MINI REVIEW

Nuclear physics: Exploring the heart of matter and energy

Bekturali Orozov", Zh Khamidov, R Isaev, G Gimaletdinova

Orozov B, Khamidov Zh, Isaev R, et al. Nuclear physics: Exploring the heart
of matter and energy. ] Mod Appl Phys. 2025;8(1):1-2.

ABSTRACT

Nuclear physics is a branch of physics that focuses on the study of atomic
nuclei and their interactions. It plays a central role in understanding the
forces and particles that make up matter at the most fundamental level.
From nuclear reactions in stars to the development of energy sources on
Earth, nuclear physics has numerous applications in various fields including

energy production, medicine, and national security. This article explores the
fundamental concepts in nuclear physics, its history, key discoveries, and
practical applications. It also highlights the challenges and future directions
in this dynamic field, emphasizing its importance in both scientific
advancement and technological progress.

Key Words: Nuclear physics; Atomic nuclei; Nuclear reactions; Energy
production; Quantum mechanics; Nuclear applications; Particle physics

INTRODUCTION

Nuclear physics is a fascinating and highly specialized area of physics

that delves into the properties and behavior of atomic nuclei. The nucleus of
an atom, consisting of protons and neutrons, is at the core of matter itself.
Nuclear physics investigates how these particles interact with each other and
how they respond to external forces. Over the years, this field has
significantly contributed to scientific progress and has found its way into
applications that affect various aspects of human life, from energy production
to medicine and national defense. This article provides a detailed exploration
of nuclear physics, examining its principles, breakthroughs, practical uses,
and the challenges that lie ahead.

LITERATURE REVIEW

Fundamentals of nuclear physics

The atomic nucleus: At the heart of nuclear physics is the study of the
atomic nucleus, which is composed of protons and neutrons, held together
by the nuclear force. The protons carry a positive charge, while neutrons are
electrically neutral. The balance between the electromagnetic force, which
repels like charges, and the strong nuclear force, which binds protons and
neutrons together, determines the stability of the nucleus. The size of the
nucleus is minuscule, typically in the order of 101* meters, much smaller
than the overall size of the atom, which is about 1010 meters [1,2].

Nuclear force: The nuclear force is one of the four fundamental forces in
nature, and it is responsible for the stability of the nucleus. It is much
stronger than the electromagnetic force at short distances but operates only
within a tiny range, on the scale of a few femtometers (101> meters). This
force binds protons and neutrons together despite their electromagnetic
repulsion, ensuring that the nucleus remains intact [3,4].

Radioactivity: One of the most well-known phenomena in nuclear physics
is radioactivity, discovered by Marie Curie and Henri Becquerel in the late
19t century. Radioactive decay occurs when an unstable nucleus loses
energy by emitting radiation, which can take the form of alpha particles,
beta particles, or gamma rays. Radioactivity is a fundamental concept in
nuclear physics, influencing many applications, including medical imaging,
carbon dating, and nuclear energy [5,6].

Nuclear reactions: Nuclear reactions involve changes in the structure of
atomic nuclei, leading to the release or absorption of vast amounts of
energy. There are two primary types of nuclear reactions: Nuclear fission and

nuclear fusion. Nuclear fission occurs when a heavy nucleus, such as
Uranium-235 or Plutonium-239, splits into smaller nuclei, releasing energy
in the form of heat. This process is harnessed in nuclear reactors for power
generation. On the other hand, nuclear fusion, the process in which two
light atomic nuclei combine to form a heavier nucleus, powers stars,
including our Sun. Achieving controlled fusion on Earth is one of the major
challenges facing modern science.

DISCUSSION

Key discoveries and historical developments

The discovery of the nucleus: The story of nuclear physics began in the early
20th century with the discovery of the atomic nucleus by Ernest Rutherford
in 1911. Rutherford’s gold foil experiment revealed that atoms have a small,
dense nucleus at their center, fundamentally changing our understanding of
atomic structure. This discovery was followed by Niels Bohr’s model of the
atom in 1913, which incorporated the newly discovered nucleus and
explained the behavior of electrons in atoms [7].

Development of nuclear models: In the 1930’s, the discovery of the neutron
by James Chadwick paved the way for more accurate models of the nucleus.
The understanding of nuclear forces and the structure of the nucleus grew
rapidly during this period. The shell model, developed by Maria Goeppert-
Mayer and J. Hans D. Jensen in the 1940’s, was one of the most significant
advancements. This model described the arrangement of protons and
neutrons in discrete energy levels or shells within the nucleus, similar to how
electrons occupy energy levels in atoms [8].

The Manhattan project and the advent of nuclear energy: During World
War 11, the practical applications of nuclear physics were realized with the
development of the atomic bomb under the Manhattan project. Scientists
such as Robert Oppenheimer and Enrico Fermi contributed significantly to
this effort, which led to the first successful detonation of a nuclear weapon
in 1945. While the use of nuclear weapons remains controversial, the era
also saw the peaceful application of nuclear physics, particularly in the
development of nuclear energy [9].

The era of nuclear reactors: The 1950’s and 1960’s saw the advent of nuclear
power plants, which harnessed the energy released from nuclear fission to
generate electricity. The first commercial nuclear power station was launched
in 1954 in Obninsk, Soviet Union, and the use of nuclear energy continued
to grow throughout the late 20th century. Today, nuclear reactors provide a
significant portion of the world’s electricity and are seen as an essential part of
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efforts to reduce carbon emissions and combat climate change.

Applications of nuclear physics

Nuclear energy: One of the most significant applications of nuclear physics
is nuclear energy. Nuclear fission, the splitting of heavy atomic nuclei,
releases enormous amounts of energy. This process is harnessed in nuclear
power plants to generate electricity, providing a low-carbon alternative to
fossil fuels. Nuclear energy is a crucial component of the energy mix in
many countries, as it offers a reliable and scalable source of power. However,
challenges such as nuclear waste disposal, safety concerns, and the risk of
nuclear proliferation remain.

Nuclear medicine: Nuclear physics plays a vital role in medicine, particularly
in diagnostic imaging and cancer treatment. Techniques such as Positron
Emission Tomography (PET) and Single-Photon Emission Computed
Tomography (SPECT) rely on the principles of nuclear physics to produce
detailed images of the body’s internal structures. Moreover, radioisotopes are
used in targeted therapies to treat various types of cancer. The use of
radiation therapy in oncology is one of the most important breakthroughs in
modern medicine.

Nuclear weapons: The military applications of nuclear physics are perhaps
the most widely known. The development of nuclear weapons during the
mid-20th century introduced a new era of warfare and global politics. While
the use of nuclear weapons has been restricted through international
treaties, the role of nuclear physics in national security and defense remains
highly significant.

Particle accelerators and research: Particle accelerators, which accelerate
atomic and subatomic particles to high speeds, are indispensable tools in
nuclear physics research. These accelerators enable scientists to study
nuclear reactions, explore fundamental particles, and simulate conditions
similar to those in stars and black holes. Major research facilities like CERN
in Switzerland and Fermilab in the United States use accelerators to explore
the mysteries of the universe.

Challenges and future directions in nuclear physics

Fusion energy: Nuclear fusion, the process that powers the Sun, holds great
promise as a clean and nearly limitless source of energy. However, achieving
controlled fusion on Earth has proven to be extraordinarily difficult. The
challenge lies in creating the necessary conditions for fusion, which require
extremely high temperatures and pressures. While experimental reactors like
ITER in France are making progress, practical fusion energy may still be
several decades away.

Nuclear waste disposal: Another major challenge facing nuclear energy is
the safe disposal of nuclear waste. The radioactive materials produced in

nuclear reactors remain hazardous for thousands of years, and developing
long-term storage solutions is a critical issue. Various proposals, such as
deep geological repositories, are being considered, but no global solution
has been implemented yet.

Quantum mechanics and nuclear physics: The interplay between quantum
mechanics and nuclear physics is an area of ongoing research. Quantum
mechanics, which governs the behavior of particles on the atomic and
subatomic levels, is essential for understanding nuclear interactions. New
discoveries in quantum computing and quantum materials may
revolutionize the way we approach nuclear physics in the future.

CONCLUSION

Nuclear physics continues to be a vibrant and crucial field of study with far-
reaching implications across multiple disciplines. From its role in
understanding the universe's fundamental forces and particles to its
applications in energy, medicine, and national security, nuclear physics
shapes the world we live in today. Despite the challenges, the future of
nuclear physics is filled with exciting prospects, including advancements in
fusion energy, medical treatments, and our understanding of the cosmos. As
we continue to explore the fundamental building blocks of matter, nuclear
physics will undoubtedly remain at the forefront of scientific and
technological progress.
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