Lecture 9

Nuclear Physics and Measurement of Radioactivity

Aim of the Lecture: To introduce the fundamental principles of nuclear physics, explain the structure and behavior of atomic nuclei, examine radioactive decay processes, and present the main techniques and instruments used to measure radioactivity in scientific, medical, and industrial contexts.

Objectives
· By the end of this lecture, students will be able to:
· Understand the composition and properties of the atomic nucleus
· Describe the main types of radioactive decay and their characteristics
· Explain how radioactivity is quantified and what physical units are used
· Identify common radiation detection instruments and their operating principles
· Recognize major applications of nuclear physics in energy, medicine, archaeology, and environmental monitoring

Key Terms: Atomic Nucleus, Protons, Neutrons, Radioactivity, Alpha Decay, Beta Decay, Gamma Radiation, Half-Life, Activity (Bq), Dose (Gy), Sievert (Sv), Geiger-Müller Counter, Scintillation Detector, Dosimeter, Nuclear Fission, Radioisotopes.

Main Content

Introduction to Nuclear Physics
Nuclear physics is the branch of physics that explores the structure, properties, and interactions of atomic nuclei—the extremely small but immensely powerful cores at the center of atoms. While atoms consist of electrons orbiting around a nucleus, the nucleus itself contains tightly bound protons and neutrons, collectively known as nucleons. Despite occupying only a tiny fraction of an atom’s volume, the nucleus accounts for almost all of its mass and governs many of its fundamental behaviors. The interactions between these nuclear particles are controlled by the strong nuclear force, which is the most powerful force in nature and is responsible for holding the nucleus together against the enormous repulsive forces between positively charged protons. Nuclear physics seeks to uncover how nuclei maintain stability, why some nuclei are stable while others are radioactive, and how they transform through various decay processes. The study of radioactive decay—alpha, beta, and gamma emissions—provides insight into the internal structure of nuclei and reveals the mechanisms through which unstable nuclei evolve toward more stable states. These transformations are accompanied by significant energy changes, making nuclear reactions an essential source of natural and technological energy. 
The field of nuclear physics has profound scientific significance. It explains how elements are formed in stars through nuclear fusion, a process that powers the Sun and other stars by combining light nuclei into heavier ones. It also describes nuclear fission, where heavy nuclei split into smaller fragments, releasing vast amounts of energy. These nuclear processes play a central role in astrophysics, helping scientists understand the life cycles of stars, the synthesis of chemical elements, and the explosive phenomena of supernovae. Beyond fundamental science, nuclear physics has immense technological and practical importance. Radioactive isotopes are widely used in medicine for diagnostics and treatment—for example, in PET scans, cancer radiotherapy, and sterilization procedures. In industry, radioisotopes support material testing, quality control, and process monitoring. Nuclear reactors, based on controlled fission reactions, generate significant portions of the world’s electricity and offer a low-carbon alternative to fossil fuels.
Nuclear physics also contributes to national security, environmental monitoring, and archaeological dating. Techniques such as radiocarbon dating allow scientists to determine the age of ancient artifacts, while radiation detectors ensure safety around nuclear facilities and track environmental contamination. Moreover, nuclear physics serves as a bridge to particle physics, where the study of fundamental forces and subatomic particles reveals the deeper structure of matter and the origins of the universe.

Atomic Nucleus Structure
The atomic nucleus is the central core of an atom, containing nearly all of its mass and defining many of its fundamental physical properties. It is composed of two primary types of subatomic particles: protons and neutrons, collectively known as nucleons. Protons are positively charged particles, and their number determines the chemical identity of an element. For example, hydrogen has one proton, carbon has six, and uranium has ninety-two. This value, called the atomic number (Z), sets the element’s position in the periodic table. However, because protons carry the same positive charge, they naturally repel each other due to electrostatic (Coulomb) forces. If only this repulsive force acted within the nucleus, the nucleus would immediately split apart. Instead, nuclei remain stable because of the strong nuclear force, a short-range but extremely powerful attractive force that binds protons and neutrons tightly together. The strong force overcomes electrostatic repulsion at distances typical within the nucleus, making it essential to nuclear stability. Neutrons are electrically neutral particles, meaning they carry no charge. Although they do not contribute to electrostatic interactions, they play a critical role in stabilizing the nucleus. Neutrons help reduce the repulsive forces between protons by adding to the attractive strong nuclear interactions. This balancing effect is why heavier nuclei require more neutrons than protons to remain stable. Neutrons also determine the isotopes of an element—atoms with the same number of protons but different numbers of neutrons. Some isotopes are stable, while others are unstable and undergo radioactive decay. For example, carbon-12 and carbon-13 are stable isotopes of carbon, whereas carbon-14 is radioactive.
The stability of a nucleus depends on the delicate balance between:
· Electrostatic repulsion between protons
· Strong nuclear attraction among protons and neutrons
The neutron-to-proton ratio, which changes as atomic number increases
Light elements often have nearly equal numbers of protons and neutrons, while heavier elements require a higher proportion of neutrons to offset increasing proton-proton repulsion. If this balance shifts too far—such as in very heavy nuclei or neutron-rich nuclei—the strong force can no longer maintain stability. As a result, the nucleus becomes unstable and eventually undergoes radioactive decay to reach a more stable configuration.
Radioactive decay may occur through various pathways, including alpha decay (expelling a helium nucleus), beta decay (converting neutrons to protons or vice versa), or gamma emission (releasing stored energy). Each type of decay provides insight into the internal forces and energy changes within the nucleus.

Radioactivity and Nuclear Decay
Radioactivity is the spontaneous emission of particles or energy from unstable nuclei. This phenomenon allows nuclei to transform into more stable configurations. The major types of nuclear decay are:
· Alpha Decay. The nucleus emits an alpha particle consisting of two protons and two neutrons. Mass number decreases by 4. Atomic number decreases by 2. This type of radiation has low penetration power but can be dangerous if ingested.
· Beta Decay. A neutron transforms into a proton (beta-minus decay) or a proton transforms into a neutron (beta-plus decay). Emits an electron or positron. Changes the atomic number but not the mass number. Beta decay plays a key role in nuclear reactions in stars and radioactive isotopes used in medicine.
· Gamma Decay. The nucleus releases excess energy in the form of gamma rays—high-energy electromagnetic waves. No change in mass or charge. Very high penetration power. Gamma radiation accompanies many alpha and beta decays.
These types of decay help nuclei reach lower energy states and greater stability.

Measurement of Radioactivity
Measuring radioactivity is essential for understanding the intensity, behavior, and potential biological impact of radiation emitted by unstable atomic nuclei. Because different types of radiation interact with matter in different ways, scientists use several standardized quantities and units to accurately describe radioactive processes and ensure safety in medical, industrial, and research environments. These measurements allow researchers to monitor radiation exposure, evaluate environmental contamination, and safely handle radioactive materials.
Activity (Becquerel, Bq). Activity measures the rate at which a radioactive substance undergoes nuclear decay. It quantifies how many nuclei disintegrate per unit of time. 1 Becquerel (Bq) = 1 decay per second. Higher activity means more frequent decay events and therefore stronger radioactivity.
Activity is used to characterize the strength of radioactive sources in medicine, nuclear reactors, geological dating, and laboratory research. For example, isotopes used in PET scans have high activity to ensure clear imaging results within a short time frame.

Half-Life.  The half-life of a radioactive isotope is the time required for half of the radioactive atoms in a sample to decay. It is a fundamental property of each isotope and does not change under normal physical or chemical conditions. Half-lives vary widely—from fractions of a second (e.g., polonium-214) to billions of years (e.g., uranium-238). The half-life determines how long an isotope remains hazardous or useful. 
Absorbed Dose (Gray, Gy). The absorbed dose reflects how much radiation energy is deposited in a material (usually biological tissue). 1 Gray (Gy) = absorption of 1 joule of radiation energy per kilogram of matter. Absorbed dose is used in radiotherapy, radiation biology, and safety assessments. High absorbed doses can damage cells and tissues, while carefully controlled doses are used to kill cancerous tumors in medical treatment.
Dose Equivalent (Sievert, Sv). Not all types of radiation cause the same biological damage, even if the absorbed dose is identical. The Sievert (Sv) accounts for the biological effectiveness of different radiation types (alpha, beta, gamma, neutrons). Sievert considers both absorbed energy and radiation type. It is the primary unit used in radiation protection and health physics

Radiation Detection Instruments
The ability to detect and measure ionizing radiation is essential for scientific research, environmental protection, industrial applications, and medical safety. Because different types of radiation (alpha, beta, gamma, neutron) interact differently with matter, specialized instruments have been developed to quantify radiation intensity, identify radioactive sources, and monitor exposure. Each instrument relies on specific physical principles to convert radiation events into electrical signals or measurable quantities.
The Geiger-Müller (GM) counter is one of the most widely used and recognizable radiation detection devices. It consists of a gas-filled tube with a central wire electrode. When ionizing radiation enters the tube, it ionizes the gas, creating electron-ion pairs. These charges accelerate toward the electrodes, producing a detectable electrical pulse. Key features:
· Detects ionizing particles entering the gas-filled tube
· Produces audible clicks or digital counts for each detected event
· Effective for detecting beta and gamma radiation
· Simple, portable, inexpensive, and easy to operate
Although GM counters cannot measure radiation energy or distinguish between different types of particles, they are ideal for survey measurements, contamination checks, and general monitoring.
A scintillation counter detects radiation by using materials that emit tiny flashes of light (scintillations) when struck by ionizing radiation. Common scintillators include sodium iodide doped with thallium [NaI(Tl)], cesium iodide, or specialized plastic scintillators. How it works:
· A gamma ray or charged particle interacts with the crystal.
· The crystal emits a brief flash of visible or ultraviolet light.
· A photomultiplier tube (PMT) or photodiode amplifies the light into an electrical signal.
The ionization chamber is one of the most accurate instruments for measuring radiation intensity. It consists of a sealed volume of gas between two electrodes. When radiation passes through the gas, it creates ion pairs; the resulting charge is collected and measured as a current. Characteristics:
· Measures the total electric charge generated by radiation
· Provides stable and precise measurements
· Commonly used for radiation dosimetry, calibration, and environmental monitoring
· Effective for high radiation levels where GM counters might saturate
· Ionization chambers are widely used in medical physics (e.g., radiotherapy calibration), nuclear facilities, and radiation laboratories.
A dosimeter is a personal radiation monitoring device worn by individuals working in environments where exposure to ionizing radiation is possible, such as hospitals, research laboratories, and nuclear power plants. Types of dosimeters:
· Thermoluminescent dosimeters (TLDs)
· Film badges
· Electronic dosimeters
Electronic dosimeters offer real-time dose monitoring and alarms, enhancing workplace safety.

Applications of Nuclear Physics and Radioactivity
Nuclear physics has far-reaching applications across many scientific and technological fields:
1. Nuclear Energy. One of the most significant applications of nuclear physics is the generation of electricity through controlled nuclear fission. In nuclear reactors, heavy atomic nuclei such as uranium-235 or plutonium-239 split into smaller fragments, releasing enormous amounts of heat energy. This heat is used to produce steam, which drives turbines connected to electric generators
2. Medical Imaging and Treatment. Radioactive isotopes are essential tools in modern medicine, both for diagnosis and therapy. 
3. Radiocarbon Dating. Radiocarbon dating is a crucial application of radioactivity in archaeology, geology, anthropology, and paleontology. It relies on the decay of carbon-14, a naturally occurring radioactive isotope absorbed by living organisms throughout their lifetimes. 
4. Environmental Monitoring. Radioactivity detection plays an essential role in environmental protection and public safety.
5. Industrial Applications. Radioisotopes provide powerful tools in numerous industrial processes. They allow measurements and analyses that would be difficult or impossible using conventional techniques.
The broad range of applications demonstrates how nuclear physics influences modern life. From powering cities and treating cancer to uncovering ancient civilizations and ensuring industrial safety, nuclear science is deeply integrated into technology and society. As research progresses, new applications continue to emerge in fields such as nuclear fusion, advanced materials, quantum sensors, and next-generation imaging techniques

Conclusion 
Nuclear physics and the measurement of radioactivity provide profound insights into the fundamental forces and processes that govern atomic nuclei. By studying how nuclei are structured, how they maintain stability, and how they transform through radioactive decay, scientists gain a deeper understanding of the natural world at its most basic level. The ability to quantify radioactivity with precision—using activity, half-life, absorbed dose, and dose-equivalent measurements—allows researchers and practitioners to apply nuclear phenomena safely and effectively across many disciplines. Mastering radiation detection techniques expands the practical reach of nuclear science. Instruments such as Geiger-Müller counters, scintillation detectors, ionization chambers, and dosimeters enable accurate monitoring of radiation levels, ensuring the protection of workers, patients, and the environment. These tools also support research laboratories, nuclear facilities, and medical centers, where precise measurements are critical for safe operation and high-quality results. The applications of nuclear physics extend far beyond the laboratory. In medicine, radioactive isotopes enable life-saving diagnostic techniques and highly targeted cancer treatments. In energy production, nuclear reactors provide reliable, low-carbon electricity to millions of people. In archaeology and geology, radiometric dating techniques offer a window into the past, revealing the age of ancient artifacts and geological formations. Industrial uses of radioisotopes improve material testing, sterilization, and process monitoring, enhancing both efficiency and safety.

Control Questions:
1. What determines the stability of an atomic nucleus?
2. Explain the main types of radioactive decay.
3. What is the difference between activity (Bq) and absorbed dose (Gy)?
4. How does a Geiger-Müller counter detect radiation?
5. Name three major applications of nuclear physics.

