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Abstract: Nuclear energy contributes 

approximately 10% of global electricity and is 

a key low-carbon energy source with an 

average capacity factor exceeding 80%, 

significantly higher than most renewable 

sources. This study evaluates nuclear energy 

technologies, including fission, fusion, 

radioactive decay, and neutron capture, 

focusing on their efficiency, applications, and 

challenges. Nuclear fission remains the 

dominant process, producing over 2,500 TWh 

annually, yet faces challenges such as 300,000 

metric tons of accumulated high-level 

radioactive waste and aging reactor 

infrastructure. In contrast, nuclear fusion, 

demonstrated at 150 million degrees Celsius in 

ITER, promises near-limitless clean energy but 

remains commercially unviable due to 

technological and economic constraints. 

Radioactive decay, with an average power 

density of 4–6 W/kg in radioisotope 

thermoelectric generators, supports space 

missions and remote applications. Neutron 

capture, crucial in breeder reactors, enhances 

fuel sustainability by converting U-238 into 

Pu-239, potentially increasing fuel efficiency 

by over 60%. The study underscores the need 

for advanced reactor designs, including small 

modular reactors (SMRs) with 300 MW or less 

capacity, improved waste management, and 

enhanced international cooperation to 

overcome technical and policy-related 

barriers. Investing in these advancements will 

be pivotal for achieving energy security and 

meeting global decarbonization goals. 
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1.0 Introduction 
 

Nuclear reactions play a crucial role in modern 

science and technology, particularly in energy 

production, medical applications, and 

industrial processes. Unlike conventional 

chemical reactions, which involve the 

rearrangement of electrons, nuclear reactions 

occur at the atomic nucleus level and result in 

significant energy changes (Krane, 2020). The 

discovery of nuclear fission in the 20th century 

paved the way for the development of nuclear 

power plants, which contribute a substantial 

portion of the world's electricity supply. 

Additionally, nuclear fusion, the process that 

powers the Sun and stars, holds promise as a 

future energy source with minimal 

environmental impact (Bethe, 1939). 

Numerous studies have explored the 

mechanisms and applications of nuclear 

reactions. Fermi and Szilard (1939) 

demonstrated the first controlled nuclear chain 

reaction using uranium-235, laying the 

foundation for nuclear reactor technology. 

Subsequent research by Meitner and Frisch 

(1939) explained the fission process in terms of 

energy release and neutron production, which 

has since been applied in both power 

generation and nuclear weapons development. 

More recent studies focus on the potential of 

thorium-based fuel cycles as a sustainable 

alternative to uranium-based systems (Arafa et 

al., 2022). 
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Despite extensive research on nuclear energy, 

several gaps remain in optimizing nuclear fuel 

cycles, improving safety mechanisms, and 

advancing fusion technology for practical 

energy production (IAEA, 2024). The 

efficiency of uranium and plutonium fission 

reactions is well documented, but further 

studies are needed to enhance waste 

management strategies and develop sustainable 

nuclear fuels, such as thorium (Hassan et al., 

2021). Additionally, while experimental fusion 

reactors, such as ITER, have demonstrated 

feasibility, commercial fusion energy remains 

an unsolved challenge (Zohuri, 2019). 

Given the evolving landscape of nuclear energy 

research, there is a need for a comprehensive 

review that consolidates knowledge on nuclear 

reactions, their energy output, and emerging 

advancements in nuclear technology. This 

review aims to address the existing knowledge 

gaps by presenting an in-depth analysis of 

nuclear fission, fusion, neutron capture, and 

radioactive decay, while also discussing their 

applications in energy production and other 

fields. 

The primary aim of this study is to provide a 

detailed examination of nuclear reactions and 

their role in energy production. This includes 

analyzing different types of nuclear reactions, 

the energy calculations associated with them, 

and their practical applications. Additionally, 

the study will compare theoretical energy 

values with experimental data to understand 

discrepancies and identify areas for 

improvement in nuclear energy systems. The 

significance of this study lies in several key 

areas. First, it contributes to scientific 

advancement by enhancing the understanding 

of nuclear reactions, thereby expanding 

knowledge in nuclear physics and engineering. 

Additionally, it provides valuable insights into 

sustainable nuclear energy sources, including 

advanced fission and fusion technologies, 

which are essential for long-term energy 

sustainability. Furthermore, the study plays a 

crucial role in informing policymakers and 

engineers on critical issues such as nuclear 

safety, waste management, and regulatory 

frameworks, ensuring that nuclear energy is 

developed and managed responsibly. Lastly, it 

supports technological innovation by fostering 

future advancements in reactor design and the 

development of alternative nuclear fuels, 

ultimately driving progress in nuclear energy 

production.1 

A nuclear reaction is a process in which the 

nucleus of an atom undergoes a transformation 

due to interactions with other nuclei or 

subatomic particles. These reactions often 

result in changes in nuclear composition, 

energy release, and the production of radiation 

(Krane, 2020). The most common types of 

nuclear reactions include nuclear fission, 

fusion, neutron capture, and radioactive decay. 

Nuclear reactions differ fundamentally from 

chemical reactions. While chemical reactions 

involve the rearrangement of electrons in atoms 

and molecules, nuclear reactions affect the 

atomic nucleus, leading to the transformation 

of elements and the release of massive amounts 

of energy. Additionally, chemical reactions 

obey the conservation of mass, whereas nuclear 

reactions exhibit mass-to-energy conversion as 

described by Einstein’s equation, E= Δm×c2 

(Einstein, 1905). 

Nuclear reactions, particularly fission and 

fusion, are key to large-scale energy 

production. Nuclear fission, as used in power 

plants, generates significant electricity with 

relatively low greenhouse gas emissions 

compared to fossil fuels. Fusion, though not yet 

commercially viable, promises an abundant 

and clean energy source for the future (Zohuri, 

2019). The study of nuclear reactions is crucial 

for advancing energy security, reducing 

reliance on fossil fuels, and mitigating climate 

change impacts. 

2.0 Types of Nuclear Reactions 
 

Nuclear reactions involve changes in the 

nucleus of an atom, resulting in the 
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transformation of elements and the release or 

absorption of energy. These reactions differ 

significantly from chemical reactions, which 

involve only the rearrangement of electrons. 

Nuclear reactions can be classified into 

different types, including nuclear fission, 

nuclear fusion, radioactive decay, and nuclear 

transmutation. Among these, nuclear fission 

and fusion are of particular importance due to 

their role in energy production. 
 

2.1 Nuclear Fission 
 

Nuclear fission is a process in which the 

nucleus of a heavy atom, such as uranium-235 

(U-235), uranium-233 (U-233), or plutonium-

239 (Pu-239), absorbs a neutron and splits into 

two or more smaller nuclei, releasing a 

significant amount of energy (Bulgac et al., 

2020). This process is accompanied by the 

emission of additional neutrons, which can 

induce further fission reactions, leading to a 

self-sustaining chain reaction. Fissile materials 

are substances capable of sustaining a chain 

reaction upon neutron absorption. The most 

commonly used fissile materials in nuclear 

reactors include U-235, U-233, and Pu-239. 

Their typical fission reactions are shown in 

Table 1. 

 

Table 1: Example Fission Reactions and Energy Release 
 

Fissile Material Fission Reaction Energy Released (MeV) 

U-235 𝑈92
235 + 𝑛0

1  → 𝐵𝑎56
141 +  𝐾𝑟36

92 +  𝑒𝑛𝑒𝑟𝑔𝑦  ~200 

U-233 𝑈92
233 + 𝑛0

1  → 𝑋𝑒54
141 + 𝑆𝑟38

94 +  𝑒𝑛𝑒𝑟𝑔𝑦   ~205 

Pu-239 𝑃𝑢94
239 +  𝑛0

1  → 𝐵𝑎56
144 +  𝑆𝑟38

90 + 𝑒𝑛𝑒𝑟𝑔𝑦 ~210 

 

2.1.1 Energy Release and Neutron 

Multiplication 
 

Each fission event releases a substantial 

amount of energy, primarily in the form of 

kinetic energy of the fission products, gamma 

radiation, and the kinetic energy of emitted 

neutrons. The energy per fission reaction 

typically ranges from 200 MeV to 210 MeV. 

The energy released per gram of fissile material 

is millions of times greater than that of 

chemical reactions, making nuclear fission a 

highly efficient energy source (Dwyer, 2015) 

A key feature of fission reactions is neutron 

multiplication, where the fission of a single 

nucleus releases multiple neutrons. These 

neutrons can then induce further fission events, 

resulting in a chain reaction. The effectiveness 

of neutron multiplication determines the 

reactor’s ability to sustain a controlled reaction. 
 

2.1.2 Chain Reaction and Criticality in 

Reactors 
 

A chain reaction occurs when released neutrons 

from a fission event trigger additional fission 

reactions. The sustainability of this reaction 

depends on the number of neutrons available 

for further fission, which is governed by the 

concept of criticality (Pyeon, et al., 2025). 

According to Reuss (2016) In a subcritical 

state, the nuclear fission reaction gradually 

slows down because the rate of neutron loss 

exceeds the rate of neutron production. 

Evidences from several nuclear reactors have 

shown that this can results in an insufficient 

number of neutrons to sustain a chain reaction, 

leading to a decrease in power generation . 

Subcritical conditions are typically used in 

controlled shutdowns of nuclear reactors or in 

subcritical reactor designs for research and 

safety applications (Blazev, 2015). A critical 

state occurs when the nuclear reaction is self-

sustaining, meaning the number of neutrons 

produced is equal to the number of neutrons 

lost. In this state, the reactor operates at a 

steady power level without accelerating or 

slowing down. Maintaining a critical state is 

essential for stable energy production in 
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nuclear reactors, ensuring a continuous and 

controlled release of energy. 

In a supercritical state, the nuclear reaction 

accelerates because neutron production 

exceeds neutron loss, leading to a rapid 

increase in power. This state can occur 

intentionally during reactor start-up or in 

nuclear weapons but poses significant safety 

risks if not properly controlled in power 

reactors. If left unchecked, a supercritical state 

can lead to overheating and potential reactor 

damage (Doligez, et al., 2017). To maintain a 

stable chain reaction in nuclear reactors, 

neutron moderators such as water or graphite 

are used to slow down fast-moving neutrons, 

increasing their likelihood of inducing further 

fission reactions. Additionally, control rods 

made from neutron-absorbing materials like 

boron or cadmium are inserted or withdrawn to 

regulate neutron flux and prevent the reactor 

from becoming supercritical. These safety 

mechanisms ensure that nuclear fission 

remains controlled, preventing runaway 

reactions and maintaining efficient energy 

production. 

 

Table 2: Comparison of Nuclear Fission and Chemical Reactions 
 

Characteristic Nuclear Fission Chemical Reactions 

Energy Released per 

Reaction 

~200 MeV Few eV 

Process Involves Nucleus Electrons 

Fuel Materials U-235, U-233, Pu-239 Hydrocarbons, Oxygen, 

etc. 

Reaction Control Moderators, Control Rods Catalysts, Temperature 

Example 𝑈92
235 + 𝑛0

1  → 𝐵𝑎56
141 +  𝐾𝑟36

92 +
 𝑒𝑛𝑒𝑟𝑔𝑦  

CH₄ + 2O₂ → CO₂ + 

2H₂O + Energy 

 

Nuclear fission has been widely adopted for 

energy generation in nuclear power plants, 

offering a highly efficient alternative to fossil 

fuels. However, challenges such as nuclear 

waste disposal, radiation safety, and the risk of 

nuclear accidents necessitate strict regulations 

and advancements in reactor technology. 

2.2 Nuclear Fusion 

Nuclear fusion is the process by which two 

lighter atomic nuclei combine to form a heavier 

nucleus, releasing a significant amount of 

energy. Unlike fission, which splits heavy 

nuclei, fusion powers the Sun and other stars by 

fusing hydrogen isotopes into helium. One of 

the most studied fusion reactions involves the 

isotopes of hydrogen, deuterium (²H) and 

tritium (³H),  which can release upto 17.6 MeV 

of energy according to the reaction given below 

(Hameed et al., 2018),  

𝐻1
3 +  𝐻1

2  →  𝐻𝑒2
4 + 𝑛 + 17.6 𝑀𝑒𝑉 

Stars generate energy through fusion in their 

cores, primarily via the proton-proton chain or 

the CNO cycle, depending on their mass. The 

Sun primarily follows the proton-proton chain, 

where hydrogen nuclei undergo a series of 

reactions to form helium, releasing vast 

amounts of energy that sustain stellar 

processes. 

Despite its immense potential as a clean and 

nearly limitless energy source, controlled 

nuclear fusion presents several challenges that 

must be overcome before it becomes a viable 

energy solution. 

One of the most significant challenges is the 

high temperature requirement. For fusion 

reactions to occur, atomic nuclei must 

overcome their natural electrostatic repulsion, 

requiring temperatures exceeding 100 million 

Kelvin. At such extreme temperatures, 

hydrogen isotopes exist in a plasma state, 
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where electrons are separated from their nuclei, 

creating the conditions necessary for fusion 

(ITER Organization, 2021). Another major 

hurdle is plasma containment. Since plasma 

cannot be contained by conventional solid 

materials due to its extreme temperature, 

advanced confinement methods are necessary. 

The two primary approaches are magnetic 

confinement and inertial confinement. 

Magnetic confinement, employed in devices 

such as the Tokamak and Stellarator, uses 

strong magnetic fields to hold the plasma in 

place. Meanwhile, inertial confinement relies 

on powerful laser pulses to compress and heat 

the fuel to fusion conditions (Wesson, 2011). 

Despite significant progress, maintaining a 

stable plasma state for sustained fusion remains 

a challenge. 

Additionally, material limitations pose a 

significant obstacle to fusion reactor 

development. Reactor walls and components 

must withstand extreme heat and intense 

neutron flux, which can degrade materials over 

time. Developing advanced materials capable 

of withstanding such harsh conditions is crucial 

for the success of fusion technology (Zinkle & 

Busby, 2009). 

Radioactive decay is the spontaneous 

transformation of an unstable nucleus into a 

more stable one by emitting radiation. The 

three primary types of radioactive decay are 

alpha, beta and gamma r=decay. In alpha (α) 

decay, a helium nucleus is emitted from the 

nucleus of an atom. In beta (β) decay, either an 

electron (β⁻) or a positron (β⁺) is emitted. In 

gamma (γ) decay, a high-energy photon is 

released. 
 

2.3.1 Decay Series and Half-Life Concept 
 

Certain heavy elements decay through a series 

of steps known as a decay series (e.g., uranium-

238 series). The half-life is the time it takes for 

half of a radioactive sample to decay. This 

principle is crucial in nuclear power, waste 

management, and radiometric dating (Jalili et 

al., 2024).  

 

2.4 Neutron Capture and Transmutation 
 

Neutron capture occurs when a nucleus absorbs 

a neutron, leading to the formation of a heavier 

isotope. This newly formed isotope may either  

undergo radioactive decay or transmute into a 

different element. One of the key applications 

of neutron capture is the production of artificial 

isotopes, particularly in nuclear reactor 

breeding. A notable example of this process is 

the breeding of uranium-233 from thorium-

232. Initially, thorium-232 undergoes neutron 

capture, forming thorium-233. This isotope 

then undergoes beta decay, transforming into 

protactinium-233. A second beta decay 

follows, ultimately resulting in the formation of 

uranium-233, which is a fissile material 

suitable for nuclear fuel. 

The applications of this process are significant 

in both reactor breeding and nuclear medicine. 

In breeder reactors, fertile materials such as 

thorium-232 and uranium-238 are converted 

into fissile fuels like uranium-233 and 

plutonium-239, enhancing nuclear fuel 

sustainability. In the field of medicine, neutron 

capture is used to produce artificial isotopes, 

such as technetium-99m (Tc-99m), which is 

widely utilized for medical imaging and cancer 

treatment. These applications highlight the 

importance of neutron capture in advancing 

energy production and healthcare. 

Fig. 1 illustrates the nuclear fusion process in a 

Tokamak reactor, a device designed to confine 

hot plasma using magnetic fields for controlled 

fusion. The Tokamak has a toroidal (doughnut-

shaped) chamber that contains the high-energy 

plasma. Magnetic coils surrounding the 

chamber generate a strong magnetic field to 

confine and control the plasma. 

At the center of the reactor, a superheated 

plasma consisting of deuterium (²H) and 

tritium (³H) ions is maintained at extremely 

high temperatures. These ions undergo fusion 

when they collide, producing helium-4 (⁴He) 

and a high-energy neutron (n). While helium 

remains confined within the plasma, helping 
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sustain the reaction, the neutron escapes and 

transfers energy to the surrounding materials. 

The high-energy neutron interacts with the 

blanket, a structural component around the 

Tokamak, where its energy is converted into 

heat. This heat is then used to generate 

electricity through turbines and generators. 

To maintain the plasma at fusion temperatures,  

several heating mechanisms are employed. 

These include radiofrequency (RF) heating, 

which uses electromagnetic waves to energize 

particles; neutral beam injection (NBI), which 

introduces high-energy neutral atoms to heat 

the plasma; and ohmic heating, which utilizes 

electric currents within the plasma to increase 

temperature. 

 

 
Fig.  1: Nuclear Fusion Process in a Tokamak Reactor 

In summary, Fig. 1 demonstrates how nuclear 

fusion in a Tokamak reactor can serve as a 

potential source of clean and sustainable 

energy. The process relies on effective plasma 

confinement, heating, and energy extraction to 

replicate the fusion reactions that occur 

naturally in the Sun. Fig. 2 illustrates the 

radioactive decay chain of uranium-238 (U-
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238) as it undergoes a series of transformations, 

ultimately forming a stable isotope of lead-206 

(Pb-206). This process involves multiple alpha 

(α) and beta (β) decays, each reducing or 

modifying the atomic structure of the isotopes 

involved. 

Uranium-238 is a naturally occurring 

radioactive isotope that follows a decay chain, 

meaning it undergoes successive radioactive 

decays until it reaches a stable state. The decay 

process follows a predictable pattern, where 

high-energy emissions transform the nucleus 

into new elements. Each transition in Fig. 2 is 

represented by arrows, indicating whether the 

decay involves alpha (α) decay, which is the 

emission of a helium nucleus (two protons and 

two neutrons) that decreases the atomic number 

by two and the mass number by four, or beta 

(β) decay, which is the conversion of a neutron 

into a proton (or vice versa), increasing or 

decreasing the atomic number by one while 

keeping the mass number nearly unchanged. 

The decay chain in Fig. 2 begins with uranium-

238 (U-238, Z=92), which undergoes alpha 

decay to transform into thorium-234 (Th-234, 

Z=90). Thorium-234 then undergoes beta 

decay, where a neutron is converted into a 

proton, forming protactinium-234 (Pa-234). 

Another beta decay follows, converting 

protactinium-234 into uranium-234 (U-234). 

Uranium-234 emits an alpha particle, leading 

to the formation of thorium-230 (Th-230). 

Thorium-230 then undergoes another alpha 

decay, transforming into radium-226 (Ra-226). 

Radium-226 decays by alpha emission, 

producing radon-222 (Rn-222), a radioactive 

gas. Radon-222 undergoes alpha decay to form 

polonium-218 (Po-218), which in turn emits an 

alpha particle, leading to the formation of lead-

214 (Pb-214). 

Lead-214  can undergoes beta decay, 

converting into bismuth-214 (Bi-214), which 

then undergoes another beta decay, resulting in 

polonium-214 (Po-214). Polonium-214 decays 

via alpha emission, forming lead-210 (Pb-210), 

which subsequently undergoes beta decay to 

become bismuth-210 (Bi-210). Bismuth-210 

undergoes another beta decay, transforming 

into polonium-210 (Po-210), which finally 

emits an alpha particle, leading to the formation 

of stable lead-206 (Pb-206) (Meno et al., 

2024).  

The final product of this decay series is lead-

206, a stable element that no longer undergoes 

radioactive decay. The entire process takes 

billions of years, making uranium-238 one of 

the longest-lived radioactive elements. The 

presence of intermediate elements, such as 

radon gas, has significant environmental and 

health implications, particularly concerning 

radiation exposure. 

Fig. 2 provides a visual summary of how 

uranium-238 naturally decays through a 

complex series of radioactive transformations, 

ultimately leading to the formation of stable 

lead-206. This decay process has important 

applications in radiometric dating, where 

scientists use uranium decay chains to 

determine the ages of ancient rocks and 

geological formations. Understanding uranium 

decay is also crucial in nuclear energy 

production and radioactive waste management. 

Furthermore, knowledge of decay products 

such as radon-222 is essential for radiation 

protection, particularly in mitigating radiation 

hazards in residential and occupational 

environments. 

The radioactive decay chain of uranium-238 

(U-238) has significant implications for energy 

generation, particularly in nuclear power and 

geothermal energy. 

In nuclear power, while U-238 itself is not 

fissile, it is fertile and can absorb neutrons to 

eventually form plutonium-239 (Pu-239), a 

fissile material used as reactor fuel. This 

process enhances fuel efficiency and extends 

nuclear fuel resources. Additionally, the decay 

of U-238 contributes to radiogenic heat 

production within the Earth's crust, which is 

harnessed in geothermal energy production. 
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Understanding the U-238 decay chain is also 

crucial for managing radioactive waste, as it 

produces long-lived isotopes like radium-226 

and radon-222, necessitating proper handling 

to minimize environmental and health risks. 

Furthermore, the predictable decay of U-238 to 

lead-206 is fundamental to radiometric dating 

techniques, aiding in determining the age of 

geological formations. 

Recent developments have highlighted the 

strategic importance of uranium in energy 

security (Shannak et al., 2025).  For instance, 

the United States is actively working to rebuild 

its nuclear fuel supply chain to reduce reliance 

on Russian imports, with companies like 

Centrus Energy resuming domestic 

manufacturing of centrifuge technology. These 

advancements underscore the ongoing 

significance of uranium-238's decay properties 

in both energy generation and geopolitical 

contexts (Lyócsa & Todorova, 2024). 

 

 
Fig. 2: Radioactive Decay Chains 

2.5 Spallation 
 

Spallation is a nuclear reaction in which a high-

energy particle (such as a proton, neutron, or 

heavy ion) collides with a nucleus, causing it to 

eject multiple smaller fragments, including 

neutrons, protons, and alpha particles. Some 

reported literature indicated that spallation 

typically occurs at energies exceeding 100 

MeV. Spallation is commonly used in particle 

accelerators and neutron sources for research 

and industrial applications (Yang et al. (2025) 

Table 3 presents examples of spallation 

reactions involving different incident particles 

and target nuclei, highlighting the types of 

reaction products generated under high-energy 

interactions. When a high-energy proton (1 

GeV) strikes a lead-208 (Ob-208) nucleus, a  

spallation reaction occurs, leading to the 

emission of multiple neutrons, protons, and 

light nuclei. Lead is commonly used as a 

spallation target in neutron sources due to its 

high atomic number and significant neutron 

yield. This reaction is particularly useful in 
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applications such as accelerator-driven systems 

(ADS) for nuclear waste transmutation and 

neutron production in research reactors. 

Similarly, when a neutron interacts with 

uranium-238 (238U^{238}U238U), it induces 

fission, producing fission fragments along with 

secondary neutrons. Unlike elastic or inelastic 

scattering, where the nucleus remains intact, 

spallation in this case leads to substantial 

fragmentation. This reaction is crucial in fast 

neutron reactors and nuclear fuel cycles, where 

the secondary neutrons contribute to sustaining 

chain reactions. 
 

Table 3: Examples of Spallation Reactions 
 

Incident 

Particle 

Target 

Nucleus 

Reaction 

Products 

References 

Proton 

(1 GeV) 

Pb-208 Multiple 

neutrons, 

protons, 

light nuclei  

Esposito et 

al. (2021) 

Neutron U-238 Fission 

fragments, 

secondary 

neutrons  

Conrad 

(2021) 

Alpha 

Particle 

Fe-56 Lighter 

isotopes, 

protons, 

neutrons 

Lopez et al. 

(2025) 

 

In the case of an alpha particle colliding with 

iron-56 (56Fe^{56}Fe56Fe), spallation results 

in the formation of lighter isotopes, along with 

the emission of protons and neutrons. This type 

of reaction is significant in astrophysical 

processes, such as cosmic ray interactions with 

interstellar matter, and plays a role in radiation 

shielding studies for space exploration. 

Overall, the nature of the reaction products 

depends on both the energy of the incident 

particle and the target nucleus. Lighter 

elements tend to emit single nucleons, whereas 

heavier elements may undergo fragmentation 

or fission. Additionally, the probability and 

extent of spallation are influenced by the 

energy of the incident particle, with higher 

energy leading to a greater number of emitted 

secondary particles. These spallation reactions 

have wide-ranging applications in fields such 

as nuclear energy, astrophysics, and material 

science. 

Fig. 3 illustrates the fundamental process of a 

spallation reaction, in which a high-energy 

incident particle, such as a proton, neutron, or 

alpha particle, collides with a heavy nucleus, 

leading to the ejection of multiple secondary 

particles and the fragmentation of the target 

nucleus. 

In the initial stage of the reaction, a high-energy 

particle, for instance, a proton with an energy 

of approximately 1 GeV, is directed at a heavy 

nucleus such as lead (Pb-208) or uranium (U-

238). The collision occurs at relativistic speeds, 

transferring significant energy to the target 

nucleus. Upon impact, the nucleus absorbs this 

energy and becomes highly excited. To 

dissipate the excess energy, the nucleus 

releases multiple secondary particles, including 

neutrons, protons, and light nuclei, in an 

attempt to stabilize. 

As the reaction progresses, the target nucleus 

may undergo fragmentation, leading to the 

formation of lighter isotopes. In cases where 

the incident particle interacts with heavy 

elements like uranium-238, the spallation 

process can also induce fission, producing 

fission fragments and additional secondary 

neutrons. The remaining nucleus, now in a 

lower-energy state, eventually stabilizes by 

emitting gamma radiation. 

Spallation reactions are characterized by a high 

neutron yield, making them highly valuable for 

neutron production facilities, accelerator-

driven systems (ADS), and nuclear waste 

transmutation. The fragmentation of heavy 

nuclei during spallation leads to the formation 

of isotopes that differ from the original target, 

which has significant applications in isotope 

production for medical and industrial purposes. 

The nature of the reaction products depends on 

the energy and type of the incident particle, 
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with higher-energy collisions leading to a 

broader distribution of reaction fragments. 

Unlike nuclear fission, which splits a nucleus 

into two nearly equal fragments, spallation 

leads to a wide distribution of lighter isotopes 

and free nucleons. In comparison to nuclear 

fusion, which combines lighter nuclei to form 

heavier ones, spallation involves the 

disintegration of a heavy nucleus due to 

external bombardment. Additionally, elastic 

and inelastic scattering, which mainly involve 

deflections and energy transfer without 

significant nuclear disruption, differ from 

spallation, where the nucleus undergoes severe 

fragmentation. 

Spallation reactions have numerous 

applications in science and technology. They 

serve as a major source of neutrons for use in 

material science, medical imaging, and 

fundamental physics experiments. In nuclear 

waste transmutation, spallation is used in 

accelerator-driven systems to convert long-

lived radioactive waste into shorter-lived 

isotopes. Furthermore, valuable isotopes, 

including those used in medical treatments, can 

be generated through spallation processes. 

 

 

 
Fig 3: Schematic Representation of Spallation Reaction 

 

Overall, Figure 3 effectively captures the 

complexity of spallation reactions by 

demonstrating how high-energy particles 

interact with heavy nuclei, leading to neutron 

production, nuclear fragmentation, and isotope 

transformation. This process is crucial for 

various technological and scientific 

applications, particularly in energy generation, 

medical isotope production, and fundamental 

nuclear research. 

2.6 Elastic and Inelastic Scattering 

Elastic and inelastic scattering are fundamental 

processes in nuclear physics where a projectile 

particle (such as a neutron, proton, or photon) 

interacts with a target nucleus without 

undergoing a complete nuclear transformation. 
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• Elastic Scattering: The kinetic energy 

and identity of the colliding particles 

remain unchanged, though their 

directions may change. This process is 

significant in neutron moderation. 

• Inelastic Scattering: The incident 

particle transfers some of its energy to 

the nucleus, exciting it to a higher 

energy state. The nucleus later de-

excites by emitting radiation, usually in 

the form of gamma rays. 

Table 4 presents a comparison between elastic 

and inelastic scattering based on three key 

properties: energy transfer, nuclear excitation, 

and common particles involved in the process. 

In elastic scattering, there is no net energy loss 

from the incident particle to the target nucleus. 

The kinetic energy of the system remains 

conserved, and the interaction primarily results 

in a change in direction without altering the 

internal energy states of the target nucleus. In 

contrast, inelastic scattering involves a partial 

energy loss, where a portion of the incident 

particle’s energy is transferred to the nucleus. 

This energy transfer leads to nuclear excitation, 

causing the nucleus to enter a higher energy 

state. 
 

Table 4: Comparison of Elastic and Inelastic Scattering 
 

Property Elastic Scattering Inelastic Scattering 

Energy Transfer No energy loss Partial energy loss 

Nuclear Excitation No excitation Excited states formed 

Common Particles Neutrons, protons Neutrons, gamma rays 

 

Regarding nuclear excitation, elastic scattering 

does not alter the internal structure of the target 

nucleus. The nucleus remains in its original 

energy state after the interaction. However, in 

inelastic scattering, the transferred energy 

excites the nucleus, leading to the formation of 

excited nuclear states. These excited nuclei 

often return to their ground state by emitting 

secondary radiation, typically in the form of 

gamma rays. 

The type of particles commonly involved in 

each process also differs. In elastic scattering, 

neutrons and protons are the most frequently 

encountered particles, as they interact with 

nuclei primarily through collisions without 

causing nuclear excitation. In inelastic 

scattering, neutrons and gamma rays are more 

commonly observed. The emission of gamma 

rays occurs when the excited nucleus 

transitions back to a lower energy state, 

releasing the excess energy gained during the 

interaction. 

Overall, elastic and inelastic scattering play 

crucial roles in nuclear physics, radiation 

shielding, and neutron moderation. Elastic 

scattering is particularly important in slowing 

down neutrons in nuclear reactors, as it allows 

for multiple interactions without significant 

energy loss. On the other hand, inelastic 

scattering contributes to neutron thermalization 

and nuclear reaction mechanisms, making it 

essential for understanding nuclear structure 

and reactor dynamics. 

Fig. 4 illustrates the differences in energy 

transfer between elastic and inelastic 

scattering. In elastic scattering, the incident 

particle collides with the target nucleus and 

rebounds without any significant loss of kinetic 

energy. The total kinetic energy of the system 

remains conserved, meaning no energy is 

transferred to internal excitations of the 

nucleus. This type of interaction typically 

occurs with neutrons and protons, where the 

scattered particles retain nearly the same 

energy as before the collision. 

In contrast, inelastic scattering involves partial 

energy loss as the incident particle interacts 

with the target nucleus. Some of the kinetic 
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energy is transferred to the nucleus, leading to 

its excitation into a higher energy state. This 

process often results in the emission of 

secondary particles such as gamma rays or 

additional neutrons. The schematic 

representation in the figure highlights these 

fundamental differences, emphasizing how 

energy transfer varies depending on the nature 

of the interaction. 
 

2.7 Photodisintegration 
 

Photodisintegration is a process in which a 

high-energy photon (gamma-ray) interacts with 

a nucleus, causing it to break apart. This 

reaction is significant in astrophysical 

processes, such as stellar nucleosynthesis, and 

plays a role in nuclear waste processing. 

able 5 presents examples of 

photodisintegration reactions, which occur 

when a nucleus absorbs a high-energy photon 

(gamma-ray) and subsequently breaks into 

smaller fragments. The extent of nuclear 

breakup depends on the energy of the incident 

photon and the binding energy of the nucleus. 

 

] 

 
Fig. 4: Energy Transfer in Elastic vs. Inelastic Scattering 

 

Table 5: Examples of Photodisintegration Reactions 
 

Target Nucleus Photon Energy (MeV) Reaction Products 

Deuterium (D) 2.2 Proton + Neutron 

Beryllium-9 1.67 Two alpha particles + neutron 

Uranium-238 > 6.2 Fission fragments + neutrons 

In the case of deuterium (D), a photon with an 

energy of 2.2 MeV is sufficient to break the 

weak bond between the proton and neutron, 

leading to their complete separation. This 

reaction is a fundamental example of 

photodisintegration and is often studied in 

nuclear physics due to its simplicity. 

For beryllium-9, a photon with energy of 1.67 

MeV is enough to cause the nucleus to 

disintegrate into two alpha particles (helium-4 

nuclei) and a neutron. This reaction 

demonstrates how lower-energy photons can 

induce nuclear breakup in certain isotopes, 

especially those with weakly bound nucleons. 
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Uranium-238, a much heavier nucleus, requires 

a photon energy greater than 6.2 MeV to 

undergo photodisintegration. At these high 

energies, the photon interaction leads to fission, 

producing a range of fission fragments along 

with multiple neutrons. This reaction is 

significant in nuclear physics and reactor 

technology, as it contributes to neutron 

generation and energy production in some 

systems. 

Generally Table 5 highlights how 

photodisintegration reactions vary depending 

on the target nucleus and the energy of the 

incident photon. The reactions illustrate 

fundamental nuclear properties, including 

binding energy thresholds and the different 

pathways for nuclear breakup under photon 

bombardment. 

Fig. 5 illustrates the photodisintegration 

process, a nuclear reaction in which a high-

energy photon interacts with a nucleus, causing 

it to break apart into smaller fragments. This 

reaction occurs when the energy of the incident 

photon exceeds the binding energy of the 

nucleus, leading to the emission of subatomic 

particles such as protons, neutrons, and alpha 

particles. 

In the figure, an incoming high-energy photon 

(γ-ray) is shown striking a target nucleus. 

Depending on the nucleus and the photon's 

energy, different reaction products are 

observed. For example, when a deuterium 

nucleus is exposed to photons with energy 

above 2.2 MeV, it disintegrates into a proton 

and a neutron. Similarly, beryllium-9, upon 

absorbing a photon of at least 1.67 MeV, breaks 

into two alpha particles and a neutron. In the 

case of uranium-238, photons with energy 

greater than 6.2 MeV can induce fission, 

resulting in the formation of fission fragments 

and additional neutrons. 

The schematic representation in Fig. 5 

highlights the dependency of the reaction 

products on the photon energy and the type of 

nucleus involved. This process is significant in 

astrophysical environments, nuclear reactor 

physics, and radiation shielding studies, as it 

influences nuclear stability and energy release. 

The figure visually reinforces how photon-

induced nuclear reactions contribute to element 

formation and energy transfer in high-radiation 

environments. 

 

 
Fig. 5: Photodisintegration Process 
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3. 0 Energy Production from Nuclear 

Reactions 
 

Energy production in nuclear reactions is 

governed by Einstein’s equation, E=Δm×c2E = 

\Delta m \times c^2E=Δm×c2, where EEE 

represents energy, Δm\Delta mΔm is the mass 

defect, and ccc is the speed of light in a vacuum 

(3.0×1083.0 \times 10^83.0×108 m/s). This 

equation explains how even a small amount of 

mass can be converted into a significant 

amount of energy, making nuclear reactions 

highly efficient sources of power. 

The concept of mass defect is crucial in 

understanding nuclear energy. When a nucleus 

undergoes fission or fusion, the total mass of 

the resulting products is slightly less than the 

original mass of the reactants. This missing 

mass, known as the mass defect, is released as 

binding energy, which holds the nucleus 

together. The binding energy per nucleon 

varies among elements, with iron-56 being the 

most stable nucleus. Lighter elements tend to 

undergo fusion to increase their binding 

energy, while heavier elements undergo fission 

for the same reason. 

Energy calculations for different nuclear 

reactions can be performed using experimental 

mass values. For instance, in the fission of 

uranium-235, the total mass of the products, 

including daughter nuclei and emitted 

neutrons, is slightly lower than that of the initial 

reactants. The energy released in such a 

reaction is approximately 200 MeV per fission 

event. Similarly, in nuclear fusion, the 

deuterium-tritium reaction releases around 

17.6 MeV per reaction, significantly 

contributing to the energy output of the Sun and 

other stars. 

Experimental and theoretical energy values for 

nuclear reactions may differ due to 

approximations in atomic mass measurements 

and variations in reaction conditions. 

Theoretical calculations rely on nuclear 

binding energy differences and mass 

spectrometry data, while experimental values 

are derived from observed energy releases in 

controlled environments. In general, the 

calculated energy values for uranium and 

plutonium fission reactions are close to 200 

MeV, aligning with experimental results. 

However, minor discrepancies arise due to the 

multi-step nature of fission, where intermediate 

states and prompt gamma-ray emissions 

contribute to the total energy release. 

The data in Table 6 illustrates that uranium-

235, uranium-233, and plutonium-239 undergo 

fission with energy releases in the range of 

approximately 200 MeV. The differences 

between calculated and experimental values 

arise from energy contributions from delayed 

neutrons and gamma-ray emissions that are not 

always accounted for in theoretical predictions. 

Among the listed reactions, uranium-235 and 

uranium-233 fission reactions are the most 

widely used in nuclear reactors due to their 

relatively high energy output and neutron 

multiplication capability, which sustain chain 

reactions efficiently. 
 

Table 6: Energy Release in Selected Nuclear Fission Reactions 
 

Fission Reaction Calculated Energy (MeV) Experimental Energy (MeV) 
235U+1n→141Ba+92Kr+31n 173.5 ~200 
233U+1n→140Xe+94Sr+21n 184.9 ~205 
235U+1n→137Te+97Zr+21n 202.3 ~210 
239Pu+1n→131I+105Nb+21n 139.5 ~210 

Plutonium-239, though yielding significant 

energy, presents challenges in terms of 

handling and proliferation risks, making its use 

more controlled. Uranium-233, bred from 
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thorium-232, offers potential advantages in 

terms of availability and waste reduction, 

making it an attractive alternative for advanced 

nuclear reactors. 

The feasibility of these reactions depends on 

the availability of fissile materials, reactor 

design, and safety considerations. Uranium-

235 remains the dominant fuel for commercial 

nuclear power plants due to its naturally 

occurring fissile isotope, whereas uranium-233 

is being explored for use in thorium-based 

reactors. Plutonium-239, primarily obtained 

from reprocessed nuclear fuel, is used in mixed 

oxide (MOX) fuels but is subject to stringent 

non-proliferation measures. 

Overall, nuclear fission remains a highly 

efficient method of energy production, with 

ongoing research focusing on improving 

reactor safety, fuel sustainability, and 

minimizing radioactive waste. 

Apart from nuclear fission, other significant 

sources of nuclear energy include nuclear 

fusion, radioactive decay, and neutron 

capture/transmutation. These processes also 

release energy through mass-to-energy 

conversion, as governed by Einstein’s equation 

E=Δm×c2E = \Delta m \times c^2E=Δm×c2. 

While fission is currently the dominant nuclear 

energy source used in power plants, alternative 

nuclear reactions offer promising energy 

potentials and technological applications. 
 

3.1 Nuclear Fusion and energy production 
 

Nuclear fusion occurs when light atomic 

nuclei, such as hydrogen isotopes (deuterium 

and tritium), combine to form a heavier 

nucleus, releasing a vast amount of energy. The 

primary fusion reaction in experimental fusion 

reactors and stars is: 
2H+3H→4He+1n+17.6 MeV 

Fusion reactions yield significantly higher 

energy per reaction compared to fission and do 

not produce long-lived radioactive waste. 

However, achieving controlled nuclear fusion 

requires extremely high temperatures (over 100 

million Kelvin) and plasma confinement 

techniques, making it technologically 

challenging. 

3.2 Radioactive Decay and Energy 

Production 
 

Radioactive decay occurs when unstable 

isotopes spontaneously transform into more 

stable ones, emitting energy in the form of 

alpha, beta, or gamma radiation. While energy 

output per decay is lower than fission or fusion, 

decay heat is harnessed in radioisotope 

thermoelectric generators (RTGs) for space 

exploration and remote power applications. 

The decay of plutonium-238 

(238Pu^238Pu238Pu) is widely used in RTGs 

for space probes such as Voyager and Curiosity 

Rover, with the reaction: 238Pu→234U+α+heat 
 

3.3 Neutron Capture/Transmutation and 

Energy Production 
 

Neutron capture occurs when a nucleus absorbs 

a neutron, leading to the formation of a heavier 

isotope or transmutation into another element. 

This process is utilized in breeder reactors, 

where fertile isotopes such as thorium-232 and 

uranium-238 are converted into fissile 

materials: 
232Th+1n→233Th→233Pa→233U 

Breeder reactors enhance fuel sustainability by 

producing more fissile material than they 

consume, making them a potential alternative 

to conventional fission reactors. 
 

3.4 Energy Released During Spallation 

Reactions 
 

Spallation is a nuclear reaction that occurs 

when a high-energy particle, such as a proton 

or neutron, strikes a heavy nucleus, leading to 

the ejection of multiple secondary particles 

such as neutrons, protons, and light nuclei. The 

energy released in spallation reactions 

primarily originates from the kinetic energy of 

the emitted particles and accompanying 

gamma radiation. For instance, when a high-

energy proton (∼1 GeV) bombards lead-208, a 

spallation reaction occurs, leading to the 

emission of several neutrons: 
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𝑃𝑏82
208 + 𝑝 → 𝑃𝑏82

207 + 𝑛 +  𝛾 

 

The number of neutrons released depends on 

the energy of the incident particle. Typically, a 

1 GeV proton striking lead-208 produces 20–

30 neutrons per event. The energy associated 

with the emitted neutrons and gamma rays 

contributes to the overall energy output of the 

reaction. Spallation is widely used in neutron 

sources for material science research, 

accelerator-driven systems (ADS) for nuclear 

waste transmutation, and astrophysical 

processes, where cosmic-ray interactions 

induce spallation reactions in planetary 

atmospheres. 
 

4.5 Energy Released During Elastic and 

Inelastic Scattering 
 

Elastic scattering occurs when an incident 

particle, such as a neutron or photon, collides 

with a target nucleus, transferring kinetic 

energy without altering the internal energy or 

structure of the nucleus. The total kinetic 

energy before and after the collision remains 

conserved. A common example is neutron 

scattering with hydrogen 

𝑛 +  𝐻1
1  → 𝑛′ 𝐻′

1
1  

where n  is a neutron (a neutral subatomic 

particle with approximately the same mass as a 

proton but without an electric charge), 𝐻1
1  is 

proton or hydrogen atom, (the most common 

isotope of hydrogen, 𝑛′ is the scattered neutron 

and 𝐻′
1
1  is the hydrogen nucleus after the 

interaction, which may have gained energy and 

changed direction due to the collision. In the 

above reaction, an elastic scattering event 

where a neutron interacts with a hydrogen 

nucleus, transferring momentum without 

significant energy loss or nuclear 

transformation. 

In this reaction, the neutron transfers kinetic 

energy to the hydrogen nucleus without 

causing nuclear excitation. The amount of 

energy transferred depends on the mass of the 

target nucleus. In nuclear reactors, elastic 

scattering plays a critical role in slowing down 

fast neutrons to thermal energies (∼0.025 eV), 

making them more effective for sustaining 

fission reactions. 

In inelastic scattering, the incident particle 

transfers some kinetic energy to the nucleus, 

leading to excitation. The nucleus subsequently 

releases energy in the form of gamma radiation. 

An example is the interaction of a neutron with 

iron-56. The scheme for this scattering 

involves two stages given as follows 

Stage 1: Neutron interaction with iron-56: a 

neutron (n) collide with an iron-56 (2 𝐹𝑒26
56 ) 

nucleus, exciting it to a higher energy state 

( 𝐹𝑒∗
26
56 ), while a scattered neutron (n′′) is 

released. 

𝑛 +  𝐹𝑒26
56   → 𝐹𝑒∗   + 26

56 𝑛′ 

Stage 2: The excited iron-56 nucleus ( 𝐹𝑒∗ 26
56 ) 

releases excess energy in the form of a gamma 

photon (γ), returning to its ground state. 

𝐹𝑒∗   26
56 →  𝐹𝑒 +  𝛾26

56  

This process represents inelastic neutron 

scattering, where an incoming neutron transfers 

energy to the target nucleus, exciting it. The 

nucleus then releases this energy as gamma 

radiation when returning to its stable state. This 

type of reaction is crucial in nuclear reactors 

and shielding materials, where inelastic 

scattering affects neutron moderation and 

gamma-ray production.. The energy release in 

this reaction depends on the excitation energy 

of iron-56.   Typical excitation energies for 

iron-56 in inelastic neutron scattering are in the 

range of 0.85 MeV to 1.81 MeV.  This energy 

is released as a gamma photon (γ\gammaγ) 

when the nucleus returns to its ground state. 
 

4.6 Energy Released in Photodisintegration 

Nuclear Reactions 
 

Photodisintegration is a nuclear reaction in 

which a high-energy gamma photon interacts 

with a nucleus, leading to the ejection of one or 

more nucleons. The energy released is carried 

away by the emitted nucleons and gamma 

radiation. 
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A classic example is the photodisintegration of 

deuterium: 

 

 

𝛾 +  𝐻1
2  𝜏 → 𝑃 + 𝑛 

For deuterium, the energy threshold for 

photodisintegration is 2.22 MeV, meaning that 

gamma rays must have at least this energy to 

break the nucleus apart. Another example is the 

photodisintegration of beryllium-9: 

𝛾 +  𝐵𝑒4
9  →  𝐵𝑒4

8 + 𝑛 

This equation  above represents the 

photodisintegration of beryllium-9. When a 

high-energy gamma photon (γ\gammaγ) 

interacts with a beryllium-9 nucleus 

(49Be^{9}_{4}Be49Be), it causes the nucleus 

to split into beryllium-8 (48Be^{8}_{4}Be48

Be) and a free neutron (nnn). This reaction is 

significant in nuclear physics and astrophysics, 

as beryllium-9 is a relatively weakly bound 

nucleus, making it susceptible to 

photodisintegration at relatively low gamma-

ray energies (around 1.67 MeV). 
 
 

5.0 Comparison of Nuclear Energy 

Sources 
 

Nuclear reactions play a crucial role in energy 

production, scientific research, and industrial 

applications. Table 7 provides a comparative 

analysis of various nuclear energy sources, 

considering the typical energy released per 

reaction, feasibility for power generation, 

waste and by-products, and their current 

applications. Among these, nuclear fission is 

the most widely utilized, releasing 

approximately 200 MeV per reaction in 

isotopes like uranium-235 and plutonium-239. 

Due to its high energy output and well-

established reactor technology, fission is the 

backbone of nuclear power generation, despite 

the challenges posed by high-level radioactive 

waste management. 

Nuclear fusion, which releases around 17.6 

MeV per deuterium-tritium reaction, has the 

potential to become a future energy source due 

to its minimal radioactive waste production and 

abundant fuel supply. However, the extreme 

temperature and confinement conditions 

required make practical energy harnessing 

currently infeasible. Experimental reactors 

such as ITER and Tokamak are exploring ways 

to overcome these challenges, but commercial 

viability remains distant. Radioactive decay, 

with an energy release of approximately 5 MeV 

per decay event, has been harnessed in 

specialized applications such as radioisotope 

thermoelectric generators (RTGs) for space 

exploration. Though its feasibility for large-

scale power generation is limited, its long-

lasting and steady energy output makes it 

valuable for deep-space probes and remote 

scientific instruments. 

Neutron capture and transmutation involve a 

variety of reactions with energy releases that 

depend on the isotope involved. These 

reactions are particularly useful in breeder 

reactors and medical isotope production, as 

they can both generate useful materials and 

help in reducing long-lived radioactive waste. 

Spallation reactions, where high-energy 

protons strike heavy nuclei like lead, release 

between 20 and 30 MeV per event and serve as 

efficient sources of free neutrons. Although not 

directly used for power generation, spallation is 

valuable in accelerator-driven neutron sources 

for scientific research and medical isotope 

production. 

Elastic neutron scattering does not result in any 

net energy release since it involves an elastic 

collision where kinetic energy is conserved. 

This process plays a crucial role in neutron 

moderation within nuclear reactors, enabling 

controlled fission reactions by slowing down 

fast neutrons. In contrast, inelastic neutron 

scattering releases energy typically between 

0.85 and 1.81 MeV, depending on the target 

nucleus. In this process, a neutron excites a 

nucleus, which subsequently emits a gamma 

photon. This reaction is important in nuclear 

shielding and material testing, where 
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understanding neutron interactions with matter 

is essential. 

Photodisintegration, a reaction where high-

energy gamma photons break apart atomic 

nuclei, typically releases around 1.67 MeV per 

event, as seen in the breakdown of beryllium-9 

into beryllium-8 and a neutron. Though not a 

viable source of energy generation, 

photodisintegration has applications in 

astrophysical studies and radiation shielding, as 

it influences nuclear stability in high-radiation 

environments. 

Among these nuclear reactions, fission remains 

the most practical for energy generation due to 

its high energy yield and well-established 

technology. Fusion has immense potential due 

to its clean nature and abundant fuel supply, but 

its feasibility remains a challenge. Radioactive 

decay, while less powerful, is highly reliable 

for long-term energy applications in extreme 

environments. Spallation and neutron capture 

are valuable in research and industry but are not 

directly used for large-scale power generation. 

Elastic and inelastic scattering, though not 

energy sources in themselves, are fundamental 

in nuclear reactor operation and radiation 

shielding. Photodisintegration, though 

important in astrophysics, has limited practical 

applications in energy harnessing. The 

selection of a nuclear reaction for useful 

applications depends on a balance of energy 

yield, feasibility, and the ability to effectively 

harness the released energy. 

 

Table 7: Comparison of Nuclear Energy Sources 
 

Energy Source Typical 

Energy 

Released per 

Reaction 

Feasibility for 

Power 

Generation 

Waste and 

By-products 

Current 

Applications 

Nuclear Fission ~200 MeV per 

U-235 or Pu-

239 fission 

High (Used in 

reactors 

worldwide) 

High-level 

radioactive 

waste 

Nuclear power 

plants, 

submarines 

Nuclear Fusion ~17.6 MeV 

per D-T 

reaction 

Low 

(Experimental, 

requires high 

temperatures) 

Minimal 

(Helium is 

the main 

product) 

Experimental 

reactors (ITER, 

Tokamak) 

Radioactive Decay ~5 MeV per 

decay (varies 

by isotope) 

Medium (Used in 

specialized cases) 

Low 

(Gradual 

decay over 

time) 

RTGs for space 

missions, deep-

sea probes 

Neutron Capture & 

Transmutation 

Energy varies 

(depends on 

isotope) 

Medium (Used in 

breeder reactors 

and medicine) 

Can reduce 

long-lived 

waste 

Breeder reactors, 

medical isotope 

production 

Spallation Reactions ~20-30 MeV 

per reaction 

Medium (Used in 

neutron sources) 

Free 

neutrons, 

light nuclei 

fragments 

Accelerator-

driven neutron 

sources, medical 

isotope 

production 

Elastic Neutron 

Scattering 

Negligible 

(Elastic 

collision, 

Low (Not used 

for power 

generation) 

No new 

waste 

products 

Neutron 

moderation in 
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kinetic energy 

conserved) 

nuclear reactors, 

neutron imaging 

Inelastic Neutron 

Scattering 

~0.85 to 1.81 

MeV (depends 

on target 

nucleus) 

Low (Not used 

for power 

generation) 

Gamma-ray 

emission 

Nuclear reactor 

neutron shielding, 

material testing 

Photodisintegration ~1.67 MeV 

(e.g., Be-9 

reaction) 

Low (Not 

practical for 

power 

generation) 

Free 

neutrons or 

protons 

Astrophysical 

processes, 

radiation 

shielding research 

Nuclear fusion, which releases around 17.6 

MeV per deuterium-tritium reaction, has the 

potential to become a future energy source due 

to its minimal radioactive waste production and 

abundant fuel supply. However, the extreme 

temperature and confinement conditions 

required make practical energy harnessing 

currently infeasible. Experimental reactors 

such as ITER and Tokamak are exploring ways 

to overcome these challenges, but commercial 

viability remains distant. Radioactive decay, 

with an energy release of approximately 5 MeV 

per decay event, has been harnessed in 

specialized applications such as radioisotope 

thermoelectric generators (RTGs) for space 

exploration. Though its feasibility for large-

scale power generation is limited, its long-

lasting and steady energy output makes it 

valuable for deep-space probes and remote 

scientific instruments. 

Neutron capture and transmutation involve a 

variety of reactions with energy releases that 

depend on the isotope involved. These 

reactions are particularly useful in breeder 

reactors and medical isotope production, as 

they can both generate useful materials and 

help in reducing long-lived radioactive waste. 

Spallation reactions, where high-energy 

protons strike heavy nuclei like lead, release 

between 20 and 30 MeV per event and serve as 

efficient sources of free neutrons. Although not 

directly used for power generation, spallation is 

valuable in accelerator-driven neutron sources 

for scientific research and medical isotope 

production. 

Elastic neutron scattering does not result in any 

net energy release since it involves an elastic 

collision where kinetic energy is conserved. 

This process plays a crucial role in neutron 

moderation within nuclear reactors, enabling 

controlled fission reactions by slowing down 

fast neutrons. In contrast, inelastic neutron 

scattering releases energy typically between 

0.85 and 1.81 MeV, depending on the target 

nucleus. In this process, a neutron excites a 

nucleus, which subsequently emits a gamma 

photon. This reaction is important in nuclear 

shielding and material testing, where 

understanding neutron interactions with matter 

is essential. 

Photodisintegration, a reaction where high-

energy gamma photons break apart atomic 

nuclei, typically releases around 1.67 MeV per 

event, as seen in the breakdown of beryllium-9 

into beryllium-8 and a neutron. Though not a 

viable source of energy generation, 

photodisintegration has applications in 

astrophysical studies and radiation shielding, as 

it influences nuclear stability in high-radiation 

environments. 

Among these nuclear reactions, fission remains 

the most practical for energy generation due to 

its high energy yield and well-established 

technology. Fusion has immense potential due 

to its clean nature and abundant fuel supply, but 

its feasibility remains a challenge. Radioactive 

decay, while less powerful, is highly reliable 
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for long-term energy applications in extreme 

environments. Spallation and neutron capture 

are valuable in research and industry but are not 

directly used for large-scale power generation. 

Elastic and inelastic scattering, though not 

energy sources in themselves, are fundamental 

in nuclear reactor operation and radiation 

shielding. Photodisintegration, though 

important in astrophysics, has limited practical 

applications in energy harnessing. The 

selection of a nuclear reaction for useful 

applications depends on a balance of energy 

yield, feasibility, and the ability to effectively 

harness the released energy. 

Nuclear fusion offers a cleaner and more 

efficient alternative, with minimal radioactive 

waste and a high fuel supply from seawater. 

However, controlled fusion remains 

technologically difficult due to the extreme 

conditions required for sustaining a reaction. 

Radioactive decay provides a low but steady 

energy output, making it useful for applications 

where long-term, maintenance-free power is 

required, such as space exploration. RTGs 

powered by plutonium-238 have enabled long-

duration missions beyond Earth's orbit. 

Neutron capture and transmutation show 

promise in waste reduction and fuel 

sustainability, particularly in breeder reactors 

and medical applications. By converting fertile 

isotopes into fissile materials, these reactions 

enhance the longevity and efficiency of nuclear 

fuel cycles. 

Overall, while fission remains the dominant 

energy source, advances in fusion and breeder 

technologies could provide more sustainable 

and environmentally friendly alternatives in the 

future. 
 

6.0 Applications of Nuclear Energy 
 

Nuclear energy has widespread applications 

beyond electricity generation, spanning 

military, medical, industrial, and agricultural 

sectors. Its ability to provide large amounts of 

energy from small amounts of fuel makes it an 

indispensable technology in modern society. 

 

6.1 Electricity Generation in Nuclear 

Power Plants 
 

 

 

The primary application of nuclear energy is in 

electricity generation. Nuclear power plants 

use controlled nuclear fission to heat water, 

producing steam that drives turbines to 

generate electricity. Countries like the United 

States, France, and China heavily rely on 

nuclear power to meet their energy demands. 

Nuclear reactors provide a stable, low-carbon 

energy source, helping to reduce dependence 

on fossil fuels and mitigate climate change. 
 

6.2  Nuclear Propulsion (Submarines and 

Spacecraft)   
 

Nuclear reactors power military and research 

submarines, aircraft carriers, and even 

spacecraft. Unlike conventional fuel-based 

propulsion, nuclear propulsion enables vessels 

to operate for extended periods without 

refueling. The U.S. Nimitz-class aircraft 

carriers and nuclear submarines use small 

modular reactors to sustain long missions. In 

space, radioisotope thermoelectric generators 

(RTGs) provide energy for deep-space probes, 

including Voyager 1 & 2, Curiosity Rover, and 

New Horizons. 
 

6.3 Medical Applications (Radiotherapy 

and Diagnostics) 
 

Nuclear technology plays a crucial role in 

medicine, particularly in cancer treatment and 

diagnostics. Radiotherapy uses radioactive 

isotopes such as cobalt-60 to target and destroy 

cancer cells. Positron Emission Tomography 

(PET) scans rely on short-lived isotopes like 

fluorine-18 to detect diseases at early stages. 

Additionally, radioactive iodine (I-131) is used 

in treating thyroid disorders. 
 

6.4 Industrial and Agricultural 

Applications 
 

In industry, nuclear energy is used for non-

destructive testing (NDT), where gamma 

radiation detects structural weaknesses in 

pipelines, bridges, and aircraft components. 
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Neutron activation analysis (NAA) allows 

precise elemental composition analysis, aiding 

in mining and material science. In agriculture, 

nuclear techniques improve food preservation 

through irradiation, eliminating bacteria and 

extending shelf life. Nuclear-derived isotopes 

also help in pest control and improving crop 

yields. 
 

7.0 Comparison of Previous and Current 

Applications of Nuclear Energy 

Table 8 highlights the evolution of nuclear 

energy applications over time. Early nuclear 

power plants had low efficiency and limited 

safety measures, whereas modern reactors 

employ advanced cooling systems, passive 

safety designs, and fuel recycling technologies. 

Similarly, nuclear propulsion has progressed 

from Cold War-era submarines to next-

generation naval reactors and space missions. 

In medicine, nuclear technology has advanced 

from rudimentary radiotherapy to sophisticated 

precision-targeted treatments and diagnostic 

imaging. Industrial and agricultural 

applications have expanded to include 

enhanced food irradiation, nuclear soil 

analysis, and isotope-based water resource 

management. 

 

Table 8: Previous vs. Current Applications of Nuclear Energy 
 

Application 

Field 

Previous Uses (Mid-20th 

Century) 

Current Uses (21st Century) 

Electricity 

Generation 

First-generation reactors 

(1950s) with low efficiency 

Advanced reactors, Small Modular 

Reactors (SMRs), breeder reactors 

Nuclear 

Propulsion 

Early nuclear-powered 

submarines and ships 

Advanced naval reactors, spacecraft 

RTGs, Mars missions 

Medical 

Applications 

Basic radiotherapy, early 

isotope diagnostics 

High-precision radiotherapy, PET 

scans, targeted cancer treatment 

Industrial & 

Agriculture 

Early gamma-ray NDT and 

radiation sterilization 

Advanced NDT, isotope hydrology, 

nuclear-assisted agriculture 

 

Generally, nuclear energy continues to evolve, 

with new reactor designs, medical 

breakthroughs, and industrial innovations 

ensuring its expanding role in modern society. 

Nuclear energy is derived from various 

processes, each contributing uniquely to 

different applications. Nuclear fission is widely 

used for electricity generation in power plants 

and for propelling naval vessels and spacecraft. 

In contrast, nuclear fusion holds promise as a 

future source of abundant, clean energy. In 

addition to these, radioactive decay and 

neutron capture or transmutation are important 

sources of nuclear energy, each with distinct 

characteristics and applications. 

Radioactive decay is the spontaneous process 

by which unstable nuclei transform into more 

stable forms while releasing energy in the form 

of radiation. This process is harnessed in 

radioisotope thermoelectric generators (RTGs) 

for powering spacecraft and remote 

installations, and it is also fundamental in 

medical applications such as radiotherapy and 

diagnostic imaging. Radioactive decay 

provides a relatively low but continuous energy 

output, which is ideal for long-term, 

maintenance-free operations in space missions. 

Neutron capture or transmutation, on the other 

hand, occurs when a nucleus absorbs a neutron 

and transforms into a different isotope, 

sometimes even a different element. This 

process is exploited in breeder reactors, where 

fertile materials like thorium-232 or uranium-

238 are converted into fissile isotopes, thereby 
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extending the nuclear fuel supply. 

Transmutation is also applied in the production 

of medical isotopes for diagnostic and 

therapeutic uses, as well as in industrial 

applications such as material analysis and 

quality control. 

The contributions of these various nuclear 

energy sources to different applications are 

summarized in Table 9. This table compares 

nuclear fission, nuclear fusion, radioactive 

decay, and neutron capture or transmutation 

across several key application fields. The table 

reveals that while nuclear fission remains the 

cornerstone of electricity generation and 

nuclear propulsion, fusion is still in the 

experimental stage with the potential to 

revolutionize energy production. Radioactive 

decay plays a critical role in space exploration 

and medical treatments, and neutron capture or 

transmutation enhances fuel sustainability and 

offers specialized industrial and medical 

applications. 
 

Table 9: Contributions of Various Nuclear Energy Sources to Different Applications 
 

Application 

Field 

Nuclear 

Fission 

Nuclear 

Fusion 

Radioactive 

Decay 

Neutron 

Capture/Transmutation 

Electricity 

Generation 

Primary source 

in nuclear 

power plants 

with high 

energy yield; 

widely 

implemented 

for grid power 

Future 

potential for 

large-scale 

clean energy 

production; 

currently 

experimental 

Minimal 

contribution; 

rarely used for 

bulk power 

generation 

Contributes indirectly 

through breeder reactor 

technology that extends 

fuel supply 

Nuclear 

Propulsion 

Used in naval 

vessels such as 

submarines 

and aircraft 

carriers; 

supports some 

space missions 

Could provide 

high-

efficiency 

propulsion for 

long-duration 

missions once 

controlled 

fusion is 

achieved 

Employed in 

RTGs for 

powering 

spacecraft and 

deep-space 

probes, 

offering long-

term, 

maintenance-

free energy 

Not directly used in 

propulsion, but plays a role 

in material transmutation 

for reactor components 

Medical 

Applications 

Generates 

radioisotopes 

for cancer 

treatment and 

diagnostic 

imaging; 

supports 

radiotherapy 

Not yet 

applied; future 

research may 

explore fusion 

for novel 

medical 

isotope 

production 

Fundamental in 

radiotherapy 

and diagnostic 

imaging 

techniques 

such as PET 

scans; provides 

short-lived 

isotopes for 

treatment 

Applied in the production 

of specific medical isotopes 

via neutron activation, 

enhancing diagnostic and 

therapeutic methods 
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Industrial 

Applications 

Provides heat 

and power for 

industrial 

processes; 

used in non-

destructive 

testing (NDT) 

and material 

analysis 

Could offer 

high-energy 

processes for 

industrial 

applications in 

the future; 

remains under 

research 

Utilized in 

industrial 

radiography 

and quality 

control through 

gamma 

radiation; 

supports non-

destructive 

analysis 

Facilitates material testing 

and analysis through 

neutron activation, leading 

to precise chemical 

composition determination 

Agricultural 

Applications 

Limited direct 

application; 

used indirectly 

through power 

generation 

Not directly 

applicable; 

potential 

future use in 

food 

irradiation 

processes 

Used for food 

preservation 

and 

sterilization 

through 

irradiation; 

extends shelf 

life and 

controls pests 

Employed in isotope-based 

soil and water analysis, 

contributing to agricultural 

research and pest control 

The discussion of Table 9 shows that nuclear 

fission currently underpins large-scale 

electricity generation and propulsion, offering 

high energy yields despite challenges with 

radioactive waste management. Nuclear fusion, 

though promising, remains primarily at the 

experimental stage and is expected to 

revolutionize the energy sector once technical 

hurdles are overcome. Radioactive decay 

provides a steady and reliable energy source for 

space applications and advanced medical 

diagnostics, while neutron capture or 

transmutation enhances the efficiency and 

sustainability of nuclear fuel cycles and plays a 

pivotal role in specialized industrial and 

medical isotope production. Each of these 

nuclear energy sources has its own strengths 

and limitations, underscoring the need for 

continued research and development to 

optimize their contributions to society. 
 

8.0 Challenges and Future Prospects 
 

The generation and application of different 

sources of nuclear energy face a range of 

challenges that vary by process. Nuclear 

fission, the most established of these energy 

sources, confronts significant hurdles such as 

managing high-level radioactive waste, 

ensuring the safety of aging reactors, and 

addressing nuclear proliferation concerns. The 

historical incidents at Chernobyl and 

Fukushima have underscored the 

vulnerabilities inherent in older reactor 

designs, while the high capital costs of 

constructing modern reactors and persistent 

public and regulatory apprehensions continue 

to limit the expansion of fission-based power. 

Addressing these challenges requires the 

development of advanced safety systems, more 

efficient waste management practices, and 

innovative reactor designs, such as small 

modular reactors (SMRs), which offer 

enhanced safety features, reduced costs, and 

improved scalability. 

In contrast, nuclear fusion offers the promise of 

an abundant and clean energy source with 

minimal long-lived radioactive waste. 

However, fusion remains in the experimental 

stage, hindered by the extreme technical 

challenges associated with achieving and 
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maintaining the necessary high temperatures 

and pressures for a controlled reaction. 

Containing the superheated plasma with robust 

magnetic fields and developing materials that 

can withstand intense neutron bombardment 

are significant obstacles. Although projects like 

ITER and advancements in inertial 

confinement fusion represent substantial 

progress, the economic feasibility, long-term 

reliability, and overall viability of fusion as a 

commercial energy source remain uncertain. 

Estimates suggest that commercial fusion may 

not be realized until the mid-21st century, 

making ongoing investment in alternative 

nuclear technologies crucial. 

Radioactive decay serves as a reliable energy 

source in specialized applications, particularly 

in space exploration and remote power 

generation through radioisotope thermoelectric 

generators. This process offers a continuous, 

maintenance-free power supply; however, the 

energy output is relatively low, restricting its 

use to scenarios where small-scale, long-term 

energy is sufficient. Additionally, the 

production and handling of the necessary 

isotopes involve high costs and stringent safety 

protocols, limiting their broader applicability. 

Neutron capture and transmutation processes, 

which convert fertile materials such as 

thorium-232 or uranium-238 into fissile 

isotopes, play a critical role in enhancing fuel 

sustainability. These processes are key to 

breeder reactor designs, which have the 

potential to produce more fuel than they 

consume while reducing nuclear waste. Despite 

their promise, the technology behind efficient 

neutron capture and transmutation is still under 

development, requiring complex chemical 

reprocessing, advanced reactor designs, and 

favorable regulatory frameworks. 

Beyond technological challenges, nuclear 

energy faces socio-economic and policy 

barriers. Public perception of nuclear safety 

remains a major obstacle, influenced by past 

accidents and concerns over radioactive waste 

disposal. Additionally, nuclear power plants 

require significant initial investment and long-

term regulatory oversight, making economic 

viability a key consideration. Integrating 

nuclear energy into future energy systems will 

also require advancements in grid 

infrastructure and storage solutions to 

complement renewable sources such as wind 

and solar power. 

The future of nuclear energy lies in overcoming 

these challenges through continued research, 

technological innovation, and international 

collaboration. Improvements in reactor design, 

enhanced safety features, and more sustainable 

fuel cycles are critical for addressing public 

concerns and environmental impacts. As these 

advancements progress, nuclear energy is 

expected to play an increasingly important role 

in a diversified and sustainable energy 

portfolio, contributing significantly to global 

efforts in mitigating climate change and 

achieving energy security. 
 

9.0 Conclusion 
 

This study highlights the enduring significance 

of nuclear energy in modern power generation 

and its diverse applications across industrial, 

medical, and agricultural sectors. Nuclear 

fission remains the dominant method for large-

scale electricity production, benefiting from 

well-established infrastructure and high energy 

yields. However, challenges related to reactor 

safety, radioactive waste management, and 

nuclear proliferation continue to necessitate 

technological advancements and policy 

reforms. 

Nuclear fusion presents a promising future 

energy source due to its potential for abundant, 

clean energy with minimal long-lived 

radioactive waste. Nevertheless, it remains in 

the experimental phase, constrained by the 

extreme conditions required for plasma 

confinement and high-temperature operation. 

Significant scientific breakthroughs and 
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sustained investment will be essential to 

bringing fusion energy to commercial viability. 

Radioactive decay, while offering lower energy 

outputs, is indispensable for specialized 

applications requiring a steady, maintenance-

free power supply, such as deep-space missions 

and medical therapies. Neutron capture and 

transmutation, though still evolving, hold 

potential for improving fuel sustainability and 

reducing nuclear waste, particularly in breeder 

reactors and medical isotope production. 

Comparing nuclear energy to other sources 

reveals its distinct advantages and limitations. 

While fossil fuels contribute significantly to 

environmental degradation, and renewables 

face intermittency and storage challenges, 

nuclear power provides a stable, low-carbon 

energy source. The integration of advanced 

nuclear technologies, such as small modular 

reactors and thorium-based fuel cycles, could 

further enhance the sustainability and safety of 

nuclear power. 

To fully harness nuclear energy's potential, 

continued investment in next-generation 

reactor designs, improved waste management 

strategies, and regulatory advancements is 

essential. Strengthening public confidence 

through transparent communication, robust 

safety measures, and sustainable policies will 

be key to ensuring nuclear energy remains a 

viable component of the global energy mix. 

Through these efforts, nuclear power can serve 

as a reliable and environmentally responsible 

alternative, complementing renewable energy 

sources in addressing future global energy 

demands. 
 

10. References 

Arafa, W. M., Elsheikh, A. H., Abed, K. A., & 

El-Bahy, G. M. (2022). Advances in 

thorium-based nuclear fuel cycles: A 

sustainable alternative to uranium-based 

systems. Journal of Nuclear Materials, 

556, 153264. https://doi.org/10.1016/j. 

jnucmat.2022.153264. 

Bethe, H. A. (1939). Energy production in 

stars. Physical Review, 55(1), 434–456. 

Blazev, A. S. (2015). Energy security for the 

21st century (1st ed.). River Publishers. 

https://doi.org/10.1201/9781003151913. 

Bulgac, A., Jin, S., & Stetcu, I. (2020). Nuclear 

fission dynamics: Past, present, needs, and 

future. Frontiers in Physics, 8, 63. 

https://doi.org/10.3389/fphy.2020.00063. 

Conrad, H. (2021). Spallation: Neutrons 

Beyond Nuclear Fission. In: Fleck, I., 

Titov, M., Grupen, C., Buvat, I. (eds) 

Handbook of Particle Detection and 

Imaging. Springer, Cham. 

https://doi.org/10.1007/978-3-319-93785-

4_30. 

Doligez, X., Bouneau, S., David, S., Ernoult, 

M., Zakari-Issoufou, A.-A., Thiollière, N., 

Bidaud, A., Méplan, O., Nuttin, A., & 

Capellan, N. (2017). Fundamentals of 

reactor physics with a view to the 

(possible) futures of nuclear energy. 

Comptes Rendus Physique, 18(7–8), 372–

380. https://doi.org/10.1016/j.crhy.2017. 

10.004 

Dwyer, D. A. (2015). Antineutrinos from 

nuclear reactors: Recent oscillation 

measurements. New Journal of Physics, 

17(2), 025003. https://doi.org/10.1088/ 

1367-2630/17/2/025003. 

 Einstein, A. (1905). Does the inertia of a body 

depend upon its energy content? Annalen 

der Physik, 17(10), 639–641. 

https://doi.org/10.1002/andp.1905323131

4. 

Esposito, R., Calviani, M., Aberle, O., 

Barbagallo, M., Cano-Ott, D., Coiffet, T., 

Colonna, N., Domingo-Pardo, C., 

Dragoni, F., et al. (2021). Design of the 

third-generation lead-based neutron 

spallation target for the neutron time-of-

flight facility at CERN. Physical Review 

Accelerators and Beams, 24(9), 093001. 

https://doi.org/10.1103/PhysRevAccelBe

ams.24.093001. 

https://doi.org/10.1016/j.%20jnucmat.2022.153264
https://doi.org/10.1016/j.%20jnucmat.2022.153264
https://doi.org/10.1201/9781003151913
https://doi.org/10.3389/fphy.2020.00063
https://doi.org/10.1007/978-3-319-93785-4_30
https://doi.org/10.1007/978-3-319-93785-4_30
https://doi.org/10.1016/j.crhy.2017.%2010.004
https://doi.org/10.1016/j.crhy.2017.%2010.004
https://doi.org/10.1088/%201367-2630/17/2/025003
https://doi.org/10.1088/%201367-2630/17/2/025003
https://doi.org/10.1002/andp.19053231314
https://doi.org/10.1002/andp.19053231314
https://doi.org/10.1103/PhysRevAccelBeams.24.093001
https://doi.org/10.1103/PhysRevAccelBeams.24.093001


Applied Sciences, Computing and Energy, 1(1), 01-27 26 
 

 

                        

Fermi, E., & Szilard, L. (1939). Neutron-

induced nuclear reactions: The basis of 

chain reactions. Physical Review, 56(12), 

1175–1182. 

https://doi.org/10.1103/PhysRev.56.1175. 

Hameed, R., & Oudah, O. N. (2018). 

Achieving an optimum slowing-down 

energy distribution functions and 

corresponding reaction rates for the 

(D+³He and T+³He) fusion reactions. AIP 

Conference Proceedings, 1968(1), 

030048. https://doi.org/10.1063/1.5039235. 

 Hassan, M., Ibrahim, H., & Saleh, M. (2021). 

Waste management strategies in nuclear 

energy production: Challenges and future 

directions. Progress in Nuclear Energy, 

135, 103678. https://doi.org/10.1016/j. 

pnucene.2021.103678. 

Hassan, R., Zhou, Y., & Li, T. (2021). 

Advances in nuclear waste management 

and alternative nuclear fuels. Progress in 

Nuclear Energy, 135, 103592. 

 International Atomic Energy Agency (IAEA). 

(2024). Nuclear fuel cycle optimization 

and safety enhancements: Technical 

report. Vienna: IAEA Publications. 

International Atomic Energy Agency. (2024). 

Nuclear technology review 2024: Report 

by the Director General (GC(68)/INF/4). 

IAEA. Retrieved from https://www 

.biaea.org/sites/default/files/gc/gc68-inf-

4.pdf. 

ITER Organization. (2021). What is fusion? 

Retrieved from https://www.iter.org 

Jalili, A., Pan, F., & Draayer, J. P. (2024). β-

decay half-life predictions with support 

vector machine. Scientific Reports, 14, 

30776. https://doi.org/10.1038/s41598-

024-80820-5. 

Krane, K. S. (2020). Introductory nuclear 

physics (3rd ed.). Wiley. 

Lopez, K. G., Villalona, C., Grubbs, H., & 

Edwards, M. (2025). A novel mechanism 

of lead–tin solder spallation in the 

presence of nitrate. Environmental 

Science & Technology Letters, 12(3), 

334–340. 

https://doi.org/10.1021/acs.estlett.4c0114

2. 

Lyócsa, Š., & Todorova, N. (2024). What 

drives the uranium sector risk? The role of 

attention, economic and geopolitical 

uncertainty. Energy Economics, 140, 

107980. 

https://doi.org/10.1016/j.eneco.2024.1079

80. 

Meitner, L., & Frisch, O. R. (1939). 

Disintegration of uranium by neutrons: A 

new type of nuclear reaction. Nature, 

143(3615), 239–240. 

https://doi.org/10.1038/143239a0. 

Menon, R., Verma, M., Haridas, D., & Tanwar, 

A. (2024). Modeling radioactive decay 

series phenomenon involving first-order 

differential equation and visualizing 

solutions using open-source software 

XCOS. The Physics Educator, 6(2). 

https://doi.org/10.1142/S2661339524500

057. 

Pyeon, C.H., Chiba, G., Endo, T., Watanabe, 

K. (2025). Basics of Nuclear Reactor 

Physics. In: Reactor Laboratory 

Experiments at Kyoto University Critical 

Assembly. Springer, Singapore. 

https://doi.org/10.1007/978-981-97-8070-

9_2 

Reuss, P. (2016). Nuclear fission, chain 

reaction and criticality (V1). Editions 

EDP Sciences. https://inis.iaea.org/search 

/search.aspx?orig_q=RN:48014970. 

Shannak, S., Cochrane, L., & Bobarykina, D. 

(2025). Global uranium market dynamics: 

analysis and future 

implications. International Journal of 

Sustainable Energy, 44(1). https://doi.org/ 

10.1080/14786451.2025.2457376. 

Wesson, J. (2011). Tokamaks (4th ed.). Oxford 

University Press. 

Yang, X., Zhang, R., Wu, D., Zhu, Y., Li, J., 

Zhang, J., & Luo, G. (2025). Molecular 

https://doi.org/10.1103/PhysRev.56.1175
https://doi.org/10.1063/1.5039235
https://doi.org/10.1016/j.%20pnucene.2021.103678
https://doi.org/10.1016/j.%20pnucene.2021.103678
https://www.iter.org/
https://doi.org/10.1038/s41598-024-80820-5
https://doi.org/10.1038/s41598-024-80820-5
https://doi.org/10.1021/acs.estlett.4c01142
https://doi.org/10.1021/acs.estlett.4c01142
https://doi.org/10.1016/j.eneco.2024.107980
https://doi.org/10.1016/j.eneco.2024.107980
https://doi.org/10.1038/143239a0
https://doi.org/10.1142/S2661339524500057
https://doi.org/10.1142/S2661339524500057
https://doi.org/10.1007/978-981-97-8070-9_2
https://doi.org/10.1007/978-981-97-8070-9_2
https://inis.iaea.org/search%20/search.aspx?orig_q=RN:48014970
https://inis.iaea.org/search%20/search.aspx?orig_q=RN:48014970
https://doi.org/%2010.1080/14786451.2025.2457376
https://doi.org/%2010.1080/14786451.2025.2457376


Applied Sciences, Computing and Energy, 1(1), 01-27 27 
 

 

                        

dynamics simulation study on orientation 

effects on the shock-induced spallation of 

single-crystal aluminum. Materials Today 

Communications, 44, 111931. 

https://doi.org/10.1016/j.mtcomm.2025.1

11931. 

Zinkle, S. J., & Busby, J. T. (2009). Structural 

materials for fission and fusion energy. 

Materials Today, 12(11), 12-19. 

https://doi.org/10.1016/S1369-7021(09)7 

0294-9. 

 Zohuri, B. (2019). Fusion energy for nuclear 

applications: A roadmap to commercial 

viability. Springer. 

Zohuri, B. (2019). Nuclear Energy: An 

Introduction to the Concepts, Systems, and 

Applications of Nuclear Processes. 

Springer. 

Compliance with Ethical Standards 

Declaration  

Ethical Approval  

Not Applicable 

Competing interests 

The author declared no compositing interest 

Funding 

The authors declare that they have no known 

competing financial interests  

 
 

https://doi.org/10.1016/j.mtcomm.2025.111931
https://doi.org/10.1016/j.mtcomm.2025.111931
https://doi.org/10.1016/S1369-7021(09)7%200294-9
https://doi.org/10.1016/S1369-7021(09)7%200294-9

