internal conversion offers an alternative deexcitation pathway

» Excess nuclear energy transfers directly to an atomic electron

* Results in ejection of an electron from the atom without gamma ray emission
« Pair production can occur for high-energy transitions (> 1.022 MeV)

* Creates an electron-positron pair from the excess energy

* Requires sufficient energy to overcome the rest mass of two electrons

Gamma Decay

Characteristics of Gamma Radiation

» Gamma rays consist of high-energy photons emitted during nuclear transitions

* Typical gamma ray energies range from tens of keV to several MeV

« Gamma radiation exhibits electromagnetic wave properties

* No rest mass or electric charge

* Travels at the speed of light in vacuum

* Highly penetrating compared to alpha and beta radiation

* Requires dense materials (lead, concrete) for effective shielding

» Gamma decay does not alter the atomic number or mass number of the nucleus

* Nucleus remains the same element with the same number of nucleons
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Nuclear Transition Types and Selection Rules

« Electric transitions involve changes in the charge distribution of the nucleus

+ Characterized by electric multipole moments (dipole, quadrupole, etc.)

» Magnetic transitions result from changes in the current distribution within the nucleus

* Described by magnetic multipole moments

* Multipolarity refers to the angular momentum carried away by the emitted gamma ray

* Denoted as E1, E2, M1, M2, etc. (E for electric, M for magnetic, number for order)

* Selection rules govern allowed transitions based on angular momentum and parity changes
» AJ (change in angular momentum) must be less than or equal to the multipolarity

« Parity change determines whether electric or magnetic transition occurs

« Transition probabilities decrease with increasing multipolarity

« E1 and M1 transitions are generally faster than higher-order transitions

Internal Conversion

Mechanism and Characteristics of Internal Conversion

* Internal conversion involves direct transfer of nuclear excitation energy to an atomic electron

» Competes with gamma decay, especially for low-energy transitions and high atomic numbers
* Does not involve the emission or absorption of a photon

* Probability of internal conversion increases with:

* Increasing atomic number (Z)

* Decreasing transition energy

* Increasing multipolarity of the transition

« Internal conversion coefficient (a) quantifies the ratio of internal conversion to gamma decay

* a = (rate of internal conversion) / (rate of gamma emission)

» Can be measured experimentally or calculated theoretically

Conversion Electrons and Atomic Reorganization

+ Conversion electrons are atomic electrons ejected during internal conversion

+ Kinetic energy of conversion electron equals the nuclear transition energy minus the electron binding
energy

+ Conversion electrons have discrete energies characteristic of the nuclear transition and electron shell
+ Ejection of inner-shell electrons leads to atomic reorganization

« Outer electrons fill the vacancy left by the conversion electron
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* Results in emission of characteristic X-rays or Auger electrons

« Conversion electron spectroscopy provides valuable information about nuclear structure
* Allows determination of transition energies, multipolarities, and nuclear spins

* Internal conversion impacts the overall decay scheme of radioactive nuclei

« Affects apparent half-lives and branching ratios in decay chains

5.4 Selection rules and decay rates

Nuclear transitions are governed by strict conservation rules for angular momentum and parity. These
rules determine which transitions are allowed and which are forbidden, influencing decay rates and
probabilities. Understanding these principles is crucial for predicting nuclear behavior.

Transition probabilities and rates provide insights into the likelihood of specific nuclear transitions.
Concepts like branching ratios, comparative half-lives, and Fermi's Golden Rule help scientists quantify
and analyze decay processes, essential for nuclear physics applications.

Conservation Rules in Transitions

Angular Momentum and Parity Conservation

» Angular momentum conservation requires total angular momentum remains constant during nuclear
transitions

* Applies to both orbital and spin angular momentum of the nucleus

* Expressed mathematically as &/ =Ji—Jr=0, =1, =2, ...

+ Parity conservation dictates that initial and final states must have same parity for electric transitions
» For magnetic transitions, initial and final states must have opposite parity

- Parity expressed as li = 1Ir for electric transitions and i = —1If for magnetic transitions

 Conservation rules significantly restrict possible nuclear transitions

Allowed and Forbidden Transitions
* Allowed transitions satisfy both angular momentum and parity conservation rules
» Occur more frequently and have higher transition probabilities
« Involve changes in angular momentum of 0 or 1 unit (&/ =0, = 1)
+ Forbidden transitions violate one or more conservation rules
« Classified as first-forbidden, second-forbidden, etc., based on degree of violation
» Have lower transition probabilities and longer half-lives
« First-forbidden transitions involve changes in angular momentum of 2 units (& = *2)

« Higher-order forbidden transitions (second-forbidden, third-forbidden) become increasingly unlikely
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Transition Probabilities and Rates

Transition Probability and Branching Ratio

* Transition probability represents likelihood of a specific nuclear transition occurring

+ Calculated using quantum mechanical principles and nuclear structure information

» Expressed as transitions per unit time, typically in units of inverse seconds (s*-1)

* Branching ratio indicates relative probability of different decay modes for a given nucleus

+ Calculated as ratio of partial decay constant to total decay constant

Ai
Atotal

+ Expressed mathematically as BR; =

» Sum of all branching ratios for a given nucleus equals 1

Comparative Half-Life and Fermi's Golden Rule

» Comparative half-life compares observed half-life to theoretical half-life for allowed transitions
* Used to assess degree of forbiddenness in nuclear transitions

 Calculated as ratio of observed half-life to theoretical allowed transition half-life

Tubserved

. — 1/2
« Expressed mathematically as ft = —fmr
1/2

» Fermi's golden rule provides framework for calculating transition probabilities

* Relates transition rate to matrix element of interaction and density of final states

« Expressed mathematically as I = 2Z|{f]H'|i}|*p(Ey)

« I represents transition rate, H' interaction Hamiltonian, p(Er) density of final states

* Applies to various types of transitions, including radioactive decay and atomic transitions
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Unit 6 — Nuclear Reactions and Cross
Sections

6.1 Types of nuclear reactions

Nuclear reactions are the heart of atomic transformations. They come in various forms, from splitting heavy
nuclei in fission to combining light ones in fusion. These processes release enormous energy and create
new elements, powering stars and nuclear plants alike.

Understanding nuclear reactions is key to harnessing atomic power safely. We'll explore how different
particles and energies trigger these reactions, their outcomes, and their applications in science and
technology. This knowledge shapes our grasp of the universe's workings.

Nuclear Reactions Involving Nuclei Splitting

Fission and Spallation
* Nuclear fission involves splitting heavy atomic nuclei into lighter nuclei
*» Occurs spontaneously in some radioactive isotopes or induced by neutron bombardment
* Releases significant energy and additional neutrons (chain reaction)
» Fission of uranium-235 produces approximately 200 MeV of energy per reaction
+ Spallation breaks nucleus into many smaller fragments through high-energy particle collisions
« Spallation typically requires particle accelerators to achieve necessary collision energies

* Produces neutron-rich isotopes useful for studying nuclear structure and properties

Radioactive Decay Processes

+ Radioactive decay transforms unstable nuclei into more stable configurations

* Alpha decay emits helium nuclei (two protons and two neutrons)

* Beta decay involves electron or positron emission, converting neutrons to protons or vice versa
+ Gamma decay releases high-energy photons to reduce nuclear excitation energy

« Electron capture occurs when an inner-shell electron combines with a proton, forming a neutron
» Spontaneous fission splits heavy nuclei without external stimulation (uranium-238)

« Half-life measures time for half of a radioactive sample to decay

Nuclear Reactions Involving Nuclei Combining

Fusion Processes

* Nuclear fusion combines lighter nuclei to form heavier elements

* Requires extremely high temperatures and pressures to overcome electrostatic repulsion
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» Powers stars, including our Sun (hydrogen fusing into helium)

* Fusion of deuterium and tritium produces helium and releases a neutron

* Potential clean energy source, but technological challenges remain for controlled fusion
* Inertial confinement fusion uses lasers to compress and heat fusion fuel

* Magnetic confinement fusion employs strong magnetic fields to contain plasma (tokamak design)

Neutron Capture and Transmutation

* Neutron capture occurs when a nucleus absorbs a free neutron

* Can lead to the formation of heavier isotopes or induce fission in some elements

* Slow neutron capture (s-process) produces about half of elements heavier than iron in stars
» Rapid neutron capture (r-process) occurs in supernovae, creating very heavy elements

» Transmutation changes one element into another through nuclear reactions

« Artificial transmutation achieved through particle accelerators or nuclear reactors

* Natural transmutation happens in radioactive decay chains (uranium to lead)

Nuclear Reactions Induced by External Particles

Particle-Induced Nuclear Reactions

* Involve bombarding nuclei with high-energy particles to induce nuclear changes

* Proton-induced reactions can create new isotopes or elements (proton capture)

* Neutron-induced reactions include absorption, scattering, and fission

* Alpha particle bombardment can produce new elements (Rutherford's gold to mercury experiment)
+ Deuteron-induced reactions often result in neutron emission

« Particle accelerators enable precise control of projectile energy and type

* Cross-section measurements determine reaction probabilities for different particles and energies

Photonuclear Reactions and Applications

 Photonuclear reactions occur when high-energy photons interact with nuclei

* Photodisintegration ejects nucleons from the nucleus (deuterium to proton and neutron)
* Photofission splits heavy nuclei using gamma rays instead of neutrons

* Nuclear resonance fluorescence identifies specific isotopes in materials

* Photoneutron sources produce neutrons for research and industrial applications

« Gamma-ray induced positron annihilation spectroscopy analyzes material properties

* Photonuclear reactions play a role in stellar nucleosynthesis and cosmic ray interactions
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6.2 Q-value and threshold energy

Nuclear reactions are all about energy changes. Q-values tell us if a reaction releases or absorbs energy.
Positive Q-values mean energy is released, while negative ones mean energy is absorbed. This concept is
key to understanding nuclear processes.

Threshold energy is the minimum energy needed for a reaction to happen. It's crucial for designing
experiments and applications like cancer treatments. Understanding these energetics helps us predict and
control nuclear reactions in various fields.

Reaction Energetics

Q-Value and Energy Conservation

» Q-value measures energy released or absorbed in nuclear reactions
* Calculated by subtracting initial from final mass-energy

« Expressed mathematically as Q = (m; — my)c?

+ Positive Q-value indicates energy release (exothermic reaction)

» Negative Q-value signifies energy absorption (endothermic reaction)
* Energy conservation principle applies to nuclear reactions

* Total energy (kinetic + rest mass) remains constant

* Allows prediction of reaction products and energies

Exothermic and Endothermic Reactions

» Exothermic reactions release energy to surroundings

» Final products have less mass than initial reactants

* Energy released often in form of kinetic energy or gamma radiation

« Common in fusion reactions of light nuclei (deuterium-tritium fusion)
* Fission of heavy nuclei (uranium-235 fission)

» Endothermic reactions absorb energy from surroundings

* Final products have more mass than initial reactants

* Require external energy input to proceed

« Often observed in certain nuclear transmutations (neutron capture)

» Can be induced by particle accelerators or cosmic rays

Threshold Energy

Mass-Energy Equivalence and Binding Energy

« Mass-energy equivalence described by Einstein's famous equation E = mc?

+ Interchangeability of mass and energy in nuclear reactions
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* Binding energy represents the energy required to break apart a nucleus
« Calculated as the mass defect multiplied by ¢?

» Mass defect equals the difference between the sum of constituent nucleon masses and the actual
nuclear mass

« Strong nuclear force accounts for the binding energy of nuclei
» Overcomes electrostatic repulsion between protons

» Explains stability of atomic nuclei

Threshold Energy Concept and Applications
* Threshold energy defines the minimum energy required for a nuclear reaction to occur
» Determined by the Q-value and kinetic energy of the system
* For endothermic reactions, threshold energy equals the absolute value of the Q-value

* In exothermic reactions, threshold energy may be zero or a small positive value due to potential
barriers

» Threshold energy considerations crucial in designing nuclear experiments and reactors
* Helps determine optimal particle energies for inducing specific reactions

* Influences choice of projectiles and target nuclei in nuclear physics research

* Applications include:

» Neutron activation analysis for elemental composition studies

* Proton therapy in cancer treatment (precise energy control for targeted cell destruction)

6.3 Cross sections and reaction rates

Nuclear reactions and cross sections are crucial in understanding particle interactions. Cross sections
measure the likelihood of these interactions, while reaction rates quantify how often they occur. These
concepts are fundamental to nuclear physics and have wide-ranging applications.

From reactor design to medical treatments, cross sections and reaction rates play key roles. They help us
calculate everything from power output in nuclear plants to radiation therapy dosages. Understanding
these concepts is essential for anyone studying nuclear physics.

Cross Sections

Fundamental Concepts of Cross Sections

* Cross section measures probability of interaction between particles in nuclear and particle physics
* Quantifies likelihood of specific nuclear reactions or scattering events occurring

» Represented by Greek letter sigma (g) in equations and calculations

* Barn serves as unit of measurement for cross sections equaling 104-28 square meters

« Differential cross section describes angular distribution of scattered particles
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* Total cross section encompasses all possible interaction outcomes for a given particle and target

Microscopic and Macroscopic Cross Sections

* Microscopic cross section relates to individual particle interactions

* Denoted by lowercase sigma (g) in equations and typically measured in barns

» Depends on properties of incident particle and target nucleus

« Varies with energy of incoming particle and type of interaction (absorption, scattering, fission)

» Macroscopic cross section applies to bulk material properties

» Represented by uppercase sigma () in formulas and measured in inverse length units (cm”-1)
* Calculated by multiplying microscopic cross section by number density of target nuclei

* Describes probability of interaction per unit path length in material

* Relates to mean free path of particles traveling through medium

Applications and Calculations

+ Cross sections play crucial role in nuclear reactor design and operation

* Used to determine neutron absorption rates in fuel and moderator materials

* Essential for calculating criticality and power output in nuclear reactors

» Employed in radiation shielding calculations to assess material effectiveness
« Utilized in medical physics for planning radiation therapy treatments

* Integral to astrophysics for understanding stellar nucleosynthesis processes
* Cross section data obtained through experiments and theoretical models

» Measurements often involve particle accelerators and detectors

*» Theoretical calculations use quantum mechanics and nuclear physics principles

Reaction Rates

Fundamentals of Reaction Rates

 Reaction rate quantifies frequency of nuclear reactions occurring in given system
* Expressed as number of reactions per unit time per unit volume

+ Depends on particle flux and interaction cross section

* Flux represents number of particles passing through unit area per unit time

» Measured in particles per square centimeter per second (particles/cm”2/s)

* Mean free path describes average distance particle travels between interactions
+ Calculated as inverse of macroscopic cross section (A = 1/Z)

* Influences reaction probability and neutron transport in nuclear systems
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Calculating and Applying Reaction Rates
* Reaction rate (R) calculated using formula: R=® x ¥ x N
» ® represents particle flux, Z denotes macroscopic cross section, N indicates number of target nuclei
+ Units typically expressed in reactions per cubic centimeter per second (reactions/cm”3/s)
« Vital for determining power output in nuclear reactors
* Used to assess fuel burnup rates and isotope production in reactors
* Applied in neutron activation analysis for material composition studies
+ Crucial for estimating radiation damage in materials exposed to high-energy particles

* Employed in nuclear astrophysics to model stellar evolution and nucleosynthesis

Factors Affecting Reaction Rates

» Energy dependence of cross sections impacts reaction rates

» Temperature affects particle velocities and thus reaction probabilities

* Pressure influences particle density and collision frequency

« Catalyst presence can modify reaction pathways and rates

» Geometric factors like surface area affect reaction rates in heterogeneous systems
 Neutron spectrum in reactors influences overall reaction rates

» Resonance effects can dramatically increase reaction rates at specific energies

* Doppler broadening of resonance peaks affects reaction rates in nuclear fuel

* Neutron moderation processes impact reaction rates in thermal reactors

6.4 Nuclear reaction mechanisms

Nuclear reactions come in different flavors. Direct reactions happen fast, with the projectile interacting with
specific nucleons. They're great for studying nuclear structure and single-particle states. Think of them as
quick, targeted encounters.

Compound nucleus reactions are slower, with the projectile fully absorbed. The energy gets shared among
all nucleons before decay. These reactions help us understand nuclear states and resonances. It's like the
nucleus throwing a party where everyone mingles before saying goodbye.

Direct Nuclear Reactions

Mechanisms of Direct Reactions
* Direct reactions occur rapidly, typically within 102-22 seconds
* Involve interactions between projectile and specific nucleons in target nucleus
* Transfer energy or particles between projectile and target

 Characterized by forward-peaked angular distributions in the center-of-mass frame
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« Commonly observed at higher incident energies (above 10 MeV)

Types of Direct Reactions

« Stripping reactions involve projectile depositing one or more nucleons onto target nucleus
* (d,p) reaction: deuteron projectile transfers neutron to target, proton continues

* Resulting nucleus has atomic number increased by one

* Used to study nuclear structure and single-particle states

« Pick-up reactions occur when projectile removes one or more nucleons from target nucleus
* (p,d) reaction: proton projectile picks up neutron from target, forming deuteron

* Resulting nucleus has atomic number decreased by one

* Provide information about occupied nuclear states and shell structure

* Inelastic scattering involves projectile exciting target nucleus without particle exchange

* (p,p") reaction: proton scatters off target, leaving it in an excited state

* Useful for studying collective excitations and nuclear deformation

» Angular distribution of scattered particles reveals information about nuclear states

Analysis and Applications

+ DWBA (Distorted Wave Born Approximation) used to analyze direct reactions

* Spectroscopic factors extracted from experimental data compared to theoretical predictions
* Applications include:

* Determining spin and parity of nuclear states

« Studying nuclear shell structure

* Investigating nuclear deformation and collective modes

* Time-reversed reactions provide additional insights (stripping vs. pick-up)

Compound Nucleus Reactions

Formation and Characteristics

« Compound nucleus reactions involve complete absorption of projectile by target nucleus
» Formed compound nucleus exists for relatively long time (10*-16 to 10”-18 seconds)

* Energy distributed among all nucleons before decay

 Characterized by isotropic angular distributions in center-of-mass frame

* Typically observed at lower incident energies (below 10 MeV)

Resonance Reactions

» Resonance reactions occur when incident particle energy matches specific nuclear state
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» Sharp peaks in reaction cross-section observed at resonance energies

—_ [
* Breit-Wigner formula describes resonance shape: o(E) = EO—Ep 2
1+ ( rr2 )

« 00 peak cross-section

+ Er: resonance energy

« [": resonance width

* Resonances provide information about excited states and nuclear structure

* Applications include neutron spectroscopy and nuclear astrophysics

Optical Model and Analysis
+ Optical model treats nucleus as partially absorbing, refractive medium for incident particles
« Complex potential used to describe nuclear interaction: V(r) = Vr(r) + iVi(r)
« Vr(r): real part (elastic scattering)
« Vi(r): imaginary part (absorption)
* Model parameters adjusted to fit experimental data
* Provides framework for understanding both direct and compound reactions

* Used to calculate reaction cross-sections and angular distributions

Electromagnetic Nuclear Reactions

Coulomb Excitation Mechanism

» Coulomb excitation involves electromagnetic interaction between projectile and target nucleus
* No direct nuclear force involvement, only long-range electromagnetic forces
» Occurs when projectile passes close to target nucleus without penetrating nuclear surface

* Probability of excitation depends on impact parameter and projectile energy

Characteristics and Applications

» Predominantly excites low-lying collective states (rotational and vibrational)

« Cross-section increases with atomic number of projectile and target

« Useful for studying nuclear structure in stable and exotic nuclei

* Provides information on electromagnetic transition probabilities and nuclear deformation

» Safe probe for radioactive nuclei due to absence of nuclear contact

Analysis Techniques

» Semi-classical methods often used to describe Coulomb excitation process

» Quantum mechanical approaches necessary for detailed analysis
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* Multiple Coulomb excitation possible with heavy ions at higher energies
+ Angular distribution and energy spectra of scattered particles analyzed

» Comparison with theoretical models yields information on nuclear structure and dynamics
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Unit 7 — Interaction of Radiation with
Matter

7.1 Charged particle interactions

Charged particles interact with matter through ionization, excitation, and electromagnetic radiation
production. These processes determine how energy is transferred and deposited in materials, affecting
everything from radiation detection to biological effects.

Understanding particle energy loss mechanisms is crucial for nuclear physics applications. The
Bethe-Bloch formula helps calculate stopping power, while concepts like linear energy transfer and the
Bragg peak are essential for radiation therapy and shielding design.

Particle Interactions

lonization and Excitation Processes
* lonization occurs when charged particles strip electrons from atoms, creating ion pairs
* Requires energy transfer exceeding ionization potential of target atom
* Primary mechanism for energy loss in matter for heavy charged particles
« Excitation involves raising atomic electrons to higher energy states without ionization
» Excited atoms return to ground state by emitting characteristic X-rays or Auger electrons

* Both processes contribute to energy deposition in materials (dosimetry)

Electromagnetic Radiation Production
» Bremsstrahlung radiation produced when charged particles decelerate in electric field of nuclei
* Intensity proportional to square of particle acceleration and inversely proportional to mass
* More significant for lighter particles (electrons) than heavier ones (protons)
« Cerenkov radiation emitted when charged particles travel faster than speed of light in medium
* Creates characteristic blue glow in nuclear reactors and spent fuel pools

* Used in particle detectors and medical imaging (PET scans)
Energy Loss Mechanisms

Stopping Power and Linear Energy Transfer

« Stopping power describes average energy loss per unit path length of charged particle in matter
« Expressed as —dE/dXx, where E is energy and x is distance traveled
* Depends on particle properties (charge, mass, velocity) and medium characteristics

* Linear energy transfer (LET) quantifies energy transferred to medium per unit distance
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* High LET particles (alpha) deposit energy more densely than low LET particles (electrons)

« Impacts biological effectiveness of radiation and shielding requirements

Bethe-Bloch Formula and Energy Loss Calculations

* Bethe-Bloch formula provides theoretical framework for calculating stopping power

* Accounts for particle charge, velocity, and target material properties

« General form: =% = %NZ[M(M) —In(1 - B%) - Bl

* Where e is electron charge, z is projectile charge, v is velocity, N is target atom density
« Z is target atomic number, | is mean excitation potential, and 8 = v/c

+ Allows prediction of particle range and energy deposition in various materials

Particle Range
Bragg Peak and Energy Deposition

* Bragg peak represents maximum energy deposition near end of charged particle's path
* Results from increased interaction cross-section as particle slows down

» Characterized by sharp rise in energy deposition followed by rapid fall-off

 Exploited in radiation therapy to target tumors while sparing surrounding healthy tissue

* Position of Bragg peak depends on initial particle energy and target material density

Range Calculations and Practical Applications

* Range defines average distance traveled by charged particle before coming to rest

« Calculated by integrating reciprocal of stopping power over particle's energy

« Varies with particle type, initial energy, and target material composition

* Practical applications include designing radiation shielding and particle beam therapy

* Range-energy tables provide quick reference for common particle-material combinations

* Monte Carlo simulations offer more accurate range predictions in complex geometries

7.2 Photon interactions with matter

Photons interact with matter in fascinating ways, shaping how radiation behaves around us. From the
photoelectric effect to pair production, these processes determine how energy is transferred and absorbed
in materials.

Understanding photon interactions is key to grasping radiation's impact on our world. We'll explore how
different materials and energies affect these interactions, and how we can use this knowledge for
protection and practical applications.
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Photon Interactions

Photoelectric Effect and Compton Scattering

* Photoelectric effect occurs when a photon transfers all its energy to an atomic electron

« Electron is ejected from the atom with kinetic energy equal to photon energy minus binding energy
* Predominant at low photon energies (below 100 keV for most materials)

« Cross-section varies approximately as Z4/E>, where Z is atomic number and E is photon energy

» Compton scattering involves partial energy transfer from photon to electron

« Scattered photon continues with reduced energy and changed direction

» Dominant process for intermediate photon energies (0.1 to 10 MeV for most materials)

E'= 1+-E g

(1-cos6), where 0 is scattering angle

mec?

* Energy of scattered photon given by

 Both processes contribute to ionization and energy deposition in matter

Pair Production and Cross-section

« Pair production creates an electron-positron pair from a high-energy photon

* Requires photon energy of at least 1.022 MeV (twice the electron rest mass)

* Occurs in the electric field of an atomic nucleus

» Dominant process for high photon energies (above 10 MeV for most materials)
* Cross-section increases with atomic number and photon energy

* Cross-section represents probability of photon interaction per atom

» Total cross-section is sum of individual process cross-sections

« Measured in units of area (barns, 1 barn = 1072* cm?)

* Varies with photon energy and atomic number of absorber

* Used to calculate attenuation coefficients and interaction probabilities

Attenuation Properties

Attenuation Coefficient and Mean Free Path

« Attenuation coefficient quantifies photon beam intensity reduction in matter

« Linear attenuation coefficient (u) measured in cm”-1

» Mass attenuation coefficient (u/p) in cm”2/g, independent of material density

« Beam intensity follows exponential decay: [ = lpe ™**

* Mean free path represents average distance traveled by photon before interaction

« Calculated as inverse of linear attenuation coefficient: A = 1/u
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* Varies with photon energy and material composition

» Longer mean free path indicates greater penetration depth

Half-value Layer and Energy Absorption
* Half-value layer (HVL) thickness of material that reduces beam intensity by half
« Related to attenuation coefficient: HVL = In(2)/u
* Used in radiation shielding calculations and quality assurance
» Multiple HVLs can be used to achieve desired attenuation (tenth-value layer)
 Energy absorption describes transfer of photon energy to matter
» Energy absorption coefficient (uen) accounts for energy carried away by scattered photons
* Fraction of photon energy absorbed depends on interaction process and material
« Important for dosimetry and radiation protection calculations

+ Energy absorption build-up factor corrects for multiple scattering events

7.3 Neutron interactions

Neutron interactions are crucial in understanding radiation behavior. They involve scattering, where
neutrons bounce off nuclei, and absorption, where neutrons are captured. These processes shape how
neutrons move through matter and affect nuclear reactions.

Neutron moderation slows down fast neutrons, making them more likely to cause fission. This is key in
nuclear reactors. Different materials have varying abilities to moderate neutrons, influencing reactor design
and safety measures.

Neutron Scattering

Types of Neutron Scattering

« Elastic scattering occurs when a neutron collides with a nucleus without changing its internal energy
* Total kinetic energy of the system remains constant

* Neutron's direction changes while its speed may decrease

« Commonly observed in light nuclei (hydrogen, helium)

* Inelastic scattering involves a neutron collision that excites the target nucleus

« Part of the neutron's kinetic energy transfers to the nucleus

* Excited nucleus later emits gamma radiation to return to ground state

* More prevalent in heavier nuclei (uranium, plutonium)

+ Cross-section measures the probability of neutron interactions with nuclei

» Expressed in units of barns (1 barn = 10*-24 cm”2)

* Varies with neutron energy and target nucleus
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« Influences neutron transport and reactor design calculations

Factors Affecting Neutron Scattering

» Neutron energy plays a crucial role in determining scattering behavior

+ Fast neutrons (> 1 MeV) more likely to undergo inelastic scattering

» Thermal neutrons (< 1 eV) primarily experience elastic scattering

* Target nucleus mass impacts scattering outcomes

« Light nuclei cause greater energy loss in elastic collisions (hydrogen most effective)
* Heavy nuclei result in minimal energy transfer during elastic scattering

« Scattering angle affects energy transfer in elastic collisions

* Head-on collisions maximize energy transfer

* Glancing collisions result in minimal energy loss for the neutron

Neutron Absorption

Neutron Capture Processes

+ Neutron capture occurs when a nucleus absorbs a neutron without fissioning
* Results in the formation of a heavier isotope

* Often followed by gamma-ray emission (radiative capture)

« Can lead to the production of radioactive isotopes (neutron activation)

+ Fission involves the splitting of a heavy nucleus after neutron absorption

* Releases energy, neutrons, and fission products

* Crucial process in nuclear reactors and weapons

* Primarily observed in fissile isotopes (uranium-235, plutonium-239)

» Neutron activation produces radioactive isotopes through neutron capture

» Used in various applications (material analysis, medical isotope production)

» Can cause undesirable radioactivity in reactor structural materials

Absorption Cross-sections and Resonances

+ Absorption cross-sections vary widely among different elements

» Some elements have very high absorption cross-sections (boron, cadmium)
* Others have relatively low absorption cross-sections (carbon, oxygen)

* Resonance absorption occurs at specific neutron energies

* Results in sharp peaks in the absorption cross-section

* Important in reactor physics and neutron shielding design
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* Absorption cross-sections generally decrease with increasing neutron energy
» Exception occurs in the resonance region

* Influences neutron economy in nuclear reactors

Neutron Moderation

Principles of Neutron Moderation

» Neutron moderation reduces the kinetic energy of fast neutrons

+ Converts fast neutrons to thermal neutrons for sustained fission reactions
+ Essential process in thermal nuclear reactors

« Utilizes primarily elastic scattering interactions

« Elastic scattering serves as the primary mechanism for neutron moderation
* Most effective with light nuclei (hydrogen, deuterium, carbon)

* Neutrons lose energy through multiple collisions

» Average energy loss per collision depends on target nucleus mass

* Inelastic scattering contributes to moderation at higher neutron energies
* Less efficient than elastic scattering for moderation

» Becomes significant for neutrons above 1 MeV

* More prevalent in heavy nuclei

Moderator Properties and Selection

* Ideal moderators possess specific characteristics

 Low neutron absorption cross-section to minimize neutron loss

+ High scattering cross-section for efficient energy transfer

* Large energy loss per collision (light nuclei preferred)

« Common moderator materials include

* Light water (H20) most widely used but has relatively high absorption
» Heavy water (D20) excellent moderator with very low absorption

* Graphite (carbon) good moderator properties and high temperature resistance
* Moderator effectiveness measured by moderating ratio

* Ratio of scattering power to absorption cross-section

* Higher values indicate better moderation properties

» Heavy water has the highest moderating ratio among common moderators
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7.4 Radiation dosimetry and biological effects

Radiation dosimetry measures how much energy radiation deposits in matter. It's crucial for understanding
radiation's effects on our bodies. We use special units like grays and sieverts to quantify doses and their
biological impact.

Radiation can cause both immediate and long-term health effects. Short-term issues range from mild
symptoms to severe acute radiation syndrome. Long-term risks include cancer and genetic changes.
Understanding these effects helps us set safety limits and use radiation responsibly.

Radiation Dosimetry

Dose Measurement Concepts

» Absorbed dose quantifies energy deposited in matter by ionizing radiation per unit mass

* Gray (Gy) serves as the Sl unit for absorbed dose, equal to 1 joule of energy absorbed per kilogram of
matter

 Equivalent dose accounts for biological effectiveness of different radiation types

« Sievert (Sv) represents the unit for equivalent dose, calculated by multiplying absorbed dose by
radiation weighting factor

« Effective dose considers sensitivity of different organs and tissues to radiation exposure

+ Radiation weighting factor reflects relative biological effectiveness of various radiation types (1 for
x-rays and gamma rays, 20 for alpha particles)

* Tissue weighting factor accounts for varying radiosensitivity of different organs and tissues (higher for
gonads and bone marrow, lower for skin and bone surface)

Dose Calculation and Applications

* Equivalent dose calculation involves multiplying absorbed dose by radiation weighting factor

« Effective dose determined by summing products of equivalent doses to organs and their tissue
weighting factors

* Dosimetry techniques include film badges, thermoluminescent dosimeters (TLDs), and electronic
personal dosimeters

* Dose limits established by regulatory bodies to protect radiation workers and general public

* ALARA principle (As Low As Reasonably Achievable) guides radiation protection practices in medical
and industrial settings

* Dose fractionation in radiotherapy divides total radiation dose into smaller doses over time to minimize
damage to healthy tissues

Radiation Exposure Models

Linear No-Threshold Model and Risk Assessment

* Linear no-threshold (LNT) model assumes radiation risk proportional to dose without a safe threshold

* LNT model widely used for radiation protection regulations and risk estimates
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« Stochastic effects occur randomly with probability increasing with dose (cancer induction, genetic
mutations)

 Deterministic effects have a threshold dose below which no effect occurs (radiation burns, cataracts)

* Risk assessment based on epidemiological studies of radiation-exposed populations (atomic bomb
survivors, nuclear workers)

« Controversy surrounds applicability of LNT model at low doses due to limited data and potential
adaptive responses

Alternative Models and Dose-Response Relationships

* Hormesis model suggests low doses of radiation may have beneficial effects on health

* Threshold model proposes a dose below which no harmful effects occur

* Linear-quadratic model describes cell survival curves in radiobiology

* Dose-rate effects account for differences in biological response to acute vs. chronic exposures
* Bystander effect refers to radiation-induced changes in cells not directly hit by radiation

» Adaptive response describes increased radioresistance following low-dose exposure

Biological Effects of Radiation

Acute Radiation Syndrome and Short-Term Effects

+ Acute radiation syndrome (ARS) results from high-dose, whole-body exposure over a short time

* ARS stages include prodromal phase, latent phase, and manifest iliness phase

* Hematopoietic syndrome affects blood-forming organs at doses above 2-3 Gy

« Gastrointestinal syndrome occurs at doses above 5-10 Gy, causing severe damage to intestinal lining

« Cardiovascular/central nervous system syndrome seen at doses above 20-30 Gy, often fatal within
days

» Short-term effects include nausea, vomiting, fatigue, and hair loss

+ LD50/30 dose refers to lethal dose causing 50% mortality within 30 days (around 4-5 Gy without
medical intervention)

Radiosensitivity and Long-Term Effects

» Radiosensitivity varies among different cell types and tissues

» Law of Bergonié and Tribondeau states rapidly dividing, undifferentiated cells are most radiosensitive
» Oxygen effect enhances radiation damage in well-oxygenated tissues

* DNA damage includes single-strand breaks, double-strand breaks, and base modifications

» Chromosomal aberrations can lead to cell death or mutations

* Long-term effects include increased cancer risk, genetic effects, and cataracts

+ Radiation-induced cancers have a latency period of years to decades
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* Fetal exposure risks include growth retardation, microcephaly, and intellectual disability
* Genetic effects may impact future generations through mutations in germ cells

+ Radiation protection measures aim to minimize both deterministic and stochastic effects
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Unit 8 — Nuclear Physics: Detectors &
Instrumentation

8.1 Gas-filled detectors

Gas-filled detectors are the workhorses of radiation measurement. They use ionization in gases to detect
and measure radiation, with three main types: ionization chambers, proportional counters, and
Geiger-Mdller counters.

These detectors play a crucial role in nuclear physics instrumentation. By understanding their principles,
from basic ionization to gas multiplication and avalanche effects, we can grasp how they enable precise
radiation detection and measurement in various applications.

lonization Detectors

Basic Principles of lonization Detectors

* lonization detectors measure radiation by collecting ions produced when radiation interacts with gas
molecules

+ Consist of a gas-filled chamber with two electrodes (anode and cathode) connected to a high voltage
power supply

* Incoming radiation creates ion pairs in the gas, which are then collected by the electrodes

« Signal produced depends on the number of ion pairs created, correlating to the energy of the incident
radiation

» Three main types include ionization chambers, proportional counters, and Geiger-Miiller counters

* Fill gas plays a crucial role in detector operation (noble gases like argon or helium often used)

lonization Chamber and Proportional Counter

* lonization chamber operates in the ion saturation region, collecting all initially produced ion pairs
* Provides accurate energy measurements for high-energy particles or intense radiation fields

* Used in applications such as radiation dose measurements and particle beam monitoring

* Proportional counter operates at higher voltages, inducing gas multiplication

» Amplifies the initial ionization signal through secondary ionization processes

* Allows detection of lower energy radiation and provides energy resolution capabilities

» Commonly used for spectroscopy and neutron detection (using boron trifluoride gas)

Geiger-Muller Counter and Fill Gas Characteristics

* Geiger-Miiller counter operates at even higher voltages, producing a large avalanche for each incident
particle
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» Generates a uniform pulse regardless of initial ionization, sacrificing energy resolution for high
sensitivity

» Widely used for radiation surveys and contamination monitoring due to its simplicity and robustness
« Fill gas composition affects detector performance and characteristics
* Noble gases (argon, neon) provide stability and high ionization efficiency

* Quench gases (ethanol, halogen gases) added to prevent continuous discharge and improve detector
recovery time

Gas Multiplication and Avalanche Effect

Mechanisms of Gas Multiplication

» Gas multiplication occurs when the electric field strength exceeds a certain threshold

» Primary electrons gain enough energy between collisions to ionize additional gas molecules
* Creates a cascade of secondary ionizations, amplifying the initial signal

* Multiplication factor depends on applied voltage, gas pressure, and electrode geometry

+ Enables detection of low-energy radiation and improves signal-to-noise ratio

* Occurs in proportional counters and Geiger-Muller tubes, but not in ionization chambers

Avalanche Effect and its Consequences

+ Avalanche effect refers to the exponential growth of charge carriers in the gas

« Initiates when electrons gain sufficient energy to cause ionization between collisions

* Leads to formation of electron-ion pairs that multiply rapidly in the strong electric field
* Results in a measurable current pulse at the electrodes

* Avalanche size determined by gas properties, applied voltage, and detector geometry

 Can lead to continuous discharge if not properly controlled (Geiger discharge)

Quenching Mechanisms and Importance

» Quenching prevents continuous discharge and allows detector to reset after each event

» External quenching involves using an external circuit to reduce applied voltage temporarily

« Internal quenching utilizes special gases (quench gases) to absorb photons and dissipate energy
» Organic quench gases (methane, ethanol) dissociate upon ionization, absorbing energy

» Halogen quench gases (chlorine, bromine) have high electron affinity, capturing free electrons

* Proper quenching essential for detector stability, longevity, and accurate measurements

» Quenching efficiency affects detector dead time and maximum counting rate
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Detector Limitations

Understanding Dead Time in Radiation Detectors

» Dead time refers to the period after each event during which the detector cannot process new events
+ Caused by the finite time required for ion collection, signal processing, and detector recovery

* Leads to count rate losses, especially at high radiation intensities

» Two types: paralyzable (extends dead time with each event) and non-paralyzable (fixed dead time)

« Affects measurement accuracy, particularly in high-flux environments

» Can be minimized through improved detector design and signal processing techniques

Factors Affecting Detector Performance

* Energy resolution limited by statistical fluctuations in ionization process and gas multiplication

* Detector efficiency varies with radiation type, energy, and fill gas composition

» Wall effects in cylindrical detectors can lead to partial energy deposition and spectral distortions

» Recombination of ion pairs before collection reduces signal amplitude, especially at low electric fields
 Space charge effects at high count rates can distort the electric field and affect detector response

* Aging effects due to gas contamination or electrode degradation can alter detector characteristics over
time

Mitigating Detector Limitations
+ Implement dead time corrections to account for count rate losses in high-flux measurements
* Use pulse-shape discrimination techniques to improve energy resolution and particle identification
 Optimize fill gas composition and pressure to balance detection efficiency and energy resolution
* Apply guard rings or field shaping electrodes to minimize edge effects and improve uniformity

» Employ active background suppression methods (anticoincidence techniques) to reduce unwanted
signals

* Regular calibration and quality control procedures ensure consistent detector performance over time

8.2 Scintillation and semiconductor detectors

Scintillation and semiconductor detectors are crucial tools in nuclear physics. They convert radiation into
measurable signals, allowing scientists to study radioactive decay and nuclear reactions. These detectors
differ in their materials and operating principles, offering unique advantages for various applications.

Scintillators use light-emitting materials and photomultiplier tubes, while semiconductors rely on
electron-hole pair creation in crystals. Both types have strengths: scintillators are versatile and
cost-effective, while semiconductors offer superior energy resolution. Understanding their properties is key
to choosing the right detector for specific experiments.
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Scintillation Detectors

Scintillation Process and Photomultiplier Tube

« Scintillation process converts ionizing radiation into visible light
* Incident radiation excites atoms or molecules in scintillator material
» Excited atoms quickly de-excite, emitting photons in visible spectrum

« Scintillator materials include organic crystals (anthracene), inorganic crystals (Nal(Tl)), and organic
liquids (liquid xenon)

 Photomultiplier tube (PMT) amplifies weak light signals from scintillator

* PMT consists of photocathode, dynodes, and anode

» Photocathode converts light photons into electrons through photoelectric effect
* Dynodes multiply electrons through secondary emission

* Typical PMT gain ranges from 10"5 to 107

* Anode collects amplified electron signal for further processing

Sodium lodide Detector and Energy Resolution

» Sodium iodide (Nal) detector widely used for gamma-ray spectroscopy

* Nal crystal typically doped with thallium (TI) to enhance light output

+ Nal(TI) offers high detection efficiency for gamma rays due to high atomic number of iodine
« Light output of Nal(TI) proportional to energy deposited by incident radiation

* Energy resolution of Nal(Tl) detector typically ranges from 6% to 10% at 662 keV

« Factors affecting energy resolution include statistical fluctuations in scintillation process, light
collection efficiency, and PMT performance

* Nal(TI) detectors operate at room temperature, making them convenient for field applications

+ Limitations include hygroscopic nature (sensitive to moisture) and relatively poor energy resolution
compared to semiconductor detectors

Semiconductor Detectors

Germanium Detector Characteristics

» Germanium detectors offer superior energy resolution for gamma-ray spectroscopy
* High-purity germanium (HPGe) crystals used to minimize impurities

» Germanium has lower band gap (0.67 eV) compared to silicon (1.12 eV)

+ Cooling to liquid nitrogen temperature (77 K) required to reduce thermal noise

* Depletion region created by applying reverse bias voltage

* Incident radiation creates electron-hole pairs in depletion region
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* Number of electron-hole pairs proportional to energy deposited
 Charge carriers collected by electrodes, producing electrical signal
* Energy resolution of HPGe detectors typically 0.1% to 0.3% at 662 keV

* Excellent for identifying closely spaced gamma-ray energies in complex spectra

Silicon Detector Applications

« Silicon detectors widely used for charged particle detection

* Operate at room temperature due to larger band gap compared to germanium

« Silicon surface barrier detectors measure alpha particles and heavy ions

* Lithium-drifted silicon (Si(Li)) detectors used for X-ray spectroscopy

« Silicon drift detectors (SDD) offer improved energy resolution and count rate capability
« Silicon photomultipliers (SiPM) combine advantages of solid-state detectors and PMTs
* SiPMs consist of arrays of avalanche photodiodes operating in Geiger mode

* Applications include particle physics experiments, medical imaging (PET scanners), and radiation
monitoring

Energy Resolution Comparison

 Energy resolution quantifies detector's ability to distinguish between closely spaced energies
» Expressed as full width at half maximum (FWHM) divided by peak centroid energy

» Semiconductor detectors offer superior energy resolution compared to scintillators

» HPGe detectors achieve ~0.2% resolution at 662 keV

« Si(Li) detectors typically offer 150-200 eV resolution for X-rays

* Factors affecting energy resolution include charge carrier statistics, electronic noise, and charge
collection efficiency

+ Trade-offs between energy resolution, detection efficiency, and operational requirements (cooling,
cost) influence detector choice for specific applications

Interaction Mechanisms

Photoelectric Effect

» Dominant interaction mechanism for low-energy gamma rays (< 100 keV)

* Incident photon transfers all its energy to a bound electron

* Electron ejected from atom with kinetic energy equal to photon energy minus binding energy
* Cross-section proportional to Z*4-5 of absorber material

* Results in full-energy peak in gamma-ray spectrum

* Auger electrons or characteristic X-rays emitted as atom de-excites
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* Photoelectric effect crucial for X-ray spectroscopy and medical imaging (CT scans)

Compton Scattering

« Elastic scattering of photon by free or loosely bound electron
+ Incident photon transfers part of its energy to electron
« Scattered photon emerges with reduced energy at an angle 6

E' £

« Energy of scattered photon given by Compton formula: = = T+ —E.(1-cos6)

* Produces continuous distribution of energies in spectrum (Compton continuum)
» Compton edge corresponds to maximum energy transfer (180° scattering)

» Dominant interaction mechanism for intermediate gamma-ray energies (0.1-10 MeV) in low-Z
materials

* Applications include Compton cameras for medical imaging and homeland security

Pair Production

» Occurs when photon energy exceeds 1.022 MeV (twice electron rest mass)

 Photon converts into electron-positron pair in presence of nuclear Coulomb field

* Threshold energy: 2m_ec”2 = 1.022 MeV

» Excess energy above threshold shared as kinetic energy between electron and positron

» Cross-section increases with photon energy and atomic number of absorber

* Positron quickly annihilates with electron, producing two 511 keV photons

» Spectrum features include full-energy peak, single escape peak, and double escape peak
* Dominant interaction mechanism for high-energy gamma rays (> 10 MeV)

* Exploited in positron emission tomography (PET) for medical imaging

8.3 Particle accelerators

Particle accelerators are crucial tools in nuclear physics, propelling subatomic particles to high speeds.
They come in various types, from linear accelerators to cyclotrons and synchrotrons, each with unique
designs and applications.

These machines use electromagnetic fields to accelerate and control particle beams. Key components
include RF cavities for energy transfer and focusing systems to maintain beam coherence. Accelerators
enable groundbreaking research and have practical uses in medicine and industry.

Types of Particle Accelerators

Linear and Circular Accelerators

« Linear accelerator (LINAC) accelerates particles in a straight line

+ Consists of a series of accelerating cavities aligned in a straight path
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« Particles gain energy as they pass through each cavity

+ Used for initial acceleration in larger accelerator complexes (CERN's LINAC 2)

* Applications include medical radiation therapy and materials science research

* Cyclotron employs a spiral path for particle acceleration

* Uses a constant magnetic field and alternating electric field

* Particles follow an outward spiral trajectory as they gain energy

» Compact design allows for continuous beam production

» Commonly used in medical isotope production and cancer treatment (proton therapy)
» Synchrotron accelerates particles in a circular ring

* Employs synchronized magnetic and electric fields

» Magnetic field strength increases with particle energy to maintain a constant orbit
» Capable of achieving very high energies (Large Hadron Collider at CERN)

* Used in high-energy physics research and synchrotron radiation facilities

Specialized Accelerator Types

« Betatron accelerates electrons using electromagnetic induction

+ Consists of a toroidal vacuum chamber within a varying magnetic field

« Electrons are accelerated by the changing magnetic flux

* Primarily used for generating high-energy X-rays in medical and industrial applications
« Electrostatic accelerator uses static electric fields for particle acceleration

* Van de Graaff generator accumulates charge on a hollow metal sphere

* Particles are accelerated through a potential difference

» Tandem accelerators use the concept twice for higher energies

* Applications include ion implantation in semiconductor manufacturing and nuclear physics research

Components and Processes

Acceleration and Beam Control

* RF cavities provide energy to particle beams

* Use electromagnetic waves to create oscillating electric fields

« Particles gain energy by synchronizing their passage with the field oscillations
« Allow for precise control of particle energy and timing

« Different cavity designs optimize for various particle types and energy ranges

» Beam focusing maintains particle beam coherence and intensity
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* Employs magnetic quadrupoles and sextupoles to counteract beam divergence
« Strong focusing technique alternates focusing and defocusing elements
» Beam cooling methods reduce the spread of particle momenta (stochastic cooling, electron cooling)

« Critical for achieving high luminosity in collider experiments

Beam Manipulation and Utilization

« Particle injection introduces particles into the accelerator

* Involves a precise sequence of timing and energy matching

+ Often uses a series of pre-accelerators (LINAC, booster synchrotron)

* Injection kicker magnets deflect incoming particles onto the main accelerator orbit
 Multiturn injection techniques increase the number of particles in circular accelerators
« Extraction removes accelerated particles for experiments or applications

+ Fast extraction uses kicker magnets for rapid beam removal (neutrino experiments)

* Slow extraction employs resonant extraction to provide a continuous particle beam

* Crystal extraction uses bent crystals to channel particles out of the accelerator

+ Extraction systems must minimize beam loss and maintain beam quality

8.4 Data acquisition and analysis techniques

Data acquisition and analysis are crucial in nuclear physics experiments. These techniques allow scientists
to collect, process, and interpret radiation data accurately. From pulse height analysis to coincidence
measurements, researchers employ various methods to extract meaningful information from detector
signals.

Statistical analysis plays a vital role in interpreting nuclear physics data. Scientists use error propagation,
hypothesis testing, and confidence intervals to ensure the reliability of their findings. These tools help
researchers draw accurate conclusions from complex experimental setups and measurements.

Pulse Height and Energy Analysis

Pulse Height Analysis and Multichannel Analyzers

* Pulse height analysis measures the amplitude of electrical pulses produced by radiation detectors
« Amplitude of pulses correlates directly with the energy deposited by incident radiation

* Multichannel analyzers (MCAs) sort and count pulses based on their amplitudes

* MCAs consist of an analog-to-digital converter (ADC) and a memory array

» ADC converts analog pulse heights into digital values

* Memory array stores counts in channels corresponding to specific pulse height ranges

+ Resulting spectrum displays number of counts versus channel number or energy
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Energy Calibration and Efficiency Correction

* Energy calibration converts channel numbers to actual energy values

* Process involves using known radioactive sources with well-defined energy peaks

« Calibration curve established by plotting channel numbers against known energies
* Linear or polynomial fit applied to determine energy-channel relationship

« Efficiency correction accounts for detector's varying response to different energies
« Correction factors applied to compensate for energy-dependent detection efficiency
* Involves measuring standard sources with known activities across energy range

« Efficiency curve generated to adjust raw spectra for accurate activity measurements

Peak Fitting and Analysis
* Peak fitting determines precise position, width, and area of spectral peaks
» Gaussian function commonly used to model peak shapes in gamma-ray spectra
* Least-squares fitting algorithms employed to optimize peak parameters
* Peak area proportional to the number of detected events for a specific energy
* Peak centroid represents the average energy of the radiation
* Full Width at Half Maximum (FWHM) indicates energy resolution of the detector
» Multiple overlapping peaks require deconvolution techniques

» Background continuum subtracted before peak fitting to improve accuracy

Coincidence and Time-of-Flight Techniques

Coincidence Measurements

+ Coincidence measurements detect two or more radiation events occurring simultaneously
« Utilized to study nuclear decay schemes and particle interactions

* Fast timing circuits essential for precise coincidence detection

* Time window set to distinguish true coincidences from random events

* Applications include gamma-gamma coincidence spectroscopy in nuclear structure studies
« Coincidence techniques reduce background and improve signal-to-noise ratio

+ Angular correlation measurements provide information on nuclear spin states

Time-of-Flight Spectroscopy

« Time-of-Flight (TOF) spectroscopy measures the time taken for particles to travel a known distance
» TOF used to determine particle velocity and, consequently, its energy or mass

* Requires precise timing detectors and electronics (picosecond resolution)
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« Start and stop signals generated by separate detectors or accelerator RF

» TOF spectrum shows intensity versus flight time or derived quantities

* Applications include neutron energy spectroscopy and heavy ion identification
» Mass spectrometry benefits from TOF techniques for particle separation

* Velocity measurements in TOF enable particle identification in nuclear reactions

Data Processing and Interpretation

Background Subtraction and Spectrum Analysis

» Background subtraction removes unwanted contributions from natural radioactivity and cosmic rays
» Methods include using blank samples or modeling background based on spectral features

» Compton continuum subtraction improves peak-to-background ratio in gamma-ray spectra

* Spectrum deconvolution techniques separate overlapping peaks

« Peak area determination crucial for quantitative analysis of radionuclides

« Interference corrections account for contributions from other radionuclides

* Spectrum libraries aid in identifying unknown radioactive sources

 Software packages (GENIE, GammaVision) automate many aspects of spectrum analysis

Statistical Analysis and Error Propagation

* Poisson statistics govern radioactive decay and detection processes

« Standard deviation in counting measurements equals square root of total counts
* Propagation of uncertainties considers all sources of error in final results

» Counting statistics, calibration uncertainties, and systematic errors combined

+ Chi-square test assesses goodness of fit for peak fitting and calibration curves

+ Confidence intervals provide range of values likely to contain true parameter

* Detection limits calculated based on background fluctuations and efficiency

* Hypothesis testing used to compare results or validate measurement techniques
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Unit 9 — Nuclear Fission and Nuclear
Reactors

9.1 Fission process and energy release

Nuclear fission is a process where heavy atomic nuclei split, releasing energy and neutrons. This
phenomenon forms the basis of nuclear power and weapons, with key fissile isotopes like uranium-235 and
plutonium-239 playing crucial roles in chain reactions.

The energy released in fission comes from the difference in binding energy between the original nucleus
and its fragments. This massive energy output, typically around 200 MeV per fission event, is distributed
among various forms, including kinetic energy and radiation.

Nuclear Fission Process

Fission Fundamentals and Isotopes
* Nuclear fission involves splitting heavy atomic nuclei into lighter nuclei
* Process releases energy and neutrons, enabling chain reactions
* Fissile isotopes undergo fission when bombarded with low-energy neutrons
» Common fissile isotopes include uranium-235, plutonium-239, and uranium-233
* Neutron-induced fission occurs when a nucleus absorbs a neutron, becoming unstable
* Unstable nucleus splits into two or more lighter nuclei called fission fragments

* Fission fragments typically have mass numbers between 70 and 160

Neutron Production and Characteristics
» Prompt neutrons emerge immediately during fission process (within 10*-14 seconds)
* Average of 2-3 prompt neutrons released per fission event
* Delayed neutrons emitted by certain fission products seconds to minutes after fission
* Delayed neutrons crucial for controlling nuclear reactors

 Neutron emission probability varies among fissile isotopes (uranium-235: ~0.0158, plutonium-239:
~0.0061)

* Energy spectrum of emitted neutrons ranges from 0.1 MeV to 10 MeV

» Neutron multiplicity (average number of neutrons per fission) depends on incident neutron energy

Fission Chain Reactions and Applications
+ Chain reaction occurs when neutrons from one fission event trigger subsequent fissions
* Critical mass required to sustain chain reaction

* Controlled chain reactions used in nuclear power plants for energy generation
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* Uncontrolled chain reactions form the basis of nuclear weapons
» Neutron moderators (water, graphite) slow down neutrons to increase fission probability
» Neutron absorbers (control rods) regulate chain reaction in nuclear reactors

* Applications of nuclear fission include medical isotope production and neutron radiography

Energy Release in Fission

Binding Energy and Mass-Energy Equivalence

* Binding energy represents the energy required to break apart a nucleus into its constituent nucleons
« Calculated using Einstein's mass-energy equivalence equation: £ = mc?

» Mass defect measures the difference between the mass of a nucleus and the sum of its constituent
nucleon masses

« Mass defect directly related to binding energy through £ = Amc?

+ Binding energy per nucleon peaks around iron-56, explaining why fission of heavy nuclei releases
energy

+ Typical binding energy per nucleon for uranium-235: ~7.6 MeV, for fission products: ~8.5 MeV

Energy Distribution in Fission Reactions

* Total energy released in fission reaction distributed among various forms

+ Kinetic energy of fission fragments accounts for ~80% of total energy release

* Prompt neutrons carry ~2-3% of total energy

» Gamma radiation emitted during fission process contributes ~7% of energy

+ Beta decay of fission products releases ~7% of total energy

* Neutrinos produced during beta decay carry away ~10 MeV per fission (not typically recoverable)

 Energy distribution varies slightly depending on fissile isotope and incident neutron energy

Q-Value and Energy Calculations

» Q-value represents the total energy released in a nuclear reaction

« For fission, Q-value calculated as difference between initial and final rest masses: Q = (m; — my)c?
* Typical Q-value for uranium-235 fission: ~200 MeV

» Energy release per fission event significantly higher than chemical reactions (factor of ~1017)

» Q-value used to determine energy output of nuclear reactors and weapons

* Fission energy yield often expressed in terms of TNT equivalent (1 kg U-235 = 20 kilotons TNT)

« Efficiency of energy conversion in nuclear reactors typically 30-40% due to thermodynamic limitations
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9.2 Chain reactions and critical mass

Nuclear chain reactions are the heart of nuclear power and weapons. They occur when one fission triggers
more, releasing energy and neutrons. The key is the neutron multiplication factor, which determines if
reactions increase, decrease, or stay steady.

Critical mass is the minimum amount of fissile material needed for a self-sustaining reaction. It depends on
factors like fuel type and geometry. Controlling neutron behavior through moderation, absorption, and
reflection is crucial for safe nuclear power generation.

Nuclear Chain Reactions

Fundamentals of Chain Reactions

+ Chain reaction occurs when one nuclear reaction triggers subsequent reactions

* Process begins with neutron-induced fission of a heavy nucleus (uranium-235 or plutonium-239)
* Fission releases additional neutrons which can induce further fissions

* Neutrons produced per fission range from 2 to 3 on average

» Neutron multiplication factor (k) measures the rate of change in neutron population

* Defined as the ratio of neutrons in one generation to the previous generation

* k < 1 indicates decreasing neutron population

* k > 1 indicates increasing neutron population

* k = 1 represents a steady-state reaction

Reaction States and Criticality

» Subcritical state occurs when k < 1

» Neutron population decreases over time

+ Reaction cannot sustain itself without external neutron source
* Supercritical state happens when k > 1

* Neutron population grows exponentially

+ Reaction rate increases rapidly

+ Can lead to uncontrolled energy release (nuclear weapons)
* Criticality achieved when k = 1

» Neutron population remains constant

* Reaction is self-sustaining

+ Desired state for controlled nuclear power generation

* Factors affecting criticality include fuel composition, geometry, and neutron moderation
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Critical Mass and Neutron Behavior

Critical Mass Concept

+ Critical mass defines the minimum amount of fissile material needed to sustain a chain reaction
» Depends on various factors:

* Type of fissile material (uranium-235, plutonium-239)

» Geometry of the fuel assembly

* Presence of neutron reflectors or absorbers

* Sphere shape typically requires the least mass to achieve criticality

+ Critical mass for uranium-235 sphere: approximately 52 kg

* Critical mass for plutonium-239 sphere: approximately 10 kg

Neutron Moderation and Absorption

* Neutron moderator slows down fast neutrons to increase fission probability

« Common moderators include water, heavy water, and graphite

* Slowing neutrons increases their chance of being captured by fissile nuclei

* Neutron absorption occurs when neutrons are captured without causing fission
* Neutron-absorbing materials (boron, cadmium) used for reactor control

» Some absorbed neutrons may lead to breeding of new fissile material (plutonium-239 from
uranium-238)

* Neutron leakage refers to neutrons escaping the reactor core
« Influenced by reactor size, shape, and presence of reflectors
» Smaller reactors experience higher leakage rates

* Neutron reflectors (beryllium, steel) can redirect escaping neutrons back into the core

Balancing Neutron Behavior in Reactors

« Effective neutron multiplication factor (keff) accounts for leakage

« keff = k * (1 - leakage probability)

* Reactor control systems adjust neutron population to maintain criticality
+ Control rods absorb excess neutrons

* Adjusting moderator concentration or temperature

* Delayed neutrons from fission products crucial for reactor control

» Comprise about 0.65% of total neutrons in uranium-235 fission

* Provide time delay allowing for human or automated intervention
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9.3 Nuclear reactor types and components

Nuclear reactors come in various types, each with unique designs and components. Pressurized Water
Reactors and Boiling Water Reactors are the most common, using water as both coolant and moderator.
Fast Breeder Reactors, on the other hand, use liquid metal coolants and produce more fuel than they
consume.

The heart of a nuclear reactor is its core, containing fuel rods and control elements. Coolant systems
remove heat, while moderators slow neutrons in thermal reactors. Safety features, including containment
structures and emergency systems, are crucial to prevent accidents and protect the public.

Reactor Types

Pressurized and Boiling Water Reactors

* Pressurized Water Reactor (PWR) uses high-pressure water as both coolant and moderator

* Primary coolant loop circulates water through the reactor core at high pressure (around 150
atmospheres)

» Secondary loop generates steam for turbines, separated from radioactive primary loop
* Most common reactor type worldwide (French nuclear fleet, many U.S. plants)

* Boiling Water Reactor (BWR) allows water to boil directly in the reactor core

« Single loop system where steam is generated directly in the reactor vessel

* Operates at lower pressure than PWR (around 70 atmospheres)

« Simpler design with fewer components (no steam generators)

* Used in several countries (General Electric designs in the U.S. and Japan)

Fast Breeder Reactors

* Fast breeder reactor utilizes fast neutrons without moderation

+ Designed to produce more fissile material than it consumes

* Uses liquid metal coolant (usually sodium) instead of water

» Can convert fertile uranium-238 into fissile plutonium-239

* Higher neutron economy allows for more efficient use of uranium resources

» Examples include Russia's BN-series reactors and France's Phénix and Superphénix
Reactor Core Components

Fuel and Control Elements

» Reactor core houses the nuclear fuel and controls the fission reaction
* Typically cylindrical in shape, containing fuel assemblies arranged in a lattice

« Core size varies depending on reactor type and power output
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* Fuel rods contain fissile material used in the nuclear reaction

+ Usually made of uranium dioxide (UO2) pellets encased in zirconium alloy tubes

* Arranged in fuel assemblies, each containing multiple fuel rods (200-300 rods per assembly)
* Enrichment levels vary (3-5% U-235 for most commercial reactors)

« Control rods regulate the fission rate within the reactor

» Made of neutron-absorbing materials (boron, cadmium, hafnium)

* Inserted or withdrawn to control reactor power output

» Emergency shutdown achieved by fully inserting all control rods (SCRAM)

Coolant and Moderator Systems

 Coolant removes heat generated by fission reactions

» Water most common in thermal reactors (PWRs, BWRs)

+ Liquid metals (sodium, lead-bismuth) used in fast reactors

* Gas coolants (helium, carbon dioxide) employed in some designs (Advanced Gas-cooled Reactors)
* Moderator slows down fast neutrons to increase fission probability

» Water serves dual purpose as coolant and moderator in most reactors

 Other moderators include graphite (RBMK reactors) and heavy water (CANDU reactors)

* Fast reactors do not use moderators, relying on high-energy neutrons for fission

Reactor Containment and Safety

Containment Structures and Safety Systems

» Containment structure encloses the reactor to prevent release of radioactive materials

* Typically consists of a steel liner inside a reinforced concrete dome

* Designed to withstand internal pressures and external impacts (aircraft crashes)

* Multiple barriers: fuel cladding, reactor vessel, containment building

» Safety systems protect against accidents and mitigate consequences

» Emergency Core Cooling System (ECCS) prevents core meltdown in loss of coolant accidents
+ Passive safety features in modern designs rely on natural processes (gravity, convection)

* Redundant and diverse systems ensure reliability (multiple backup power sources)

* Regulatory bodies oversee nuclear safety (Nuclear Regulatory Commission in the U.S.)

« Establish safety standards and conduct regular inspections

* Require extensive operator training and emergency preparedness plans
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Power Generation Components

Steam Generation and Turbine Systems

» Steam generator transfers heat from reactor coolant to secondary loop in PWRs

* Large heat exchanger with thousands of tubes

* Produces steam to drive turbines without direct contact with radioactive primary coolant

* BWRs generate steam directly in the reactor, eliminating need for separate steam generators
* Turbine converts thermal energy of steam into mechanical energy

* Multiple stages (high-pressure, low-pressure) maximize energy extraction

* Typically operates at 1800 or 3600 rpm (60 Hz electrical systems)

» Steam quality and moisture content critical for turbine efficiency and longevity

Electrical Generation and Grid Connection

* Generator converts mechanical energy from turbine into electrical energy

« Large synchronous generators produce three-phase alternating current

 Cooling systems (hydrogen, water) maintain generator efficiency

* Output voltages typically 20-25 kV, stepped up for transmission

» Switchyard connects the nuclear plant to the electrical grid

* Transformers increase voltage for long-distance transmission (345 kV, 500 kV, or higher)
« Circuit breakers and disconnect switches provide grid isolation capability

* Auxiliary power systems ensure plant can operate during grid disturbances

9.4 Reactor safety and waste management

Nuclear reactor safety is crucial for preventing accidents and protecting people and the environment.
Multiple layers of containment, emergency cooling systems, and radiation shielding work together to
ensure safe operation.

Nuclear waste management is a complex challenge due to the long-lived nature of radioactive materials.
Strategies include interim storage, reprocessing, and plans for deep geological disposal to isolate waste for
thousands of years.

Reactor Safety Systems

Containment and Cooling Mechanisms
» Reactor containment consists of multiple layers of protection surrounding the reactor core
» Containment structure typically includes a steel vessel and reinforced concrete dome
* Primary containment designed to withstand high pressures and temperatures during accidents

» Secondary containment provides additional barrier against radioactive material release
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* Emergency core cooling system activates automatically in case of loss of coolant
» ECCS injects water into the reactor core to prevent fuel melting and maintain core integrity

* Passive safety systems utilize natural processes (gravity, convection) for cooling without external
power

Radiation Protection and Monitoring

+ Radiation shielding employs dense materials (concrete, lead, water) to absorb ionizing radiation
 Multiple layers of shielding surround the reactor core and primary coolant system

* Biological shield protects workers and environment from direct radiation exposure

+ Continuous radiation monitoring systems detect abnormal levels throughout the facility

* Personal dosimeters worn by workers measure individual radiation exposure

* Exclusion zones established around nuclear facilities to limit public exposure

Nuclear Waste Characteristics

Types and Sources of Nuclear Waste

* Nuclear waste encompasses all radioactive materials produced during nuclear operations
» Spent fuel removed from reactors contains highly radioactive fission products

* Spent fuel rods generate significant heat and require cooling for several years

» Low-level waste includes contaminated tools, clothing, and medical isotopes

* Intermediate-level waste consists of resins, chemical sludges, and reactor components

* High-level waste primarily composed of spent fuel and reprocessing byproducts

Radioactive Decay Processes

+ Radioactive decay involves spontaneous transformation of unstable atomic nuclei

* Alpha decay emits helium nuclei, reducing atomic number by 2 and mass number by 4

* Beta decay transforms neutrons to protons (or vice versa), changing the atomic number

+ Gamma decay releases high-energy photons without changing the atomic number or mass
« Half-life measures time required for half of a radioactive sample to decay

+ Short-lived isotopes (iodine-131, half-life 8 days) decay rapidly but intensely

* Long-lived isotopes (plutonium-239, half-life 24,100 years) persist in the environment

Waste Management Strategies

Interim Storage and Reprocessing

» Waste storage involves temporary containment of radioactive materials

« Spent fuel pools provide initial cooling and shielding for highly radioactive fuel rods
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* Dry cask storage systems used for longer-term on-site storage of spent fuel

» Reprocessing extracts usable uranium and plutonium from spent fuel

* PUREX process separates uranium, plutonium, and fission products through chemical means
* Reprocessing reduces waste volume but increases proliferation risks

* Recycled fuel (MOX) combines reprocessed plutonium with depleted uranium

Long-Term Disposal and Security Considerations

* Geological disposal aims to isolate high-level waste for thousands of years

+ Deep geological repositories utilize natural and engineered barriers (clay, salt formations)
« Site selection considers geological stability, groundwater flow, and seismic activity

» Waste packages designed to withstand corrosion and contain radionuclides

* Proliferation risks arise from potential diversion of nuclear materials for weapons

+ International safeguards and inspections monitor nuclear facilities and material flows

» Advanced disposal concepts explore transmutation to reduce long-lived radionuclides
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Unit 10 — Nuclear Fusion in Stars

10.1 Fusion reactions and energy production

Nuclear fusion powers stars and offers hope for clean energy on Earth. It combines light atomic nuclei,
releasing enormous energy due to mass differences between reactants and products. Understanding
fusion reactions is key to harnessing this power source.

Fusion faces challenges like overcoming the Coulomb barrier and achieving high temperatures. Various
fuel cycles exist, each with unique energy yields and technical hurdles. Mastering fusion could
revolutionize energy production, providing abundant, safe power for the future.

Fundamentals of Nuclear Fusion

Nuclear Fusion and Binding Energy

* Nuclear fusion combines lighter atomic nuclei to form heavier nuclei

* Process releases energy due to the mass difference between reactants and products

* Binding energy represents the energy required to break a nucleus into its constituent nucleons
« Stronger binding energy per nucleon indicates greater nuclear stability

* Fusion reactions typically involve elements lighter than iron on the periodic table

» Mass defect describes the difference between the mass of a nucleus and the sum of its constituent
nucleon masses

» Mass defect directly relates to binding energy through Einstein's mass-energy equivalence equation
E =mc?

Q-Value and Energy Release

» Q-value quantifies the energy released or absorbed in a nuclear reaction

+ Positive Q-value indicates an exothermic reaction, releasing energy

» Negative Q-value represents an endothermic reaction, requiring energy input

* Q-value calculated by subtracting the total mass of reactants from the total mass of products
* Energy released in fusion reactions typically measured in mega-electron volts (MeV)

* High Q-value reactions (deuterium-tritium fusion) release more energy, making them attractive for
energy production

» Low Q-value reactions (proton-proton chain in stars) occur more readily but release less energy per
reaction

Fusion Reactions and Conditions

Overcoming the Coulomb Barrier

» Coulomb barrier represents the electrostatic repulsion between positively charged nuclei
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» Overcoming this barrier requires high kinetic energy or quantum tunneling
« Fusion reactions become more probable at higher temperatures, typically millions of degrees Celsius
* Plasma state achieved when electrons separate from nuclei at extreme temperatures

» Magnetic confinement (tokamaks) and inertial confinement (laser systems) used to create fusion
conditions

* Gravitational confinement occurs naturally in stars, providing necessary pressure and temperature

Fusion Cross-Section and Reaction Rates

* Fusion cross-section measures the probability of a fusion reaction occurring

* Larger cross-section indicates a higher likelihood of fusion

+ Cross-section depends on the relative velocity of colliding nuclei and their types

+ Fusion rate determines the number of reactions occurring per unit time and volume

« Affected by particle density, temperature, and fusion cross-section

 Lawson criterion establishes the minimum conditions for fusion energy breakeven

» Combines temperature, density, and confinement time to assess fusion reactor viability

« Triple product (density x temperature x confinement time) must exceed a specific value for net energy
gain

Energy Production in Fusion

Fusion Fuel Cycles and Energy Yield
« Various fusion fuel cycles exist, each with different energy yields and technological challenges
* Deuterium-Tritium (D-T) cycle produces highest energy yield, releases 17.6 MeV per reaction

* D-T fusion requires lower temperatures but faces challenges with tritium breeding and neutron
activation

* Deuterium-Deuterium (D-D) cycle produces less energy but uses more abundant fuel
* D-D fusion releases 3.27 MeV per reaction, occurs through two different branches

* Proton-proton (p-p) chain dominates in low-mass stars like the Sun, produces 26.7 MeV over multiple
steps

 Aneutronic fusion reactions (helium-3 fusion) produce charged particles, easier to convert to electricity

Fusion Energy Conversion and Utilization

* Energy from fusion reactions primarily released as kinetic energy of product particles
* In D-T fusion, 80% of energy carried by neutrons, 20% by alpha particles (helium nuclei)
» Neutron energy typically captured through a blanket surrounding the reactor core

* Blanket materials (lithium compounds) absorb neutrons, breed tritium, and transfer heat

Fiveable archived study guides Page 83



* Heat energy converted to electricity through conventional steam turbine systems
« Direct energy conversion techniques explored for aneutronic fusion reactions
* Fusion energy offers potential for clean, abundant, and safe power generation

* Challenges include achieving sustained fusion conditions and developing suitable materials for reactor
components

10.2 Stellar evolution and nucleosynthesis

Stars are cosmic factories, creating elements through fusion and other processes. This topic explores how
stars evolve, from birth to death, and how they produce the building blocks of the universe.

Understanding stellar evolution and nucleosynthesis is key to grasping how the universe creates and
distributes elements. We'll look at the life stages of stars and the nuclear reactions that power them and
create new elements.

Stellar Lifecycle Stages

Formation and Main Sequence

« Stellar lifecycle begins with gravitational collapse of molecular clouds

* Protostars form as dense regions within clouds contract

» Main sequence stars fuse hydrogen into helium in their cores

* Fusion reactions generate energy, maintaining hydrostatic equilibrium

« Stars spend majority of their lives on main sequence (billions of years for Sun-like stars)
* Main sequence duration depends on stellar mass (more massive stars evolve faster)

* Hertzsprung-Russell diagram illustrates relationship between luminosity and temperature for main
sequence stars

Post-Main Sequence Evolution

* Red giant phase occurs when hydrogen fuel depletes in stellar core

« Core contracts while outer layers expand, cooling the star's surface

* Helium fusion begins in core, producing carbon and oxygen

* Red giants can reach enormous sizes (hundreds of times larger than original star)

» Asymptotic giant branch (AGB) stars undergo thermal pulses and dredge-up events
* Planetary nebulae form as outer layers of low-mass stars are ejected

» White dwarfs emerge as final evolutionary stage for low to intermediate-mass stars

» White dwarfs consist of degenerate electron matter, supported by quantum mechanical effects

Explosive Stellar Deaths

» Supernovae mark the dramatic end of massive stars' lives
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* Core-collapse supernovae occur when iron core forms in stars over 8 solar masses

» Thermonuclear supernovae (Type la) involve white dwarfs in binary systems

» Supernovae release enormous amounts of energy and synthesize heavy elements

» Shock waves from supernovae trigger formation of new stars in nearby molecular clouds

» Supernova remnants enrich interstellar medium with newly formed elements

Stellar Remnants

Compact Stellar Corpses

* Neutron stars form from core-collapse supernovae of massive stars

+ Neutron stars consist almost entirely of neutrons, with extreme density

» Rapidly rotating neutron stars observed as pulsars, emitting beams of radiation

* Black holes result from gravitational collapse of very massive stars

« Event horizon defines boundary beyond which nothing can escape black hole's gravity

» Supermassive black holes reside at centers of most galaxies, including Milky Way

Degenerate Stellar Remains

» White dwarfs represent final evolutionary stage for low to intermediate-mass stars

* Electron degeneracy pressure supports white dwarfs against further gravitational collapse
« Chandrasekhar limit ( = 1.4 solar masses) sets maximum mass for stable white dwarfs

» White dwarfs slowly cool over billions of years, eventually becoming black dwarfs

* Binary systems with white dwarfs can lead to novae or Type la supernovae

* Planetary nebulae surround newly formed white dwarfs, showcasing ejected stellar material

Exotic Compact Objects

* Quark stars theorized as intermediate stage between neutron stars and black holes
» Magnetars represent highly magnetized neutron stars with extreme magnetic fields
* Primordial black holes potentially formed in early universe, not from stellar evolution
* Gravitational waves detected from merging black holes and neutron stars

* Neutron star mergers produce kilonovae, source of heavy element production

Nucleosynthesis Processes

Early Universe Element Formation

« Primordial nucleosynthesis occurred during first few minutes after Big Bang

* Light elements (hydrogen, helium, lithium) synthesized in early universe
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» Abundance of primordial elements provides evidence for Big Bang theory
« Stellar nucleosynthesis responsible for creating heavier elements in stars

* Fusion reactions in stellar cores produce elements up to iron

Slow and Rapid Neutron Capture

» S-process (slow neutron capture) occurs in low to intermediate-mass stars
* Neutrons gradually added to seed nuclei over thousands of years

» S-process produces about half of elements heavier than iron

» R-process (rapid neutron capture) takes place in extreme environments

» Supernovae and neutron star mergers provide conditions for r-process

* R-process responsible for creation of heaviest elements (uranium, gold, platinum)

Advanced Fusion Cycles

* CNO cycle dominates energy production in stars more massive than Sun
« Carbon, nitrogen, and oxygen act as catalysts in CNO cycle

* CNO cycle more temperature-sensitive than proton-proton chain

* Triple-alpha process fuses three helium nuclei to form carbon

» Neon-burning, oxygen-burning, and silicon-burning occur in massive stars

* Iron peak elements mark end of exothermic fusion reactions in stellar cores

10.3 Thermonuclear fusion in stars

Stars are cosmic fusion reactors, converting hydrogen into heavier elements. This process powers their
immense energy output and shapes their evolution, from birth to death.

Fusion in stars begins with hydrogen and progresses to heavier elements as they age. Understanding
these reactions helps us grasp stellar lifecycles and the origin of elements in the universe.

Fusion Processes in Stars

Hydrogen Fusion and Early Stellar Processes

* Proton-proton chain initiates stellar fusion in low-mass stars like the Sun

« Consists of three steps converting hydrogen into helium

* Releases energy in the form of gamma rays and neutrinos

» Dominates energy production in stars with masses up to 1.3 times the Sun's mass
+ Helium fusion occurs in stars after hydrogen depletion in the core

» Known as the triple-alpha process, fusing three helium nuclei into carbon

* Requires higher temperatures (around 100 million K) than hydrogen fusion
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* Produces significant energy and forms the basis for further fusion reactions

Advanced Fusion Processes in Massive Stars

« Carbon burning begins in stars with masses greater than 8 solar masses

» Fuses carbon nuclei to produce elements like oxygen, neon, and sodium

* Requires core temperatures of about 600 million K

* Oxygen burning follows carbon burning in massive stars

* Produces silicon, sulfur, and other elements with atomic numbers around 16
* Occurs at temperatures around 1.5 billion K

« Silicon burning represents the final stage of stellar nucleosynthesis

* Produces iron-peak elements (chromium, manganese, iron, cobalt, nickel)

» Requires extremely high temperatures of about 3 billion K

« Iron peak marks the end of exothermic fusion reactions in stars

Stellar Structure and Stability

Hydrostatic Equilibrium in Stars

* Hydrostatic equilibrium describes the balance of forces within a star

* Gravitational force pulling inward balances the outward pressure from fusion

« Crucial for maintaining stellar stability throughout a star's lifetime

* Determines the star's size, temperature, and luminosity

» Can be expressed mathematically using the equation of hydrostatic equilibrium

* Deviations from equilibrium lead to stellar pulsations or rapid evolution phases

Energy Transport Mechanisms in Stellar Interiors

« Stellar energy transport occurs through three main mechanisms

+ Radiation involves the transfer of energy via photons

* Dominates in the radiative zone of stars like the Sun

+ Convection transports energy through the bulk motion of plasma

* Occurs in the outer layers of low-mass stars and the cores of massive stars

» Conduction plays a minor role in normal stars but becomes important in white dwarfs
 Energy transport efficiency affects the star's temperature gradient and structure

* Opacities of stellar material influence the dominant transport mechanism in different regions
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Observational Evidence

Solar Neutrino Detection and Implications

« Solar neutrinos provide direct evidence of fusion processes occurring in the Sun's core
* Neutrinos are nearly massless, neutral particles produced in nuclear reactions

« Interact very weakly with matter, allowing them to escape the Sun's interior

* First detected by Raymond Davis Jr. and John Bahcall in the 1960s

« Initial observations showed a discrepancy between predicted and measured neutrino flux (solar
neutrino problem)

* Problem resolved by the discovery of neutrino oscillations, confirming our understanding of stellar
fusion

» Modern neutrino detectors (Super-Kamiokande, SNO) provide precise measurements of solar
neutrino flux

* Neutrino observations from other stars offer insights into stellar evolution and nucleosynthesis

10.4 Controlled fusion and future prospects

Controlled fusion promises clean, abundant energy by harnessing the power of stars. Scientists are
exploring magnetic and inertial confinement methods to overcome technical hurdles and achieve fusion
ignition, the holy grail of sustainable power generation.

The ITER project represents a global effort to demonstrate fusion's feasibility. As researchers tackle
material, engineering, and economic challenges, they're inching closer to unlocking fusion's potential as a
game-changing energy source for humanity's future.

Fusion Confinement Methods

Magnetic Confinement Fusion Techniques

» Magnetic confinement fusion utilizes powerful magnetic fields to confine and control high-temperature
plasma

» Tokamak design employs a toroidal-shaped magnetic field to contain plasma in a doughnut-shaped
chamber

+ Consists of a set of magnetic coils surrounding a torus-shaped vacuum vessel
+ Creates a helical magnetic field to stabilize plasma and prevent it from touching the vessel walls

« Stellarator configuration uses twisted magnetic fields to confine plasma without relying on plasma
current

+ Features a complex three-dimensional magnetic field geometry

« Offers potential advantages in steady-state operation and plasma stability
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Inertial Confinement Fusion Approach

* Inertial confinement fusion involves compressing and heating small fuel pellets to achieve fusion
conditions

* Uses high-powered lasers or particle beams to rapidly compress fusion fuel targets
* National Ignition Facility (NIF) serves as a prominent example of inertial confinement fusion research
* Houses 192 high-energy lasers focused on a tiny fuel capsule

+ Aims to achieve fusion ignition and energy gain through rapid compression and heating

ITER and Fusion Ignition
ITER Project Overview

* ITER (International Thermonuclear Experimental Reactor) represents a large-scale international
collaboration in fusion research

* Located in southern France, involves participation from 35 countries
» Aims to demonstrate the feasibility of fusion as a large-scale energy source
* Designed to produce 500 megawatts of fusion power from 50 megawatts of input power

« Utilizes a tokamak design with superconducting magnets to confine plasma

Fusion Ignition and Plasma Heating Techniques

* Fusion ignition occurs when the energy produced by fusion reactions sustains the plasma temperature
without external heating

* Plasma heating in ITER employs multiple methods to achieve fusion temperatures

» Ohmic heating uses electrical currents induced in the plasma

» Radio-frequency heating injects electromagnetic waves to transfer energy to plasma particles

+ Neutral beam injection shoots high-energy neutral atoms into the plasma to transfer kinetic energy

+ Aims to reach plasma temperatures of 150 million degrees Celsius, ten times hotter than the sun's
core

Fusion Challenges and Considerations

Material and Engineering Challenges

+ Fusion materials must withstand extreme conditions including high temperatures and neutron
bombardment

» Plasma-facing components require advanced materials (tungsten, carbon fiber composites) to resist
erosion and heat loads

» Neutron damage to structural materials poses long-term challenges for reactor longevity

« Superconducting magnets demand cryogenic cooling systems to maintain superconductivity
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« Tritium breeding and handling systems necessitate development of specialized materials and safety
protocols

Economic and Safety Considerations

* Fusion economics involve high initial capital costs for reactor construction
* Potential for low fuel costs and minimal environmental impact could offset initial investments

« Cost of electricity from fusion power plants remains uncertain and depends on technological
advancements

* Fusion safety advantages include no risk of nuclear meltdown or runaway reactions

» Radioactive waste management in fusion focuses on activated structural materials with shorter
half-lives compared to fission waste

« Public perception and regulatory frameworks for fusion energy require development as the technology
progresses
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Unit 11 — Nuclear Physics: Medical &
Industrial Uses

11.1 Medical imaging techniques

Medical imaging techniques are crucial for diagnosing and treating various health conditions. From X-rays
to MRI scans, these tools help doctors see inside the body without invasive procedures. Each method has
unique strengths, allowing for detailed views of bones, soft tissues, and metabolic processes.

Nuclear physics principles underpin many of these imaging techniques. Understanding how different types
of radiation interact with body tissues is key to creating clear, informative images. This knowledge helps
medical professionals choose the best imaging method for each situation, balancing diagnostic accuracy
with patient safety.

X-ray and Computed Tomography Imaging
Principles of X-ray Radiography

» X-ray radiography utilizes high-energy electromagnetic radiation to create images of internal body
structures

 X-rays pass through the body and are absorbed differently by various tissues
* Denser tissues (bones) absorb more X-rays, appearing white on the image
« Softer tissues (muscles, organs) allow more X-rays to pass through, appearing darker

» X-ray machines consist of an X-ray source, a collimator to focus the beam, and a detector to capture
the image

+ Applications include diagnosing bone fractures, dental issues, and chest conditions (pneumonia)

Advanced Computed Tomography Techniques
» Computed Tomography (CT) scans use multiple X-ray images taken from different angles
» CT scanners rotate around the patient, capturing cross-sectional images or "slices"
» Computer algorithms reconstruct these slices into detailed 3D images of internal structures
* CT scans offer higher resolution and better soft tissue differentiation than traditional X-rays
« Spiral CT involves continuous patient movement through the scanner for faster image acquisition

* Dual-energy CT uses two different X-ray energies to improve tissue characterization and reduce
artifacts

Enhancing Image Quality and Safety Considerations

« Contrast agents improve visibility of specific structures or abnormalities in X-ray and CT imaging
* lodine-based contrast agents are commonly used for vascular imaging and organ enhancement

+ Barium sulfate suspensions are used for gastrointestinal tract imaging
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* Radiation dose in medical imaging must be carefully managed to minimize patient risk
» ALARA principle (As Low As Reasonably Achievable) guides radiation exposure reduction

* Dose reduction techniques include optimizing scan parameters, using shielding, and employing
iterative reconstruction algorithms

Nuclear Medicine Imaging

Positron Emission Tomography (PET) Fundamentals

» PET imaging uses radioactive tracers that emit positrons to visualize metabolic processes

* Tracers are typically attached to molecules involved in specific physiological processes (glucose)
* As positrons annihilate with electrons, they produce gamma rays detected by the PET scanner

* PET scanners consist of a ring of detectors that capture coincident gamma ray pairs

« Time-of-flight PET improves image quality by measuring the slight time difference between detected
gamma rays

* Applications include cancer detection, brain function studies, and cardiac perfusion imaging

Single Photon Emission Computed Tomography (SPECT) Techniques
+ SPECT imaging uses gamma-emitting radioisotopes to create 3D images of organ function
» Gamma cameras rotate around the patient, capturing multiple 2D images from different angles
» Computer algorithms reconstruct these 2D images into 3D representations of radioisotope distribution
* SPECT offers lower resolution than PET but is more widely available and less expensive
+ Dual-isotope SPECT allows simultaneous imaging of different physiological processes

* Applications include myocardial perfusion imaging, bone scans, and brain perfusion studies

Radioisotopes and Gamma Camera Technology

» Radioisotopes in medical imaging are chosen based on half-life, energy, and biological behavior

« Common PET radioisotopes include Fluorine-18, Carbon-11, and Oxygen-15

» SPECT radioisotopes include Technetium-99m, lodine-123, and Thallium-201

» Gamma cameras detect gamma rays emitted by radioisotopes in the patient's body

» Components of a gamma camera include a collimator, scintillation crystal, and photomultiplier tubes

« Digital signal processing converts detected gamma rays into digital images for analysis and display

Magnetic Resonance Imaging and Image Processing

Principles of Magnetic Resonance Imaging (MRI)

* MRI uses strong magnetic fields and radio waves to generate detailed images of soft tissues

* The patient is placed in a powerful magnetic field, aligning hydrogen atoms in the body
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* Radio frequency pulses temporarily excite these aligned atoms
* As atoms return to their original state, they emit radio signals detected by the MRI scanner
« Different tissues have varying relaxation times, creating contrast in the images

» T1-weighted images highlight fat-containing tissues, while T2-weighted images emphasize fluid-filled
structures

* MRI does not use ionizing radiation, making it safer for repeated use and imaging pregnant women

Advanced MRI Techniques and Applications

* Functional MRI (fMRI) measures brain activity by detecting changes in blood oxygenation

« Diffusion Tensor Imaging (DTI) maps water molecule movement to visualize white matter tracts

» Magnetic Resonance Angiography (MRA) creates images of blood vessels without contrast agents
* Spectroscopic MRI analyzes the chemical composition of tissues

* MRI contrast agents (gadolinium-based) enhance visibility of specific structures or abnormalities

+ Applications include neurological disorders, musculoskeletal injuries, and cancer staging

Image Reconstruction and Processing Algorithms

+ Image reconstruction algorithms convert raw data from imaging modalities into meaningful images
* Filtered back projection is a common reconstruction method for CT and SPECT
* lterative reconstruction techniques improve image quality and reduce noise in CT and PET

* Fourier transform methods are used in MRI to convert frequency domain data to spatial domain
images

* Image processing algorithms enhance contrast, reduce noise, and correct for artifacts
» Segmentation algorithms identify and isolate specific anatomical structures or regions of interest

* Registration algorithms align images from different modalities or time points for comparison and fusion

11.2 Radiation therapy

Radiation therapy is a crucial tool in cancer treatment, using ionizing radiation to destroy tumors. This
section explores various types of radiation therapy, from external beam to brachytherapy, and advanced
techniques like proton therapy and stereotactic radiosurgery.

We'll dive into the equipment used in radiation therapy, focusing on linear accelerators (LINACs) and their
components. We'll also cover treatment planning, dose distribution, and the biological effects of radiation
on cells, providing a comprehensive overview of this vital medical application.

Types of Radiation Therapy

External and Internal Radiation Therapies

 External beam radiation therapy uses high-energy X-rays or particles directed at the tumor from
outside the body
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* Employs linear accelerators to generate and focus radiation beams

* Targets cancer cells while minimizing damage to surrounding healthy tissue

» Commonly used for various cancer types (breast, prostate, lung)

* Brachytherapy involves placing radioactive sources directly inside or near the tumor

* Delivers high doses of radiation to a localized area

 Can be temporary (removed after treatment) or permanent (radioactive seeds left in place)
« Often used for prostate, cervical, and breast cancers

* Proton therapy utilizes positively charged particles (protons) instead of X-rays

« Offers more precise targeting of tumors

* Reduces radiation exposure to healthy tissues

« Particularly beneficial for tumors near sensitive organs (brain, spine)

Advanced Radiation Therapy Techniques
« Stereotactic radiosurgery delivers highly focused radiation beams to small tumors
* Used for brain tumors and other small, well-defined targets
» Requires fewer treatment sessions compared to conventional radiotherapy
» Employs advanced imaging and computer-guided systems for precise targeting
* Intensity-modulated radiation therapy (IMRT) adjusts radiation beam intensity during treatment
* Allows for more complex dose distributions
» Reduces side effects by sparing healthy tissues
» Commonly used for head and neck, prostate, and breast cancers
* Image-guided radiation therapy (IGRT) uses real-time imaging to improve accuracy
* Accounts for tumor movement and patient positioning
* Enables higher doses to be delivered safely

* Integrates various imaging modalities (CT, MRI, PET)

Radiation Therapy Equipment

Linear Accelerator (LINAC) Components and Function

* Linear accelerator (LINAC) serves as the primary device for external beam radiation therapy
* Generates high-energy X-rays or electron beams for cancer treatment

+ Consists of several key components working together

+ Electron gun produces a stream of electrons

« Electrons are accelerated to near-light speeds
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* Acceleration occurs within a waveguide structure

» Bending magnet directs the electron beam

« Steers electrons towards the target or patient

» Enables precise beam positioning

* Target converts electron beam into X-rays (for photon therapy)
» Made of high-atomic-number materials (tungsten)

* Produces bremsstrahlung radiation when electrons interact with target

LINAC Beam Shaping and Delivery Systems
* Collimator system shapes the radiation beam
* Primary collimator defines initial beam shape
» Secondary collimator (multi-leaf collimator) provides fine beam shaping
» Gantry allows rotation of the radiation source around the patient
» Enables treatment from multiple angles
* Typically rotates 360 degrees around the treatment couch
* Treatment couch positions the patient precisely
+ Offers multiple degrees of freedom for optimal positioning
* Integrates with imaging systems for accurate alignment
* On-board imaging systems provide real-time visualization
* Include kV X-ray, cone-beam CT, or MV portal imaging

» Enable image-guided radiation therapy (IGRT)

Radiation Therapy Planning and Delivery

Treatment Planning Process

* Treatment planning involves a multidisciplinary approach

» Radiation oncologists, medical physicists, and dosimetrists collaborate

» Aims to deliver optimal radiation dose to tumor while sparing healthy tissues
* Imaging studies guide the planning process

* CT scans provide 3D anatomical information

* MRI and PET scans offer additional functional and metabolic data

« Image fusion techniques combine multiple imaging modalities

 Contouring defines target volumes and organs at risk

* Gross tumor volume (GTV) represents visible tumor
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* Clinical target volume (CTV) includes areas of potential microscopic spread

* Planning target volume (PTV) accounts for setup uncertainties and organ motion

Dose Distribution and Optimization

* Dose distribution calculations determine radiation energy deposition

* Monte Carlo simulations model particle interactions

+ Convolution/superposition algorithms estimate dose in heterogeneous tissues
* Isodose curves visualize radiation dose distribution

* Represent lines of equal dose within the patient

* Aid in evaluating plan quality and coverage

* Plan optimization techniques improve dose conformity

* Forward planning manually adjusts beam parameters

* Inverse planning specifies desired dose objectives

* lterative optimization algorithms find optimal beam configurations

Fractionation Strategies

* Fractionation divides total radiation dose into multiple smaller doses

« Exploits differences in radiation sensitivity between tumor and normal tissues
« Allows for repair of sublethal damage in healthy cells between fractions
» Conventional fractionation delivers 1.8-2 Gy per day, 5 days a week

* Total treatment course typically lasts 5-8 weeks

* Balances tumor control and normal tissue toxicity

* Hypofractionation uses larger doses per fraction

* Reduces overall treatment time

* May improve patient convenience and resource utilization

* Requires careful consideration of late tissue effects

* Accelerated fractionation increases dose intensity

* Delivers multiple fractions per day

» Aims to counteract rapid tumor repopulation

» May increase acute side effects

Radiation Therapy Effects and Management

Radiobiology Principles

+ Radiobiology studies the effects of ionizing radiation on living organisms
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* Focuses on cellular and molecular responses to radiation exposure
« Informs radiation therapy strategies and dose prescriptions

* DNA damage serves as the primary mechanism of radiation-induced cell death
* Direct damage occurs through ionization of DNA molecules

* Indirect damage results from free radical formation

* Double-strand breaks are most lethal to cells

* Cell cycle sensitivity influences radiation response

* Cells in G2 and M phases are most radiosensitive

+ S phase cells exhibit increased radioresistance

» Oxygen effect enhances radiation damage

» Well-oxygenated cells are more radiosensitive

* Hypoxic tumor regions may be resistant to radiation

Side Effects and Risk Management

* Acute side effects occur during or shortly after treatment

« Skin reactions (erythema, desquamation)

* Mucositis in head and neck treatments

* Fatigue and nausea

* Managed through supportive care and medication

« Late effects may develop months to years after therapy

* Fibrosis and tissue atrophy

» Secondary malignancies

» Organ-specific complications (cardiac, pulmonary)

* Monitored through long-term follow-up

* Risk management strategies minimize treatment-related complications
« Careful treatment planning and dose constraints

* Image-guided techniques for improved accuracy

* Proton therapy to reduce integral dose

» Combination with radiosensitizing agents (chemotherapy)

+ Quality assurance programs ensure safe and effective treatments
* Regular equipment calibration and testing

« Patient-specific quality checks

* Incident reporting and analysis systems
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 Continuous education and training for staff

11.3 Industrial applications of radioisotopes

Radioisotopes have revolutionized industrial processes, offering non-destructive testing, precise
measurements, and enhanced safety. From quality control in manufacturing to food preservation and
medical sterilization, these nuclear tools have become indispensable in various sectors.

Power generation and process control benefit greatly from radioisotope applications. Long-lasting
radioisotope thermoelectric generators power space exploration, while industrial monitoring systems using
radiation improve efficiency and product quality across multiple industries.

Non-Destructive Testing and Measurement

Radiographic Inspection Techniques

» Radiography uses penetrating radiation to inspect internal structures without damaging the object
+ X-rays and gamma rays commonly employed to create images of hidden defects or features

* Detects flaws, cracks, voids, or impurities in materials (metals, plastics, ceramics)

» Widely used in manufacturing, construction, and aerospace industries for quality control

« Digital radiography improves image quality and allows for faster processing compared to traditional
film

Thickness and Density Measurement

* Thickness gauging utilizes radiation absorption to measure material thickness or density

* Beta particles or gamma rays emitted from a source pass through the material to a detector
« Attenuation of radiation correlates with material thickness or density

* Applications include paper production, plastic film manufacturing, and metal sheet fabrication

* Provides real-time, non-contact measurements for process control and quality assurance

Radiotracer Applications and Well Logging
+ Radiotracer techniques involve introducing small amounts of radioactive material into a system
» Tracers used to study fluid flow, mixing processes, and leak detection in industrial settings
+ Gamma-emitting isotopes (technetium-99m, iodine-131) commonly used due to easy detection
« Oil well logging employs radiation detectors lowered into boreholes to analyze rock formations
* Measures natural radioactivity and induced radiation interactions to determine geological properties

* Helps identify oil and gas-bearing zones, evaluate reservoir characteristics, and guide drilling
operations
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Safety and Sterilization Applications

Radiation-Based Safety Devices

» Smoke detectors use small amounts of americium-241 to ionize air molecules
* lonized air conducts electricity between two electrodes in the detector

» Smoke particles disrupt the current flow, triggering the alarm

» Widely adopted in residential and commercial buildings for fire safety

* Long-lasting operation due to the 432-year half-life of americium-241

Food Preservation and Sterilization

* Food irradiation extends shelf life and eliminates harmful microorganisms

» Gamma rays, X-rays, or electron beams used to treat food products

« Effectively kills bacteria, parasites, and insects without altering food chemistry

* Reduces food spoilage, foodborne ilinesses, and the need for chemical preservatives
« Commonly applied to spices, fruits, vegetables, and meat products

« Sterilization of medical equipment uses high-energy gamma radiation (cobalt-60)

» Ensures complete sterilization of heat-sensitive or difficult-to-sterilize items

* Penetrates packaging, allowing sterilization of pre-packaged medical supplies

» Widely used for disposable medical devices, surgical instruments, and implants

Power Generation and Process Control

Radioisotope Power Sources

» Radioisotope thermoelectric generators (RTGs) convert heat from radioactive decay into electricity
« Utilize thermoelectric materials to generate voltage from temperature differences
* Plutonium-238 commonly used as the heat source due to its long half-life (87.7 years)

* Provide reliable, long-lasting power for space probes, remote weather stations, and navigational
beacons

* NASA's Voyager spacecraft powered by RTGs for over 40 years in deep space exploration

Industrial Process Monitoring and Control

» Radioisotopes employed in various process control applications

* Level gauges use gamma radiation to measure fluid levels in tanks or vessels

» Radiation intensity detected correlates with the amount of material present

* Density gauges measure material density in production lines (paper, plastic, metal)

» Moisture gauges determine water content in materials using neutron scattering techniques
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» Radioisotope techniques provide non-contact, real-time measurements in harsh industrial
environments

* Improve efficiency, product quality, and reduce waste in manufacturing processes

11.4 Nuclear forensics and environmental monitoring

Nuclear forensics and environmental monitoring are crucial for safeguarding our world. These techniques
help identify radioactive materials, track their origins, and assess their impact on the environment. From
dating ancient artifacts to detecting nuclear threats, these tools play a vital role in science and security.

Environmental monitoring keeps us safe by measuring radiation levels in air, water, and soil. It helps track
the spread of radioactive materials from nuclear accidents or weapons tests. These methods are essential
for protecting public health and maintaining global security in the nuclear age.

Nuclear Forensic Techniques

Radiometric Dating and Neutron Activation Analysis
» Radiometric dating determines age of materials using radioactive decay rates
* Measures ratio of parent to daughter isotopes
+ Useful for dating geological samples, archaeological artifacts, and nuclear materials

» Common methods include carbon-14 dating (organic materials) and uranium-lead dating (rocks and
minerals)

» Neutron activation analysis identifies elemental composition of samples
* Bombards sample with neutrons to create radioactive isotopes

* Measures gamma radiation emitted by activated nuclei

* Detects trace elements with high sensitivity (parts per billion)

+ Applications in archaeology, environmental science, and nuclear safeguards

Fallout and Isotope Ratio Analysis

« Fallout analysis examines radioactive debris from nuclear explosions

« Studies distribution and composition of radionuclides in environment

* Provides information on nuclear weapon design and origin

* Helps assess environmental impact and health risks of nuclear tests

* Isotope ratio analysis compares relative abundances of isotopes in samples
» Uses mass spectrometry to measure precise isotope ratios

« Identifies source and production method of nuclear materials

* Distinguishes between natural and anthropogenic sources of radioactivity

* Applies to nuclear safeguards, environmental monitoring, and forensic investigations
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Environmental Monitoring

Radiation Detection Techniques

* Geiger-Muiller counters measure ionizing radiation

* Detect alpha, beta, and gamma radiation

* Provide real-time measurements of radiation levels

* Widely used for personal dosimetry and contamination surveys
« Scintillation detectors convert radiation to light pulses

« Offer high sensitivity and energy resolution

» Used in gamma spectroscopy for radionuclide identification

* Applications include medical imaging and environmental monitoring
» Semiconductor detectors provide precise energy measurements
» Use materials like germanium or silicon

« Offer excellent energy resolution for gamma-ray spectroscopy

* Applied in research, nuclear safeguards, and environmental analysis

Environmental Radioactivity Monitoring and Assessment

« Air sampling techniques collect airborne radioactive particles

+ Use high-volume air samplers with filters

* Analyze filters for radionuclide content

» Monitor atmospheric dispersion of radioactive materials

» Water and soil sampling assess radioactivity in terrestrial and aquatic environments
+ Collect and analyze samples from various depths and locations

» Measure concentrations of natural and artificial radionuclides

« Evaluate impact of nuclear facilities and accidents on ecosystems

» Contamination assessment determines extent and severity of radioactive contamination
» Conducts surveys using portable radiation detectors

» Maps contamination levels and identifies hot spots

+» Guides remediation efforts and risk assessment

* Employs in-situ gamma spectroscopy for rapid field measurements

Nuclear Security Applications

Nuclear Attribution and Forensics

* Nuclear attribution identifies origin of nuclear materials or devices
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» Analyzes chemical, physical, and isotopic signatures

» Compares data with reference libraries of known nuclear materials

+ Supports law enforcement and national security investigations

* Post-detonation forensics examines debris from nuclear explosions

* Collects samples from air, soil, and structures

* Analyzes isotope ratios and fission products

» Determines weapon design, yield, and potential origin

* Pre-detonation forensics analyzes intercepted nuclear materials

 Characterizes seized materials using non-destructive and destructive techniques
* Traces production history and intended use

* Supports interdiction efforts and nuclear non-proliferation

Nuclear Security Measures and Technologies

+ Radiation portal monitors screen for radioactive materials at borders

* Detect gamma and neutron radiation

* Installed at ports, airports, and border crossings

* Prevent illicit trafficking of nuclear and radiological materials

* Nuclear safeguards verify compliance with non-proliferation agreements
* Employ containment and surveillance techniques

* Use environmental sampling to detect undeclared nuclear activities

» Conduct regular inspections of nuclear facilities

* Secure transport of nuclear materials involves specialized containers and protocols
* Use shielded containers to minimize radiation exposure

* Implement real-time tracking and monitoring systems

* Follow strict security procedures during transit

* Cybersecurity measures protect nuclear facilities from digital threats

* Implement air-gapped networks for critical systems

* Use encryption and access controls to prevent unauthorized access

» Conduct regular vulnerability assessments and penetration testing
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Unit 12 — Particle Physics and the
Standard Model

12.1 Fundamental particles and interactions

Particle physics dives into the tiniest building blocks of our universe. From quarks to leptons, these
fundamental particles form everything we see. They interact through four forces, each with its own unique
properties and mediating particles.

Understanding these particles and forces is key to grasping the Standard Model. This framework explains
how the universe works at its most basic level, from the atoms in your body to the stars in the sky.

Particle Types

Fermions and Bosons: Building Blocks of Matter

» Fermions constitute matter particles with half-integer spin values (1/2, 3/2, etc.)

* Fermions obey Pauli exclusion principle prevents two identical fermions from occupying the same
quantum state

* Bosons serve as force-carrying particles with integer spin values (0, 1, 2, etc.)

» Bosons do not follow Pauli exclusion principle allows multiple bosons to occupy the same quantum
state

» Elementary particles represent fundamental, indivisible units of matter or energy
+ Elementary fermions include quarks and leptons form the basic constituents of matter

+ Elementary bosons comprise force carriers mediate interactions between particles

Composite Particles: Hadrons and Their Subtypes

» Hadrons consist of composite particles made up of quarks bound by the strong force
» Hadrons subdivide into two main categories baryons and mesons

* Baryons contain three quarks or three antiquarks (protons, neutrons)

* Protons composed of two up quarks and one down quark (uud)

* Neutrons made up of one up quark and two down quarks (udd)

* Mesons consist of one quark and one antiquark pair (pions, kaons)

* Pions include combinations like up quark and anti-down quark (ud)

» Kaons contain strange quark and anti-up quark (su)

Fundamental Forces

Strong and Weak Nuclear Forces

« Strong force binds quarks together within hadrons and nucleons within atomic nuclei
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« Strong force operates at extremely short ranges approximately 101> meters

« Strong force mediated by gluons exchange between quarks

» Weak force responsible for certain types of radioactive decay and neutrino interactions
« Weak force operates at even shorter ranges than the strong force about 1018 meters

» Weak force mediated by W and Z bosons facilitates flavor-changing processes in quarks and leptons

Electromagnetic and Gravitational Forces

* Electromagnetic force acts between electrically charged particles attracts opposite charges and repels
like charges

* Electromagnetic force has infinite range strength decreases with distance according to inverse square
law

« Electromagnetic force mediated by photons exchange between charged particles

+ Gravitational force attracts all particles with mass or energy to each other

+ Gravitational force has infinite range weakest of the four fundamental forces

« Gravitational force theoretically mediated by gravitons yet to be experimentally observed

« Gravitational force described by Einstein's theory of general relativity explains curvature of spacetime

12.2 Quarks, leptons, and gauge bosons

Quarks, leptons, and gauge bosons form the building blocks of matter and forces in the universe. These
particles interact through fundamental forces, shaping the physical world we observe.

Understanding these particles is crucial for grasping the Standard Model of particle physics. This
framework explains how subatomic particles behave and interact, providing a foundation for our
understanding of the universe's structure.

Quarks and Color Charge

Quark Flavors and Properties

* Quarks classified into six distinct flavors up, down, charm, strange, top, and bottom

» Up and down quarks form the lightest and most stable particles (protons and neutrons)
* Charm and strange quarks discovered in the 1970s, heavier than up and down quarks
» Top and bottom quarks, the heaviest, discovered in the 1990s

» Quarks possess fractional electric charges +2/3 or -1/3 of the elementary charge

* Quarks combine in specific ways to form hadrons (baryons and mesons)

* Baryons consist of three quarks (protons, neutrons)

* Mesons consist of a quark-antiquark pair (pions, kaons)
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Color Charge and Strong Force

* Color charge fundamental property of quarks and gluons

* Analogous to electric charge in electromagnetism, but more complex
* Three color charges red, green, and blue (not related to visible colors)
* Antiquarks possess anti-colors anti-red, anti-green, and anti-blue

* Color charge mediates the strong nuclear force between quarks

* Quarks continuously exchange gluons, changing their color charges

+ Color confinement phenomenon prevents isolated quarks

* Quarks always found in colorless combinations (hadrons)

» Asymptotic freedom allows quarks to behave as free particles at high energies

Gluons and Quark Interactions

* Gluons force-carrying particles of the strong nuclear force

» Massless, spin-1 bosons that mediate interactions between quarks

* Gluons possess both color and anti-color charges

« Eight types of gluons exist, each carrying different color-anticolor combinations
* Gluon self-interaction leads to the strength of the strong force

* Gluon exchange between quarks constantly changes their color charges

* Gluon field creates a "color field" analogous to electromagnetic fields

* Quantum Chromodynamics (QCD) describes the interactions of quarks and gluons

Leptons

Electron and Its Properties

* Electrons negatively charged, fundamental particles of atoms

* Discovered by J.J. Thomson in 1897 through cathode ray experiments

* Possess a mass of approximately 9.1 x 102-31 kg

* Electron's charge -1.602 x 10*-19 coulombs, defines the elementary charge

* Electrons orbit atomic nuclei in discrete energy levels

» Quantum mechanical nature described by wave functions and probability distributions
* Electrons exhibit wave-particle duality, demonstrated in double-slit experiments

* Spin-1/2 particles, follow Fermi-Dirac statistics

Muon and Tau Leptons

* Muons and taus heavier cousins of the electron
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* Muons discovered in cosmic rays, possess a mass about 207 times that of an electron
» Muons used in muon-catalyzed fusion and studies of material properties

» Tau leptons heaviest known leptons, about 3,477 times more massive than electrons
* Tau particles decay rapidly, challenging to study experimentally

* All three charged leptons (electron, muon, tau) have identical electric charges

+ Lepton flavor conservation observed in most particle interactions

» Charged leptons participate in electromagnetic and weak interactions

Neutrinos and Their Properties

* Neutrinos electrically neutral, nearly massless particles

* Three types of neutrinos electron neutrino, muon neutrino, and tau neutrino

* Neutrinos interact extremely weakly with matter, making detection challenging

* Proposed by Wolfgang Pauli in 1930 to explain beta decay energy discrepancy
* Neutrino oscillations demonstrate that neutrinos have small, non-zero masses

* Neutrinos play crucial roles in stellar processes and supernova explosions

* Neutrino astronomy provides insights into high-energy astrophysical phenomena

* Majorana vs. Dirac nature of neutrinos remains an open question in physics
Gauge Bosons

W and Z Bosons in Weak Interactions

+ W and Z bosons mediate the weak nuclear force

* Discovered at CERN in 1983, confirming electroweak theory predictions

» W bosons exist in two charged states (W+ and W-), while Z boson is neutral
» W bosons facilitate flavor-changing processes (beta decay, quark transitions)
» Z boson mediates neutral current interactions, preserving particle flavors

* Both W and Z bosons massive particles, unlike photons or gluons

+ Short range of weak force due to large masses of W and Z bosons

* W and Z bosons crucial in radioactive decay and stellar nucleosynthesis

Photons and Electromagnetic Interactions

* Photons massless, neutral particles that mediate electromagnetic force
* Dual nature as both particles and waves, central to quantum mechanics
* Energy of a photon given by E = hf, where h is Planck’s constant and f is frequency

* Photons carry quantized amounts of energy in electromagnetic radiation
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* Photoelectric effect demonstrates particle nature of light
» Compton scattering shows momentum transfer between photons and electrons
« Virtual photons mediate electromagnetic force between charged particles

* Photons key to understanding light-matter interactions (absorption, emission, scattering)

Higgs Boson and Mass Generation

* Higgs boson discovered at CERN in 2012, completing the Standard Model

* Associated with the Higgs field, which permeates all of space

+» Higgs mechanism explains how fundamental particles acquire mass

* Particles interact with Higgs field with varying strengths, determining their masses
* Higgs boson has a mass of approximately 125 GeV/c/2

+ Spin-0 particle, unigue among fundamental bosons

« Higgs field crucial for electroweak symmetry breaking

» Ongoing research explores Higgs boson properties and potential beyond Standard Model physics

12.3 Symmetries and conservation laws

Symmetries and conservation laws are the backbone of particle physics. They guide our understanding of
how particles interact and transform. From charge conservation to CPT symmetry, these principles shape
the rules of the subatomic world.

These laws and symmetries help scientists predict particle behavior and reactions. They also reveal the
fundamental nature of the universe, showing us what's possible and what's forbidden in the dance of
subatomic particles.

Conservation Laws

Fundamental Conservation Principles

» Charge conservation ensures the total electric charge remains constant in all particle interactions and
decays

* Applies to all known physical processes, including nuclear reactions and particle collisions
« Mathematical representation: Qinitiat = Qfinai

» Baryon number conservation maintains the difference between baryons and antibaryons in particle
interactions

* Assigns +1 to baryons, -1 to antibaryons, and 0 to all other particles

« Total baryon number remains constant in all known interactions (proton decay hypothesized but not
observed)

* Lepton number conservation preserves the difference between leptons and antileptons

* Assigns +1 to leptons, -1 to antileptons, and 0 to all other particles
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» Separate conservation laws exist for each lepton flavor (electron, muon, tau)

Applications and Implications

+ Conservation laws provide crucial constraints for predicting and analyzing particle interactions
* Used to determine allowed and forbidden particle reactions

» Charge conservation explains why the electron cannot decay into neutrinos

» Baryon number conservation prohibits proton decay in the Standard Model

* Lepton number conservation explains why muon decay produces an electron and two neutrinos (U™ -
e + Ve + V)

* Violations of these conservation laws would indicate physics beyond the Standard Model

* Neutrino oscillations suggest possible small violations of lepton flavor conservation

Discrete Symmetries

Fundamental Symmetry Principles

» CPT symmetry combines charge conjugation (C), parity (P), and time reversal (T) operations
* Considered a fundamental symmetry of nature, preserved in all known physical laws

* Parity symmetry involves spatial inversion of a physical system (mirror reflection)

« Parity operation changes the sign of position vectors: P(x, y, z) - (-x, -y, -z)

* Time reversal symmetry involves reversing the direction of time in physical processes

* Reverses the sign of time-dependent quantities (t - -t, v > -v)

» Charge conjugation symmetry interchanges particles with their antiparticles

* Reverses the sign of all internal quantum numbers (charge, baryon number, lepton number)

Symmetry Violations and Implications

« Parity violation observed in weak interactions (Wu experiment, 1956)

» Demonstrated in beta decay of cobalt-60 nuclei, showing preferential emission direction
+ CP violation discovered in neutral kaon decays (Cronin and Fitch, 1964)

» Explains matter-antimatter asymmetry in the universe

« T violation inferred from CP violation due to CPT theorem

* Directly observed in B meson decays (BaBar experiment, 2012)

* CPT symmetry remains unbroken in all observed phenomena

« Violations would have profound implications for fundamental physics theories
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Particle Symmetries

Isospin and Strong Interactions

* Isospin symmetry describes the similarity between protons and neutrons in strong interactions
« Introduced by Heisenberg to explain the near-identical behavior of protons and neutrons

+ Treats proton and neutron as two states of a single particle (nucleon)

» Mathematically analogous to spin-1/2 systems, using SU(2) symmetry group

* Explains the similarity in binding energies of mirror nuclei (nuclei with exchanged proton and neutron
numbers)

» Approximately conserved in strong interactions, broken by electromagnetic and weak interactions

Flavor Symmetries and Quark Model

* Flavor symmetry extends isospin concept to include strange quarks (and heavier quarks)
» SU(3) flavor symmetry groups particles into multiplets based on their quark content

* Explains patterns in hadron masses and properties (Eightfold Way classification)

* Predicts existence of particles (Q baryon predicted by Gell-Mann, discovered in 1964)

* Broken symmetry due to mass differences between quarks

* Leads to mass splitting within particle multiplets

* Provides framework for understanding quark model and hadron spectroscopy

» Extended to higher symmetries (SU(4), SU(5)) to include charm and bottom quarks

12.4 Beyond the Standard Model

The Standard Model of particle physics is a cornerstone of modern physics, but it's not the whole story.
Scientists are exploring theories beyond it to explain unexplained phenomena and unify fundamental
forces.

These theories, like supersymmetry and string theory, aim to fill gaps in our understanding. They tackle
mysteries like dark matter, dark energy, and neutrino masses, pushing the boundaries of what we know
about the universe.

Theories Beyond the Standard Model
Supersymmetry and String Theory

» Supersymmetry proposes a symmetry between fermions and bosons
* Predicts superpartner particles for each known particle

» Addresses hierarchy problem in particle physics

* Provides potential dark matter candidate particles

« String theory postulates fundamental particles as vibrating strings
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* Unifies quantum mechanics and general relativity

* Requires extra spatial dimensions (10 or 11 total)

« Different vibrational modes correspond to different particles

* M-theory emerges as a unifying framework for string theories
* Incorporates 11 dimensions and includes supergravity

* Proposes existence of multidimensional objects called branes

Grand Unified Theories (GUTS)

» GUTs aim to unify strong, weak, and electromagnetic forces

* Predict convergence of coupling constants at high energies

* Propose existence of X and Y bosons as force carriers

» SU(5) model serves as simplest GUT framework

» Groups quarks and leptons into larger multiplets

* Predicts proton decay with long but finite lifetime

* SO(10) model extends SU(5) to include right-handed neutrinos
* Provides natural explanation for neutrino masses

* Incorporates seesaw mechanism for neutrino mass generation

Unexplained Phenomena

Dark Matter and Dark Energy
+ Dark matter accounts for ~27% of the universe's mass-energy content
* Inferred from gravitational effects on visible matter
+ Candidates include WIMPs (Weakly Interacting Massive Particles)

* Detection methods involve direct detection (underground experiments) and indirect detection (cosmic
ray observations)

+ Dark energy comprises ~68% of the universe's mass-energy content
* Responsible for accelerating expansion of the universe
* Possible explanations include cosmological constant or quintessence field

« Studied through observations of Type la supernovae and cosmic microwave background

Neutrino Oscillations and Mass

* Neutrino oscillations describe flavor changes between neutrino types
* Observed in solar, atmospheric, and reactor neutrinos

* Implies non-zero neutrino masses, contradicting Standard Model predictions
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 Characterized by mixing angles (612, 623, 613) and mass-squared differences
* Neutrino mass hierarchy remains undetermined

* Normal hierarchy: m1 < m2 << m3

* Inverted hierarchy: m3 << m1 <m2

* Absolute mass scale still unknown, constrained by cosmological observations

Predicted Effects

Proton Decay and Baryon Number Violation

* Proton decay predicted by many GUTs and some supersymmetric theories

* Violates baryon number conservation

* Typical decay modes include p - e+ + M0 and p - K+ + v

* Current experimental lower limit on proton lifetime exceeds 1034 years

* Neutron-antineutron oscillations serve as alternative baryon number violation process
* Predicted by some theories beyond the Standard Model

» Would indicate Majorana nature of neutrinos if observed

Neutrino Physics Beyond Oscillations

« Sterile neutrinos hypothesized as additional neutrino flavors

* Do not interact via weak force, only through gravity

+ Could explain anomalies in short-baseline neutrino experiments

* Neutrinoless double beta decay searches probe Majorana nature of neutrinos
* Would violate lepton number conservation if observed

 Provides information on absolute neutrino mass scale

Dark Matter Detection and Characterization

* Direct detection experiments aim to observe WIMP-nucleon scattering

* Use low-background detectors in underground laboratories (XENON, LUX)

» Seasonal variation in event rate expected due to Earth's orbit

* Indirect detection searches for dark matter annihilation products

* Focus on regions of high dark matter density (galactic center, dwarf galaxies)
* Look for excess gamma rays, neutrinos, or antimatter in cosmic rays

* Collider searches attempt to produce dark matter particles

* Look for missing energy signatures in particle collisions

+ Constrain properties of dark matter candidates through precision measurements
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Unit 13 — Frontiers in Nuclear Physics
Research

13.1 Nuclear astrophysics

Nuclear astrophysics bridges the gap between atomic nuclei and cosmic events. It explains how elements
form in stars, supernovae, and the early universe, shedding light on the origin of matter we see today.

This field combines nuclear physics with astronomy to unravel cosmic mysteries. By studying
nucleosynthesis processes and astrophysical phenomena, scientists can trace the journey of elements
from the Big Bang to present-day stars and planets.

Nucleosynthesis Processes

Stellar and Big Bang Nucleosynthesis
« Stellar nucleosynthesis occurs in stars through fusion reactions
 Converts lighter elements into heavier ones
+ Begins with hydrogen fusion in main sequence stars
* Proceeds through helium, carbon, and heavier elements in more massive stars
* Big Bang nucleosynthesis took place during the early universe
* Produced primordial abundances of light elements (hydrogen, helium, lithium)
+ Occurred within the first few minutes after the Big Bang

 Explains observed cosmic abundance of light elements

Advanced Nucleosynthesis Processes

* r-process (rapid neutron capture) synthesizes about half of the elements heavier than iron
* Occurs in neutron-rich environments (neutron star mergers, supernovae)

* Produces neutron-rich isotopes far from the valley of stability

» Responsible for creating elements like gold, platinum, and uranium

* s-process (slow neutron capture) accounts for the other half of heavy elements

* Takes place in low to intermediate-mass stars during their asymptotic giant branch phase
* Produces elements along the valley of stability

* Creates elements such as strontium, barium, and lead

* p-process (proton capture) synthesizes proton-rich nuclei

* Occurs in hot, proton-rich environments (supernovae, x-ray bursts)

* Produces rare, proton-rich isotopes of elements
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* Responsible for creating isotopes like molybdenum-92 and ruthenium-96

Astrophysical Phenomena

Supernova and Cosmic Ray Nucleosynthesis

 Supernova nucleosynthesis plays a crucial role in element production
+ Core-collapse supernovae produce elements up to iron through silicon burning
* Type la supernovae synthesize large amounts of iron-group elements

» Supernovae eject newly formed elements into the interstellar medium, enriching future generations of
stars

» Cosmic ray nucleosynthesis occurs when high-energy particles interact with interstellar matter
* Produces light elements like lithium, beryllium, and boron

+ Accounts for the observed abundances of these elements that cannot be explained by stellar or Big
Bang nucleosynthesis

* Involves spallation reactions, breaking apart heavier nuclei into lighter ones

Neutrino Astrophysics in Nucleosynthesis

+ Neutrino astrophysics plays a significant role in understanding nucleosynthesis processes

* Neutrinos carry away most of the energy in core-collapse supernovae

* Neutrino-induced nucleosynthesis can occur in the outer layers of exploding stars

« Studying neutrino emissions provides insights into the internal processes of stars and supernovae

* Neutrino detectors (Super-Kamiokande, IceCube) help observe astrophysical neutrino events

Computational Methods

Nuclear Reaction Networks in Astrophysical Modeling

* Nuclear reaction networks model complex series of nuclear reactions in astrophysical environments
* Include thousands of isotopes and tens of thousands of reactions

* Solve systems of coupled differential equations to track isotope abundances over time

* Incorporate various reaction types (fusion, fission, particle capture, decay)

« Essential for simulating nucleosynthesis in stars, supernovae, and other cosmic events

» Computational challenges in nuclear reaction networks

* Require high-performance computing due to the large number of isotopes and reactions

» Must handle vastly different timescales, from rapid reactions to slow decays

* Incorporate updated nuclear data and reaction rates from experiments and theory

 Coupling with hydrodynamic simulations for more accurate astrophysical modeling

Fiveable archived study guides Page 113



13.2 Exotic nuclei and superheavy elements

Exotic nuclei push the limits of nuclear stability, revealing new insights into nuclear structure and forces.
From neutron-rich to proton-rich nuclei, these unstable atoms help scientists understand the boundaries of
nuclear existence and refine theoretical models.

Superheavy elements represent the frontier of the periodic table, with researchers hunting for the elusive
"island of stability." These artificial atoms challenge our understanding of nuclear physics and offer
glimpses into the extreme limits of atomic structure.

Exotic Nuclei

Neutron and Proton-Rich Nuclei
* Neutron-rich nuclei contain more neutrons than stable isotopes of the same element
 Exhibit unique properties due to excess neutrons influencing nuclear structure and behavior
* Proton-rich nuclei possess more protons than stable isotopes of the same element
« Display distinct characteristics resulting from the surplus of protons affecting nuclear stability
* Both types of exotic nuclei push the boundaries of nuclear physics understanding

« Studying these nuclei provides insights into nuclear forces and structure far from stability

Drip Lines and Nuclear Limits
* Drip lines represent the limits of nuclear binding for neutrons or protons
* Neutron drip line marks the point where adding more neutrons results in immediate neutron emission
* Proton drip line indicates the limit where additional protons lead to instant proton emission
* Nuclei beyond drip lines are extremely unstable and have extremely short half-lives
+ Exploring nuclei near drip lines helps refine nuclear models and theories

+ Drip lines vary across the nuclear chart, forming irregular boundaries (neutron drip line for heavy
elements remains uncertain)

Nuclear Deformation in Exotic Nuclei

* Exotic nuclei often exhibit unusual shapes and deformations compared to stable nuclei
* Nuclear deformation affects binding energies, decay modes, and nuclear reactions
» Shape coexistence occurs when nuclei can exist in multiple shape configurations

* Halo nuclei feature a core surrounded by one or more loosely bound nucleons (neutron halos more
common)

* Borromean nuclei consist of three-body systems where removing any component causes the system
to fall apart

« Studying deformations in exotic nuclei provides insights into nuclear structure evolution far from
stability
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Superheavy Elements

Island of Stability

* Theoretical region in the chart of nuclides where superheavy elements become relatively stable
* Predicted to exist around proton numbers 114, 120, or 126 and neutron numbers around 184
« Stability arises from quantum mechanical shell effects compensating for strong Coulomb repulsion

+ Elements in this region expected to have longer half-lives compared to neighboring superheavy
elements

+ Discovering and studying these elements could reveal new properties of nuclear matter

* Challenges in reaching the island of stability include producing nuclei with sufficient neutrons

Synthesis and Properties of Superheavy Elements

» Superheavy elements artificially created through nuclear fusion reactions

* Typically produced using heavy-ion accelerators and specialized detection systems

» Fusion-evaporation reactions combine heavy target nuclei with accelerated projectile nuclei

* Cross-sections for superheavy element production extremely small, requiring long experiment times
» Chemical properties of superheavy elements often differ from lighter elements in the same group

+ Relativistic effects become significant, influencing electron configurations and chemical behavior

+ Studying superheavy elements provides insights into the limits of the periodic table and nuclear
stability

Nuclear Models and Experiments

Advanced Nuclear Models for Exotic Nuclei

* Nuclear shell model adapted to describe exotic nuclei far from stability
* Incorporates modified magic numbers and new shell closures for neutron-rich nuclei
* Ab initio calculations attempt to describe nuclear structure from first principles

* Density Functional Theory (DFT) approaches used to model nuclear properties across the nuclear
chart

+ Cluster models describe certain exotic nuclei as composed of clusters of nucleons
+ Continuum coupling important for weakly bound systems near drip lines
Radioactive Beam Experiments and Facilities

» Radioactive beam facilities produce and accelerate beams of unstable nuclei
« In-flight fragmentation technique creates exotic nuclei by fragmenting stable heavy-ion beams

* Isotope Separation On-Line (ISOL) method produces radioactive ions through target bombardment
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* Facilities like RIKEN in Japan, GSI in Germany, and FRIB in the USA conduct cutting-edge
experiments

* Time-of-flight mass spectrometry used to identify and study short-lived exotic nuclei

» Reaction studies with radioactive beams provide information on nuclear structure and astrophysical
processes

*» Decay spectroscopy reveals energy levels and decay modes of exotic nuclei

13.3 Quantum chromodynamics and quark-gluon plasma

Quantum chromodynamics (QCD) explores the strong force binding quarks and gluons. This section dives
into quark-gluon plasma, a state of matter where these particles move freely, and the phase transitions that
occur in extreme conditions.

We'll examine the QCD phase diagram, color confinement, and asymptotic freedom. We'll also look at
experimental methods like heavy-ion collisions and lattice QCD, which help us understand the universe's
earliest moments and the nature of matter itself.

Quark-Gluon Plasma and QCD Phase Transitions

Quark-Gluon Plasma Characteristics

* Quark-gluon plasma represents a state of matter where quarks and gluons move freely
* Forms at extremely high temperatures or densities, typically above 2 trillion Kelvin

* Existed in the early universe, approximately 10*-6 seconds after the Big Bang

* Behaves as a nearly perfect fluid with minimal viscosity

« Exhibits collective behavior, such as flow patterns and pressure gradients

Phase Transitions in QCD

» Deconfinement phase transition marks the boundary between hadronic matter and quark-gluon
plasma

» Occurs when the energy density becomes sufficiently high to overcome the strong force
+ Chiral symmetry restoration happens alongside deconfinement
* Restores the symmetry between left-handed and right-handed quarks

* Results in significant changes to the masses of hadrons

QCD Phase Diagram

* QCD phase diagram maps out different states of matter as a function of temperature and baryon
chemical potential

* Includes regions for hadronic matter, quark-gluon plasma, and color superconductivity
« Critical point represents the end of the first-order phase transition line

» Ongoing research aims to precisely locate the critical point through experiments and theoretical
calculations
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» Understanding the phase diagram provides insights into neutron star interiors and the early universe

QCD Properties and Confinement

Color Confinement Mechanism

+ Color confinement describes the phenomenon where quarks cannot be isolated singularly
* Quarks are always found in color-neutral combinations (hadrons)

« Strong force between quarks increases with distance, unlike other fundamental forces

* Attempting to separate quarks results in the creation of new quark-antiquark pairs

« Explains why free quarks are not observed in nature

Asymptotic Freedom and Its Implications
» Asymptotic freedom refers to the weakening of strong force at high energies or short distances
* Discovered by David Gross, Frank Wilczek, and David Politzer in 1973
* Allows quarks to behave as nearly free particles within hadrons
* Crucial for understanding deep inelastic scattering experiments

 Enables perturbative calculations in high-energy QCD processes

Lattice QCD Techniques

« Lattice QCD provides a non-perturbative approach to solving QCD equations
* Discretizes space-time into a four-dimensional lattice

+ Allows for numerical simulations of quark and gluon interactions

* Requires significant computational resources and advanced algorithms

* Produces reliable results for hadronic properties, phase transitions, and QCD thermodynamics

Experimental Studies

Heavy-lon Collision Experiments

» Heavy-ion collisions recreate conditions similar to the early universe
+ Conducted at facilities like RHIC (Brookhaven) and LHC (CERN)

* Collide nuclei of heavy elements (gold, lead) at relativistic speeds

* Produce temperatures exceeding 4 trillion Kelvin

* Observe signatures of quark-gluon plasma formation, such as jet quenching and elliptic flow

Detector Technologies and Observables

« Time Projection Chambers track charged particles produced in collisions

* Electromagnetic calorimeters measure energy of photons and electrons
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» Hadron calorimeters detect energy of hadrons and jets
» Key observables include particle multiplicities, momentum spectra, and flow coefficients

» Advanced data analysis techniques extract information about the properties of quark-gluon plasma

Future Directions in QCD Research

* Electron-lon Collider (EIC) will probe the internal structure of nucleons and nuclei

* Planned upgrades to existing facilities will increase collision energies and luminosities
» Development of new theoretical tools to better understand the QCD phase diagram

+ Exploration of exotic QCD states, such as pentaquarks and tetraquarks

+ Applications of QCD concepts to other fields, including condensed matter physics and quantum
computing

13.4 Nuclear physics facilities and experiments

Nuclear physics facilities push the boundaries of our understanding. From particle accelerators that smash
atoms to neutrino detectors deep underground, these tools let us peek into the heart of matter. They're the
backbone of cutting-edge research in nuclear physics.

These facilities aren't just for scientists in lab coats. They have real-world impacts, like creating medical
isotopes for cancer treatment or exploring fusion energy. As we dive into this topic, we'll see how these
experiments shape our grasp of the universe's building blocks.

Particle Accelerators

Types of Particle Accelerators
« Particle accelerators propel charged particles to high speeds using electromagnetic fields
* Linear accelerators (linacs) accelerate particles in a straight line
« Circular accelerators guide particles in a circular path, allowing for higher energies
* Colliders accelerate two beams of particles in opposite directions and cause them to intersect

 Van de Graaff generators use static electricity to accelerate particles

Synchrotrons and Their Applications

» Synchrotrons accelerate particles in a circular path using synchronized magnetic fields
* Particles travel in a ring-shaped vacuum tube, guided by powerful magnets

» Radio frequency cavities provide energy to accelerate the particles

+ Used for high-energy physics experiments and production of synchrotron radiation
 Synchrotron radiation includes X-rays and other forms of electromagnetic radiation

* Applications include materials science, structural biology, and medical imaging
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Cyclotrons and Rare Isotope Beam Facilities

* Cyclotrons accelerate charged particles in a spiral path using a constant magnetic field

* Particles gain energy with each revolution, reaching high speeds

+ Used for particle physics research and production of radioisotopes for medical applications
* Rare isotope beam facilities produce and study exotic atomic nuclei

* Isotope separation on-line (ISOL) technique creates rare isotopes through nuclear reactions
« In-flight fragmentation method produces rare isotopes by breaking apart heavy ion beams

* Facilities like FRIB (Facility for Rare Isotope Beams) advance our understanding of nuclear structure
and astrophysics

Nuclear Reactors and Fusion

Nuclear Reactors for Research

* Research reactors operate at lower power levels than commercial nuclear power plants
« Used for neutron scattering experiments to study material properties

* Produce radioisotopes for medical diagnostics and cancer treatments

* Serve as training facilities for nuclear engineers and reactor operators

* Test new reactor designs and fuel types

+ Neutron activation analysis helps determine elemental composition of materials

Nuclear Fusion Experiments

* Fusion experiments aim to harness the energy released when light atomic nuclei combine

» Tokamaks use magnetic confinement to contain hot plasma for fusion reactions

* ITER (International Thermonuclear Experimental Reactor) represents the largest fusion experiment
+ Inertial confinement fusion uses powerful lasers to compress and heat fusion fuel

* National Ignition Facility (NIF) conducts inertial confinement fusion experiments

« Stellarators offer an alternative magnetic confinement design to tokamaks

» Wendelstein 7-X stellarator explores the potential for steady-state fusion operation

Detectors and Laboratories

Neutrino Detectors and Their Designs
» Neutrino detectors aim to observe these elusive, nearly massless particles
» Water Cherenkov detectors use large volumes of purified water (Super-Kamiokande)

« Liquid scintillator detectors employ organic compounds that emit light when particles interact
(KamLAND)
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* Long-baseline neutrino experiments study neutrino oscillations over great distances
* Ice Cube Neutrino Observatory uses Antarctic ice as a detection medium

 Borexino detector specializes in low-energy solar neutrino detection

Underground Laboratories and Their Importance

» Underground laboratories shield experiments from cosmic radiation

* Located in deep mines or under mountains to reduce background noise

» Gran Sasso National Laboratory in Italy hosts various neutrino and dark matter experiments

* SNOLAB in Canada, situated 2 km underground, conducts neutrino and dark matter research

» Sanford Underground Research Facility in South Dakota houses the DUNE neutrino experiment

» Underground labs crucial for rare event searches and precision measurements

Advanced Detector Technologies

« Silicon pixel detectors provide high-resolution particle tracking

* Time projection chambers (TPCs) offer 3D reconstruction of particle trajectories
» Semiconductor detectors measure energy deposition of charged particles

« Scintillation detectors convert particle energy into light pulses

» Cherenkov detectors identify particles by detecting light emitted when they exceed the speed of light
in a medium

+ Calorimeters measure the energy of particles by total absorption

* Muon chambers detect and track muons in particle physics experiments
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