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an advanced level of understanding of the complete fuel cycle by following 
nuclear fuel from its origin and fabrication, through its stay in the reactor with 
all alterations induced there, and ending with reprocessing options and waste 
management issues for the spent nuclear fuel. In other words; “Nuclear Power 
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nuclear energy a renewable or nonrenewable source?

Nasser S. Awwad, Ph.D.
Professor of Inorganic and Radiochemistry,

Chemistry Department,
Faculty of Science,

King Khalid University,
Saudi Arabia

XII



II

Chapter 8 133
Sensitivity and Uncertainty Quantification of Neutronic Integral Data Using 
ENDF/B-VII.1 and JENDL-4.0 Evaluations
by Mustapha Makhloul, H. Boukhal, T. El Bardouni, E. Chakir, M. Kaddour  
and S. Elouahdani

Preface

This book focuses on the hot topics related to nuclear power plants. The first of 
these hot topics is how to use nuclear power plants to generate electric energy 
using nuclear fuel such as Uranium Oxide (UOX). The second hot topic provides 
an advanced level of understanding of the complete fuel cycle by following 
nuclear fuel from its origin and fabrication, through its stay in the reactor with 
all alterations induced there, and ending with reprocessing options and waste 
management issues for the spent nuclear fuel. In other words; “Nuclear Power 
Plants - Processes in the Nuclear Fuel Cycle”. Moreover, this book covers radiation 
protection issues throughout the nuclear fuel cycle. There are two types of radiation 
sources: naturally occurring radioactive materials (NORM) and technologically 
enhanced naturally occurring radioactive materials (TENORM), which are 
considered a raw material in the nuclear industry. Safety issues in nuclear power 
plants and radioactive wastes will be discussed. In addition, the future of nuclear 
power, nuclear fuel, uranium, and the advantages of nuclear energy will be covered. 
In addition, the reader of the book will find the answer to the important question, is 
nuclear energy a renewable or nonrenewable source?

Nasser S. Awwad, Ph.D.
Professor of Inorganic and Radiochemistry,

Chemistry Department,
Faculty of Science,

King Khalid University,
Saudi Arabia



1

Section 1

Nuclear and Solar Energy



1

Section 1

Nuclear and Solar Energy



3

Chapter 1

Introductory Chapter: From the 
Cradle to the Grave for the Nuclear 
Fuel Cycle
Nasser S. Awwad

1. Introduction

This chapter will focuses on the brief topics of Nuclear Fuel Cycle. It will provide 
advanced level for understanding of the complete fuel cycle by following nuclear 
fuel from its origin and fabrication, through its stay in the reactor with all alterations 
induced there, and ending with reprocessing options and waste management issues 
for the spent nuclear fuel. In other words: “Nuclear fuel – from cradle to grave”. 
Moreover, it covers radiation protection issues throughout the nuclear fuel cycle.

2. Front end of the fuel cycle which includes the following items

2.1 Uranium exploration and mining

Uranium mining is the process by which uranium metal is extracted from 
the earth. In 2019, the worldwide generation of uranium produced 53,656 tons. 
The top three producers were Kazakhstan, Canada and Australia, which together 
account for 68 percent of the world’s uranium generation. Namibia, Niger, Russia, 
Uzbekistan and China were other vital uranium-producing nations in excess of 
1,000 tons per year [1]. Mining uranium is almost exclusively used as fuel for 
nuclear power plants. Uranium is extracted by in-situ filtration (57% of the world’s 
generation) or by ordinary underground or open-pit metal mining (43% of the gen-
eration). A filtering arrangement is pumped down in the in-situ mining, penetrat-
ing holes into the uranium metal store where the mineral minerals are broken up.

At that point, the uranium rich liquid is pumped back to the surface and prepared 
to extract the uranium compounds from the structure in regular mining, metals are 
treated by pounding the metal materials to a uniform molecule measure and after 
that treating the mineral to extricate the uranium by chemical leaching [2]. The 
processing handle usually produces dry powder-form fabric composed of common 
uranium, “yellowcake,” which is marketed as U3O8 on the uranium display.

2.2 Uranium enrichment

The nuclear fuel used in a nuclear reactor needs to have a higher U235 isotope 
concentration than that found in natural uranium ore. In light water reactors (the 
most common reactor design in the USA), U235 is fissionable when concentrated 
(or ‘enriched’). The nucleus of the atom breaks apart during fission, creating both 
heat and extra neutrons.
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These extra neutrons can cause additional, nearby atoms to fission under con-
trolled conditions and a nuclear reaction can be maintained. Via a controlled nuclear 
reaction inside the nuclear reactor, the heat energy released can be harnessed to gen-
erate electricity. The U235 isotope is commercially enriched to 3 to 5 percent (from 
the natural state of 0.7 percent) and then further processed for nuclear fuel output.

Uranium oxide is converted to the chemical form of uranium hexafluoride 
(UF6) at the conversion plant to be used in an enrichment facility. UF6 is used for 
a few reasons; 1) the fluorine portion has only one isotope that occurs naturally, 
which is an advantage during the enrichment processing the fluorine does not 
contribute to the weight difference when separating U235 from U238), and 2) UF6 
exists as a gas at an optimal operating temperature. There are several enrichment 
processes utilized worldwide. They are:

• Gaseous Diffusion

• Gas Centrifuge

• Laser Separation

The first industrial method used to enrich uranium in the United States was 
gaseous diffusion. These facilities used large quantities of energy and the existing 
gaseous diffusion plants became outdated as the centrifuge technology matured. 
All of them have been replaced worldwide by second-generation technology, which 
needs much less energy to generate comparable quantities of separated uranium. 
Uranium hexafluoride (UF6) gas was injected into the pipes of the plant at a gas-
eous diffusion enrichment plant, where it was pumped through special filters called 
barriers or porous membranes.

The holes in the barriers were so small that the UF6 gas molecules barely had 
enough space to move through. The isotope enrichment occurred because the 
lighter molecules of UF6 gas (with atoms U234 and U235) spread faster through the 
barriers than the heavier molecules of UF6 gas containing U238.

However one barrier wasn’t enough. Until UF6 gas contained enough U235 to 
be used in nuclear fuel, several hundreds of barriers were required, one after the 
other. The enriched UF6 gas was separated from the pipes at the end of the opera-
tion and condensed back into a liquid that was then poured into containers. Before 
it was transported to fuel fabrication facilities, the UF6 was allowed to cool and 
solidify. The current method by which commercial enrichment is conducted in the 
United States is gas centrifuge enrichment. UF6 gas is positioned and rotated at a 
high velocity in a gas centrifuge cylinder. A strong centrifugal force is generated by 
this rotation so that the heavier gas molecules (UF6 containing U238 atoms) travel 
towards the outside of the cylinder. Closer to the middle, the lighter gas molecules 
(containing U235) gather. The slightly enriched stream in U235 is extracted and 
fed into the next centrifuge; the next higher level. The slightly depleted stream is 
recycled back into the next lower stage (with a lower concentration of U235).

Long lines of several revolving cylinders are contained in a gas centrifuge 
factory. In both series and parallel formations, those cylinders are related. To shape 
trains and cascades, centrifuge machines are interconnected. The UF6 is enriched to 
the required amount at the final withdrawal stage.

For potential use to enrich uranium, the laser separation technology is under 
development. By extracting isotopes of uranium with lasers, uranium can be 
enriched. Laser light can excite molecules; this is called photoexcitation. Lasers will 
raise the energy in the electrons of a particular isotope, alter its properties and allow 
it to be separated. Three main systems, which are laser systems, optical systems, 
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and the separation module system, are used in the enrichment process. In order to 
deliver highly monochromatic light, tunable lasers can be produced. A particular 
isotopic species may be photo-ionized by the light from these lasers while not 
affecting other isotopic species. Chemically, the infected species is then modified, 
which allows the substance to be isolated. The laser separation technology devel-
oped by DOE uses as its feed material a uranium metal alloy, while UF6 is used as 
the feed material in the Separation of Isotopes by Laser Excitation process.

2.3 Fuel fabrication

Fuel production installations turn enriched uranium into nuclear reactor fuel. 
Mixed oxide (MOX) fuel, which is a mixture of uranium and plutonium, may also 
be used in fabrication. Usually, the manufacture of fuel for light water reactors 
(LWR) (regular commercial power reactors) begins with the receipt of low-
enriched uranium from an enrichment facility, in the chemical form of uranium 
hexafluoride (UF6).UF6 is heated to a gaseous state in solid form in tubes, and then 
the UF6 gas is chemically treated to form a powder of uranium dioxide (UO2). This 
powder is then pressed into pellets, loaded into Zircaloy tubes, sintered into ceramic 
form, and constructed into fuel assemblies. If it is a boiling-water reactor or a 
pressurized-water reactor depends on the type of light water reactor.

MOX fuel differs from low-enriched uranium fuel in that the powder used 
to form fuel pellets is comprised of both uranium dioxide (UO2) and plutonium 
dioxide (PuO2). The MOX fuel will be used in light-water reactors.

Small reactors that do not produce electrical power but are used for research, 
testing and training are non-power reactors. Analysis reactors and reactors used 
to manufacture irradiated target materials may be included in non-power reactors. 
The configuration of the fuel varies with the kind and manufacturer of the reactor. 
The plate-type fuel consists of several thin sheets containing an aluminum-clad 
uranium mixture. Another fuel is in the form of rods and is made up of a combina-
tion of uranium and zirconium/hydride.

3. Nuclear fuel in reactor

Nuclear fuel is the fuel which is used to support a nuclear chain reaction in a 
nuclear reactor. These fuels are fissile, and the radioactive metals uranium-235 and 
plutonium-239 are the most common nuclear fuels. A cycle known as the nuclear 
fuel cycle is made up of all the steps involved in collecting, refining, and using this 
fuel. Many nuclear fuels produce heavy elements of fissile actinide that are able to 
undergo and sustain nuclear fission. Uranium-233, uranium-235 and plutonium-239 
are the three most applicable fissile isotopes. As a slow-moving neutron strikes the 
unstable nuclei of these atoms, they split, forming two daughter nuclei and two or 
three more neutrons. Then these neutrons go on to split more nuclei. This produces a 
self-sustaining chain reaction that is regulated or uncontrolled by a nuclear bomb in 
a nuclear reactor.

4. Back end of the fuel cycle

For a period of five years or so, the fuel is first placed in a storage pool, the time to 
let the most active fission products decrease or vanish. After those five years, a decision 
as to whether or not to reprocess is made. If not, so as it is the fuel must be stockpiled.

Research is currently underway on the feasibility of the final disposal of spent fuel 
deep underground; decisions on such disposals are yet to be made. Meanwhile the 
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waste accumulated above ground is accumulating around the power plants. If a 
reprocessing decision is taken, the spent fuel is transported to a reprocessing plant 
where it is deposited in a nearby pool for a few more years. Reprocessing requires 
separating what can be recycled from what can be labeled as actual waste - uranium 
and plutonium. Usually, 95% of the fuel consists of plutonium, which also contains 
about 1% of the fissile isotope 235, more than natural uranium. The spent fuel also 
contains an additional 1% of plutonium, of which 70% of the isotopes are fissile 
and can generate electricity. It is possible to re-enrich this uranium and recycle the 
plutonium to join the fresh fuel composition to power other reactors.

Fission products and small actinides make up the remaining 4 percent of the 
spent fuel. They account for about 98% of their gamma and beta radioactivity. 
These are the real products of waste. This waste is highly radioactive, but it is 
conditioned by embedding it in glasses or ceramics that provide fewer long- term 
environmental risks than the disposal without reprocessing of spent fuel ‘in-state.’ 
The final disposition of these vitrified waste is yet to be determined, but their 
stockpiling in interim storage facilities is less of a concern as their mass is much 
smaller than the spent fuel.

Over a number of years, the IAEA has developed a comprehensive set of safety 
series documentation, which addresses, in a structured manner, many of the 
various nuclear fuel cycle safety needs identified by Member States. Since 1996 the 
IAEA Safety Standards series of documents has been subject to a process of planned 
change from its original structure of Safety Fundamentals, Safety Standards, Safety 
Guides and Safety Practices, to a new structure with a single Safety Fundamentals 
document supported by Safety Requirements and Safety Guides. The existing IAEA 
documents cover the safety of nuclear installations (predominantly, but not exclu-
sively, nuclear power plants), radioactive waste management, radiation protection 
and transport safety [3].

5. Nuclear Power Station at production of energy

In the 1950s, the first commercial nuclear power plants began operation. Out 
of about 440 power plants, nuclear energy now generates about 10 percent of the 
world’s electricity. Nuclear power is the world’s second largest low-carbon power 
source (29 percent of the total in 2017). One of condition to be as source of renew-
able energy. Over 50 countries utilize nuclear energy in about 220 research reac-
tors. In addition to research, these reactors are used for the production of medical 
and industrial isotopes, as well as for training. In 2018, 12 countries generated at 
least one quarter of their electricity from nuclear power. About three-quarters of 
France’s energy comes from nuclear power, more than half from Hungary, Slovakia 
and Ukraine, and one-third or more from Belgium, Sweden, Slovenia, Bulgaria, 
Switzerland, Finland and the Czech Republic.

Normally, South Korea gets more than 30 percent of its electricity from nuclear 
power, while about one-fifth of its electricity comes from nuclear power in the USA, 
UK, Spain, Romania and Russia. For more than one-quarter of its energy, Japan is used 
to rely on nuclear power and is expected to return to somewhere near that amount.

With a total net capacity of 1.6 GWe, Mexico has two operable nuclear reactors. 
In 2019, 4.5% of the country’s electricity was generated from nuclear power. With 
a total net capacity of 13.6 GWe, Canada has 19 operable nuclear reactors. In 2019, 
15 percent of the electricity generated by nuclear power in the world.

With a total net capacity of 96.8 GWe, the USA has 95 operable nuclear reactors. 
Nuclear power provided 20% of the nation’s electricity in 2019. With a total net capacity 
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of 1.6 GWe, Argentina has three reactors. In 2019, the nation produced 6% of its nuclear 
power. There are two reactors in Brazil, with a combined 1.9 GWe net capacity.

In 2019, 3% of the nation’s electricity was generated by nuclear power. There are 
seven operable nuclear reactors in Belgium, with a total net capacity of 5.9 GWe. In 
2019, 48% of the electricity generated by nuclear power in the world.

With a total net capacity of 2.8 GWe, Finland has four operable nuclear reactors. 
Nuclear power provided 35% of the country’s electricity in 2019. A fifth-1720 MWe 
reactor. France has 56 nuclear reactors which are operational, with a total net capac-
ity of 61,4 GWe. Nuclear power provided 71% of the country’s electricity in 2019. 
Germany, with a total net capacity of 8,0 GWe, continues to run six nuclear power 
reactors.

In 2019, 12.5% of the electricity in the country was produced by nuclear power. 
With a total net capacity of 45.5 GWe, China has 47 operable nuclear reactors. 
Nuclear power provided 5% of the country’s electricity in 2019. India has 22 nuclear 
reactors which are operational, with a total net capacity of 6.2 GWe. In 2019, 3% of 
the nation’s electricity was generated by nuclear power.

Japan has 33 nuclear reactors that are operational, with a total net capacity of 
31,7 GWe. Just nine reactors were brought back online at the start of 2020, with a 
further 17 in the process of restarting the approval process following the Fukushima 
accident in 2011. In the past, 33% of the country’s electricity came from nuclear 
power; in 2019, the figure was just 8% [4].

6. Is a nuclear energy renewable or nonrenewable source?

There are three main types of fossil fuels consider as nonrenewable energy 
sources: Coal, Oil and Natural Gas. They are nonrenewable energy sources because 
they exist in finite quantities. On the other hand, renewable energy means that they 
can naturally replenish themselves over time. Six main sources of renewable energy: 
Rain, Wind, Sunlight, Tides, Waves and Geothermal heat.

The researches with the nuclear energy as renewable energy source due to the 
following items:

Low-Carbon Emission: This is the main argument for nuclear energy being 
renewable. Nuclear power plants do not pollute the air or emit greenhouse gases [5].

It Is Replenishable: It takes more time than with the other sources, but in the 
end, they will appear again.

Fissile Material: Uranium supplies existing now can supply nuclear power only 
for approximately 1000 years.

While the against for the nuclear energy is consider the renewable source, due to:
Finite Uranium Deposit: Uranium deposit found on Earth is finite. Thus this 

resources one day will disappear, in addition to the following items:

• Nuclear power reactors give away harmful nuclear waste.

• Radioactive waste can be extremely toxic, causing burns and increasing the 
risk for cancers, blood diseases

• Storage of nuclear waste is very expensive.

Example the nuclear disasters that took place over the Chernobyl, Fukushima.
So, is nuclear energy renewable? There is no clear answer for that now. There are 

pertinent arguments on both sides of the debate [6, 7].
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Chapter 2

Nuclear Power Plant or Solar 
Power Plant
Mostafa Esmaeili Shayan and Farzaneh Ghasemzadeh

Abstract

Both solar energy and nuclear energy face significant economic challenges. 
Sustainable energy costs have traditionally been greater than any of those associated 
with the growth of fossil fuel power generation, although the costs of renewable 
energy technologies (especially photovoltaic) have dropped. Furthermore, capital 
costs remain a big challenge in the nuclear generation. In many nations, the cost 
of building small nuclear power plants is quite large due to time, technology, and 
environmental and safety challenges for consumers. Such problems might not be 
as big for state-owned corporations or controlled industries for which utilities have 
quick access to cheap resources, and this partially explains why the interest for 
nuclear reactors in Asia is far greater than in the United States or Europe. Learning 
could help decrease costs for both types of technologies, but the track record for 
learning-by-doing in the nuclear sector is not good.

Keywords: solar energy, nuclear energy, renewable, power plants, technology

1. Introduction

The sun is a nuclear fusion reactor that contains gravity. It produces unimaginable 
quantities of energy. Solar energy is a very perfect source of power. It can be captured 
passively by solar panels or other collectors. When the collectors have been produced, 
there will be no carbon emissions or waste products [1]. There are no moving parts to 
hurt wildlife. There is no dependence on foreign entities. The energy is produced and 
delivered for free by the sun [2]. The uranium division begins progressing with the 
absorption of the smooth-moving neutron from the non-strong U-235 isotope. The 
obtained U-236 is split into Ba-139 and Kr-94 as well as three unfastened neutrons. 
The mass deficiency of approximately 20% of atomic mass units has also been 
converted into 210 MeV energy units [3, 4]. There were 447 nuclear fission power 
stations in service globally, 55 in construction and 111 in the design processes [5].

In the United States in 2018, 19.3% of the electricity supply was produced by 97 
nuclear power plants. This amounts from zero percent to the other countries, for 
example, in New Zealand, and 71.7% in the European Union; the total global energy 
demand in 2018 was 10.3% [6].

With 11 new reactors under development, China has the most quickly expand-
ing nuclear power program. Pakistan aims to construct three to four nuclear power 
stations by 2030 [7].

Several countries had nuclear installations in the past, but they still do not have 
nuclear plants in operation. Italy closed all the nuclear power stations between them 
by 1990, and, as a consequence of the referendums established by the Italians in 1987, 
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nuclear power already has stopped [8]. A number of nations currently run nuclear 
power stations but are considering the process of nuclear technology. These countries 
are Belgium, Germany, Switzerland, and Spain [3]. Also according to the U.S. Energy 
Information Administration (EIA), solar power increased by 39% in the United States 
from 2014 to 2017 [4]. Starting at 10 GW and ending at 27, this growth trend for the 
field is very encouraging. In addition, carbon dioxide emissions have decreased by a 
few percent, the lowest since 1991 [5]. If it continues down this path, more study is 
likely to be carried out as a result of the growth in the market for efficient, cheap solar 
energy, in order to attempt to develop even more carbon-free or low-carbon fuels such 
as wind and nuclear power [6]. There are two big issues relating to nuclear plants: 
waste disposal and potential failure. Nuclear power plants produce dangerous wastes; 
for example, a 1-GW nuclear power plant can produce 300 kg of nuclear waste, with a 
half-life of almost 24,000 years, and cause environmental issues. The current meth-
ods for disposing of these kinds of waste are inadequate. The complete reprocessing 
of all radioactive waste and the chemical transformation of long fission products will 
be an ideal option. However, trends in this area have not progressed extensively [7]. 
The first and most critical problem is its disparity; the amount of solar energy that 
can be harvested depends widely on the time, location, season, weather, and several 
other factors. In order to improve this topic, engineers are exploring the develop-
ment of new storage methods for large quantities of energy generated [5]. One of 
these storage techniques suitable for mountainous areas is pumped hydroelectric 
storage (PHES) that also uses excess energy generated during nonpeak hours of the 
day to pump water from a reservoir in a much high elevation. PHES is just one of the 
several potential storage methods used by many people, and it is so essential because 
it provides a clean, efficient use of solar energy when normally none is generated by 
replacing it with hydroelectricity [8]. Because of the good use and storage of solar 
energy, it becomes more difficult to determine whether to use solar energy or some 
other form of renewable energy for power companies and individuals. Despite the 
obvious cost of installing solar power, this is a higher investment opposed to the use of 
fossil fuels due to much lower maintenance and occasional overproduction of energy.

Solar energy is a key player in the sustainable power plan. In sunny places, many 
residents built panels on their roofs to support air-conditioning, heating, and other 
household needs and the panels were set up by themselves. Study in the collection 
and storage of solar energy should be a major effort worldwide [9]. But in less sunny 
areas, there are a few expensive homes which run 100% on solar power, using large 
battery banks to power them through the nights.

Solar energy has the capacity to boost everything we need; however our ability to 
turn the energy of the sun into electrical power and also to store energy is simply not 
fully developed. Energy storage in particular has proven to be challenging, as solar 
panels have a very irregular energy intake because it depends on season, climate condi-
tions, time of day, and so on. The inability to use all solar power harvested efficiently 
is an issue that is likely to force even more development in the field to come soon after 
it has been resolved. The industry is full of possible innovations that have yet to be 
made and which can be recognized if time is taken to develop the innovative technol-
ogy. Therefore, when looking at potential ways of storing the energy produced, PHES 
may not be the most cost-effective, but it is proven to be safe and can be added to some 
existing infrastructure at the same time as analysis seeks to make it more efficient.

2. Solar energy

Solar technology, i.e., renewable wind, offers a reliable and stable supply of solar 
energy during the year. As our natural resources are likely to decline in the years 
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to come, it is necessary for the entire world to shift toward sustainable sources. 
Solar power is a reactive electromagnetic sunlight energy that can be used for a 
wide range of still-evolving applications, such as solar heating, photovoltaics, 
solar electricity, solar thermal processing, artificial molten, salt power plants, and 
photosynthesis.

Solar energy is a significant source of green energy, and its techniques are 
generally characterized as either passive solar energy or active solar energy based on 
whether solar energy is absorbed and transmitted or transformed into solar energy. 
Strong solar technologies involve the use of photovoltaic devices, concentrating 
solar power and solar water heaters to harvest electricity. Passive methods include 
the alignment of a system or building to the sun, the use of products with desirable 
light properties or thermal mass, and the construction of spaces that automatically 
disperse air.

2.1 Advantages of solar energy

The biggest advantage of solar energy is that it can be quickly installed by both 
home and business consumers, because it does not involve any major construction, 
such as in the case of wind and geothermal power stations. Solar energy not only 
benefits individual owners but also benefits the environment. Figure 1 shows a 
simple model of a solar thermal system.

1. No pollution: Solar energy is a safe, nonpolluting, efficient, and green energy 
resource. This does not pollute the environment by producing poisonous pol-
lutants, such as carbon dioxide, nitrogen oxide, and sulfur oxide. Solar energy 
does not need power and thus prevents the problems of shipping power or 
handling radioactive materials.

2. Long-lasting solar cells: Solar cells have two special features: first the lack of 
drive systems and second the minimal maintenance requirements. Then they 
have already got a longer life and they’re more noticeable.

3. Renewable source: Solar energy is a sustainable energy source that can con-
tinue to generate power as long as there is light. While solar energy cannot 
be generated during the night and rainy days, it can be used again and again 
throughout the day. Solar energy from the sun is a steady and continuous 
source of electricity which can be used to harvest strength in remote areas.

Figure 1. 
Solar thermal system [10].
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disperse air.

2.1 Advantages of solar energy

The biggest advantage of solar energy is that it can be quickly installed by both 
home and business consumers, because it does not involve any major construction, 
such as in the case of wind and geothermal power stations. Solar energy not only 
benefits individual owners but also benefits the environment. Figure 1 shows a 
simple model of a solar thermal system.

1. No pollution: Solar energy is a safe, nonpolluting, efficient, and green energy 
resource. This does not pollute the environment by producing poisonous pol-
lutants, such as carbon dioxide, nitrogen oxide, and sulfur oxide. Solar energy 
does not need power and thus prevents the problems of shipping power or 
handling radioactive materials.

2. Long-lasting solar cells: Solar cells have two special features: first the lack of 
drive systems and second the minimal maintenance requirements. Then they 
have already got a longer life and they’re more noticeable.

3. Renewable source: Solar energy is a sustainable energy source that can con-
tinue to generate power as long as there is light. While solar energy cannot 
be generated during the night and rainy days, it can be used again and again 
throughout the day. Solar energy from the sun is a steady and continuous 
source of electricity which can be used to harvest strength in remote areas.

Figure 1. 
Solar thermal system [10].



Nuclear Power Plants - Processes in the Nuclear Fuel Cycle

14

4. Low maintenance: Generally, solar cells do not need upkeep and operate for 
a long time. More solar panels can be installed from time to time if desired. 
While solar panels have an initial expense, there are no recurrent costs. The ini-
tial expense, which is paid once, may be recovered in the long run. Apart from 
this, solar panels do not create any noise and do not emit an unpleasant scent.

5. Easy installation: There is no need to install equipment such as cables, 
power supply, pipes, etc.; solar panels make solar tracking simpler. Unlike 
wind and geothermal energy harvesting systems that need land drilling 
equipment, solar panels do not need them and can be easily mounted on 
rooftops to insure that no additional infrastructure is needed, so residential 
home users can easily use this technology to supply electricity. In addition, 
they can be installed in a dispersed manner, meaning that no large-scale 
installations are required.

The technology of solar cells is developing, and as our nonrenewable supply 
decreases, it is necessary for the world to transition into renewable energy sources. 
There are, though, a range of issues that prohibit solar energy from being used more 
widely. Solar energy drawbacks are likely to be resolved as technology advances, 
and their use grows as people continue to realize the benefits of solar energy.

2.2 Disadvantages of solar energy

Solar energy can either be thermal or photovoltaic. The photovoltaic type is one 
of the most stable types of converting radiant energy into electrical energy. It really 
is suitable in many countries with adequate sunlight, such as Iran, and countries 
close to the equator, in terms of the quantity and availability of this technology. The 
energy source does not relate to someone and requires permission to use it. This 
feature has given rise to solar energy becoming special among renewable energy 
sources. Solar energy from ancient times is used by people using a magnifying 
glass to light the fire. Throughout this way, the sunlight was concentrated on dark 
wooden surfaces, and the fire became ignited. Also, solar photovoltaic (SPV) cells 
convert solar energy directly into DC electricity. This power source may be used 
to power solar clocks, calculators, or signals. These are also found in areas which 
are not linked to the power grid. Figure 2 shows a concentrated solar power (CSP) 
plant. Solar heat energy (SHE) can be used to heat water or air, which requires 
ventilation of the room inside the house.

Solar energy can be broadly categorized as active or passive solar energy depend-
ing on how they are captured and utilized. For active solar power, specific solar 
heating equipment is used to transform solar power into thermal energy, but there 
is no specialized equipment for passive solar power [11]. Active solar requires the 
use of mechanical devices such as photovoltaic panels, solar trap fans, and solar 
thermal collectors or reservoirs. Passive solar solutions transform solar energy into 
thermal energy without the usage of active mechanical devices. It is primarily a 
method to use curtains, doors, plants, positioning of buildings, and other basic 
methods to catch or block the sun for usage. Passive solar heating is a smart way to 
save electricity and optimize its consumption. An example of passive solar heating 
is what happens to your car on a hot summer day.

2.3 Environmental impacts of solar power systems

Although solar energy is recognized to be one of the cleanest and most 
 renewable sources of energy today, it also has several environmental impacts. 
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Solar energy uses photovoltaic panels to generate solar electricity. Nevertheless, 
the processing of photovoltaic cells to generate the energy includes silicon and 
to produce other waste products. Inappropriate handling of such materials can 
result in hazardous exposure to humans and the environment [12]. Installing 
solar power plants will entail a significant portion of land that may have an effect 
on established habitats. Solar energy does not pollute the air when converted to 
 electricity by solar panels. It is found in abundance and does not help in global 
warming.

2.4 Solar energy’s potential

Solar power is now expected to play a greater position in the future due to recent 
developments that will result in lower costs and better efficiency. In fact, the solar 
photovoltaic industry is preparing to supply half of all future US power genera-
tion by 2025. More and more architects understand the importance of active and 
passive solar power and know how to successfully integrate it into building designs. 
Solar hot water systems can compete economically with conventional systems in 
some areas. Shell has predicted that by 2040, 50% of the world’s electricity supply 
would come from sustainable resources. Over recent years, the rate of generating 
photovoltaic cells has declined by 3% per year while policy subsidies have increased. 
While certain other information about solar energy is meaningless, this renders 
solar energy an even more efficient source of electricity. Solar energy is projected to 
be used by millions of households across the world in the next several years, as seen 
by developments in the United States and Japan. Aggressive financial incentives in 
Germany and Japan and China have made these countries global leaders in solar 
deployment for years [13].

A renewable resource that can be used to generate power is solar. The sun itself 
is a source of radiant, daylight, and other energy sources on Earth. Steam engines 
are a perfect illustration of radiant energy, by having sunrays magnified by mirrors 
guided to the turbine to heat water and produce steam, which in effect drives the 

Figure 2. 
Concentrated solar power (CSP) plant [10].
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turbine and causes steam to escape, and this pushes the piston. Calculators often 
work on solar power by storing light rays and transmitting energy to enable the 
calculator to function even though no light is present. Trevor Smith1 notes that 
“solar rays can be used to fuel or cool houses, supply hot water and produce steam 
for turbines generating energy. Sunlight can be converted directly into energy by 
photovoltaics, a fast-growing branch of solar technology.” This allows people to gen-
erate energy from renewable resources. James Bow notes that in 1977, 1 W of solar 
power costs $76.67. In 2014, the cost dropped to around $0.60. This suggests that 
modern solar power projects are far more economical, which means that renewable 
energy has come a long way and will continue to grow. One of the greatest declines 
in solar power is that, first, the sun is still growing and dropping, ensuring that the 
energy provided and processed is confined to the location of solar panels. Second, 
the batteries used to store electricity generated by the sun are expensive and pro-
duce a large amount of emissions. Third, in order to allow the best of the light, wide 
quantities of solar panels or mirrors need to be installed, which could be a function 
of restricted resources. The energy generated by the solar is a type of renewable 
energy used by today’s society.

3. Nuclear energy

Nuclear power is the energy of an atom. Atoms are very tiny objects which make 
up a single body in the universe. There is enormous power in the links that connect 
the nucleus unchanged. Power is generated when the ties are disbanded. Nuclear 
energy may be used to create electricity, but it must be produced first. Nuclear 
power can be produced by both nuclear fusion and nuclear fission. In nuclear fis-
sion, atoms are separated into smaller atoms, which generate steam. Nuclear power 
stations have been used for electricity generation. Another method of generating 
nuclear energy is through nuclear fusion. The combination of atoms to each other 
and the creation of heavier atoms are established. When atoms are coupled, a lot 
of energy is released. These reactions occur together in the sun to generate thermal 
energy to radiation. Numerous studies are currently underway, although this tech-
nique has not yet been commercialized and it is not known if it is possible to gener-
ate electricity from this method. Uranium (U-235) is the most commonly produced 
nonrenewable material for nuclear fission. Plants use a particular type of U-235, as 
the atoms are readily isolated. During nuclear fission, the neutron hits and splits the 
uranium atom, releasing a large sum of energy in the form of heat and radiation. 
More neutrons are also released as the uranium atom is separated. Some neutrons 
proceed to hit other uranium atoms, and the process begins over and over again. 
It’s a chain reaction, too. Although uranium is around 100 times more common 
than silver, U-235 is extremely scarce. Most of the US uranium is extracted in the 
western United States, but only 17 percent of the plutonium reactors is generated 
abroad. Uranium provided to US reactors in 2013 arrived from a number of nations, 
including Russia, Australia, and several other African countries. Figure 3 displays 
the map of uranium mines in the world [14].

There are 648 nuclear power stations in the world. There are 61 nuclear power 
stations and 99 research facilities in the United States. Nuclear plants are found 
in 30 states, and 46 are situated east of the Mississippi River. After 1990, nuclear 
power has supplied around one-fifth of US electricity annually. Nuclear power 
provides as much electricity as all the fuel consumed in California, New York, and 
Texas together. Nuclear energy plants supply more than 20% of US energy. Figure 4 
shows the map of nuclear power stations in the world.
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3.1 Nuclear power is the result of nuclear fission

Uranium fission occurs with the capture of the slow neutron by the non-iso-
tope U-235. The resultant U-236 generates three free neutrons and separates into 
Kr-94 and Ba-139. The mass defect of roughly 0.2 atomic mass units is converted 
into 210 MeV energy units. U = 1.66 × 10−27 gk for the atomic mass unit, and eV 
equals 1.60 × 10−27J, the radioactive energy unit.

Many power stations, like nuclear power plants, use heat to produce electricity. 
Power plants rely on steam from hot water to drive massive turbines, which then 
produce electricity. Because of using fossil fuels to produce electricity, nuclear 
power plants employ nuclear fission energy. The fission occurs in the nuclear power 
plant reactors. Nuclear reactors are devices which contain and regulate nuclear 
chain reactions while releasing heat at a regulated rate. The nucleus of the device, 
which includes nuclear fuel, is at the top of the plant. The uranium fuel is con-
structed of ceramic pellets. Each ceramic pellet contains at about the same amount 
of energy as 150 gallons of gasoline. Such energy-rich pellets are packaged in 12 foot 
wire fuel pipes. The array of fuel rods, sometimes hundreds of them, is called a 
burn unit.

Figure 3. 
Map of uranium mines in the world.

Figure 4. 
Map of nuclear power stations in the world.
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The heat generated during the fission at the center of the reactor is used to boil 
water to steam, which turns the turbine blades. The energy can be generated while 
the rotor blades rotate. Afterwards, the steam is pumped back into the atmosphere 
in a different power plant system called a cooling tower. The product will be 
collected.

Nuclear power plants do not emit carbon dioxide emissions during opera-
tion compared to fossil fuel-fired power stations. Methods for the extraction and 
refining of uranium oxide and the processing of nuclear fuel, however, require a 
large amount of power. Nuclear power stations supply large quantities of metal 
and concrete which also require a substantial amount of energy to be produced. 
When fossil fuels are used for the production and refining of uranium oxide or for 
the installation of a nuclear power plant, the emissions generated by the burning 
of these fuels may be associated with the energy emitted by nuclear power plants. 
The main environmental concerns linked to nuclear power include the processing 
of toxic waste such as uranium mine tailings, expended reactor fuel, and other 
nuclear waste. These materials can stay radioactive and dangerous to human health 
for thousands of years. Animals are subject to strict laws governing their care, 
delivery, preservation, and treatment for the protection of human health and the 
environment. The US Nuclear Regulatory Commission (NRC) regulates the opera-
tions of nuclear power plants. Nuclear waste is classified as small and large rates 
of emissions. Radioactivity of these materials may range from just over natural 
background rates, including in mill tailings, to much higher amounts, such as spent 
nuclear fuel or sections of a nuclear plant. Radioactivity of toxic waste is decreased 
as time passes by a process called nuclear decay. The period of time taken to reduce 
the radioactivity of hazardous material to half of the original level is considered the 
contaminated half-life of the substance. Short-lived radioactive waste is also treated 
permanently prior to disposal in order to mitigate the future danger of contamina-
tion to staff handling and carrying waste, as well as to the amount of pollution at 
production sites.

Nuclear waste stored in tanks is very dangerous. These vessels are kept under 
special conditions in the water with safety shields until their half-life exceeds the 
standard of security. Various countries have specific laws on the processing of 
nuclear waste. The United States has set out strict rules on the storage and manage-
ment of radioactive fuel and waste. Some nuclear power plant fuels can be stored in 
dry storage tanks. In this way, nuclear fuel tanks are stored in separate rooms with 
cement or steel air-conditioning devices.

Typically, once a nuclear reactor stops, it shifts. It involves the controlled 
extraction of the reactor and other devices that have been damaged from operation 
and the elimination of radioactivity to a degree that permits other uses of the site. 
The United States Nuclear Regulatory Commission (NRC) has stringent regulations 
regulating the decommissioning of nuclear power facilities, including the washing 
up of radioactively polluted reactor processes and equipment, including the dis-
posal of atomic waste.

Uncontrolled nuclear reactions in a nuclear reactor will potentially contribute 
to extensive pollution of air and water. The probability of this occurring at nuclear 
power plants in the United States is known to be very low due to the complex and 
robust safeguards and multiple protection measures in effect at nuclear power 
plants, the preparation and expertise of reactor workers, the monitoring and 
service operations, and the legislative standards and oversight of the United States. 
A wide-field near nuclear power plant is controlled and supervised by trained 
security forces. Some of the reactors have containment vessels that are designed to 
withstand extreme weather events and earthquakes.
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3.2 Advantages of nuclear energy

According to the laws of physics, energy is neither produced nor destroyed, 
but it can be converted from one kind to another, including the transfer of electri-
cal energy into mechanical energy of electric motors. From the structure of the 
atom, much of its mass exists in a part called the core, and this mass contains 
protons with a positive electric field and neutrons with an ineffective or neutral 
electric field. Studies and experiments have indicated that neutrons weigh a lot 
more than protons. Nuclear energy is the energy generated by a nuclear explosion 
or a nuclear fusion under the specific conditions of the nucleus of an atom. A lot 
of energy can be released as nuclear fission or nuclear fusion happens. Once the 
heavy element, uranium, was exploded with neutrons, it was found that something 
special occurred instead of causing radioactivity as other materials. This cycle has 
been called fission. When nuclear fusion or nuclear fission happens as a product of 
neutron impacts, not only are two lighter elements produced and many radiations 
released, but more neutrons are generated, as can be seen in Figure 5. It is therefore 
obvious that concurrently released neutrons can start a chain reaction by acting 
on released light atoms, increasing the intensity of the reaction. This reaction may 
spread throughout uranium.

A lot of energy would be produced through the fission of the uranium-235 
nucleus (see Figure 5). To consider the amount of this energy, it’s enough to 
remember that this amount is around 60,000,000 times greater than when a 
carbon atom burns. During a nuclear fission reaction, the atom decomposes and 
releases a lot of kinetic energy into the environment. Obviously, kinetic energy is 
directly related to the generation of heat. The first reactors to generate a functional 
volume of electricity were installed in the Calder Hall in England. Atomic bombs 
may be produced of mere fissionable material. Of the two bombs dropped on 
Japan to end the World War 2, one contained plutonium and the other very highly 
enriched uranium-235.

3.3 Advantages of nuclear energy

1. Lower greenhouse gas emissions: As recorded in 1998, the production of green-
house gasses has been projected to have declined by almost half owing to the 
success of the usage of nuclear power. Nuclear processing has by far the lowest 
environmental impacts, because it does not release greenhouse gasses such 
as carbon dioxide, a fuel that is largely responsible for the greenhouse effect. 
Thanks to its application, there is no harmful impact on water, soil, or other 
environment, although certain greenhouse gasses are emitted when shipping 
fuel or harvesting uranium oil.

2. Powerful and efficient: The other major benefit of having nuclear technology 
is that it is more effective and efficient than other potential forms of electricity. 
Technology advances have rendered it more competitive than most. That is one 
of the reasons that many nations are spending extensively in nuclear power. At 
least, a tiny part of the world’s energy is flowing into it.

3. Reliable: In comparison to conventional energy sources such as solar and 
wind, which involve sun or wind to generate electricity, nuclear energy may be 
generated from nuclear power plants even under extreme weather conditions. 
They also can provide 24/7 power and need to be shut down for maintenance 
purposes only.
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3.2 Advantages of nuclear energy
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may be produced of mere fissionable material. Of the two bombs dropped on 
Japan to end the World War 2, one contained plutonium and the other very highly 
enriched uranium-235.
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house gasses has been projected to have declined by almost half owing to the 
success of the usage of nuclear power. Nuclear processing has by far the lowest 
environmental impacts, because it does not release greenhouse gasses such 
as carbon dioxide, a fuel that is largely responsible for the greenhouse effect. 
Thanks to its application, there is no harmful impact on water, soil, or other 
environment, although certain greenhouse gasses are emitted when shipping 
fuel or harvesting uranium oil.

2. Powerful and efficient: The other major benefit of having nuclear technology 
is that it is more effective and efficient than other potential forms of electricity. 
Technology advances have rendered it more competitive than most. That is one 
of the reasons that many nations are spending extensively in nuclear power. At 
least, a tiny part of the world’s energy is flowing into it.

3. Reliable: In comparison to conventional energy sources such as solar and 
wind, which involve sun or wind to generate electricity, nuclear energy may be 
generated from nuclear power plants even under extreme weather conditions. 
They also can provide 24/7 power and need to be shut down for maintenance 
purposes only.
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4. Cheap electricity: Similar to traditional energy sources such as sun and 
wind, which require solar or wind power production, nuclear electricity 
may be produced from nuclear power plants even under severe weather 
conditions.

5. Low fuel cost: The key factor behind the low cost of fuel is that it takes a 
limited amount of uranium to generate oil. When a nuclear reaction happens, 
it produces millions of times more hydrogen than normal energy sources.

6. Supply: There are other economic benefits of building up nuclear power 
stations and utilizing renewable electricity instead of traditional oil. It’s one 
of the nation’s biggest producers of energy. The greatest part of it is that this 
electricity has a constant availability. This is readily accessible, has large 
supplies, and is projected to last about 100 years, whereas electricity, oil, 
and natural gas are small and are likely to disappear early.

7. Easy transportation: Electrical power generation requires much fewer raw 
contents. This implies that just 28 g of U-235 produces as much energy as 100 
metric tons of coal. As it is needed in limited amounts, the transport of fuel 
is much simpler than that of fossil fuels. Optimal use of natural resources in 
energy production is a rather careful approach for every country. This not 
only strengthens the socioeconomic climate but provides a precedent for other 
countries as well.

There is no question that nuclear technology has found its way into the future; 
however, like most electricity forms, it still suffers from certain significant 
disadvantages.

3.4 Disadvantages of nuclear energy

1. Radioactive waste: Waste generated by nuclear reactors must be disposed of 
in a secure location because it is highly dangerous and may leak radiation if it 
is not properly treated. Any kind of pollution releases radiation from tens to 
hundreds of years. Collection of toxic waste has become a significant obstacle 
in the growth of nuclear programs. Nuclear waste includes radioisotopes with 

Figure 5. 
Uranium-235 radioactive fission.
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lengthy half-lives. This ensures that the radioisotopes exist in one shape or 
another in the atmosphere. Such aggressive radicals pollute the sand or the sea. 
It’s classified as mixed waste. Mixed waste induces toxic chemical reactions, 
which create harmful problems. Radioactive waste is normally covered 
beneath sand and is classified as proof, although the material is going to be 
used to produce atomic weapons or chemical bombs.

2. Nuclear accidents: While too many modern measures have been placed in 
motion to insure that such a tragedy will not arise again as Chernobyl or, 
more recently, Fukushima, the danger associated with it remains fairly high. 
Just slight radiation exposure may have disastrous consequences. There are 
some symptoms that induce fatigue, vomiting, diarrhea, and exhaustion. 
Many operating in nuclear power plants that live in these areas are at risk of 
obtaining the toxic radiation on what they are consuming.

3. Nuclear radiation: There are power reactors that are called breeders. They’re 
making plutonium. It is an element that is not present in nature but is a 
fissionable product. It is a by-product of a chain reaction which, once added 
in nature, is very toxic. It is mainly used for the development of nuclear 
weapons. Very definitely, it’s considered a dirty gun.

4. High cost: Another realistic drawback to utilizing nuclear technology is that 
a lot of money is required to put up a nuclear power plant. This is not often 
feasible for developed nations to support such an expensive renewable energy 
source. Nuclear power plants usually take 5–10 years to build, because there 
are a variety of legal formalities to be done, so they are often protested by those 
residing nearby.

5. National risk: Nuclear technology has provided humanity the ability to create 
more bombs than to generate anything that will render the planet a safer com-
munity to stay in. They ought to be more cautious and diligent when utilizing 
nuclear technology to prevent any big incidents of any sort. They are soft sites 
for terrorists and extremist groups. Health is a big concern here. A little weak 
protection will prove to be deadly and barbaric to humans and even to this 
world.

6. Impact on aquatic life: Eutrophication is another consequence of nuclear 
waste. There are several workshops and conferences that take place every 
year to find a common answer. As of yet, there is no result. Studies claim the 
nuclear waste requires nearly 10,000 years to return to its original state.

7. Big impacts on health and medicine: We still remember the horror that 
unfolded during the World War 2, after the atom bombs dropped on Nagasaki 
and Hiroshima. Still after five decades of mishap, children were born with 
defects. This is partly due to the nuclear influence. Will we have some 
treatments for that? The response is no.

8. Availability of fuel: Given the abundance of fossil fuels in most countries 
around the planet, uranium deposits are so hazardous that they are only avail-
able in a few countries, as the map of accessibility to uranium resources depicts 
in Figure 3. Permissions from a variety of foreign bodies are needed before 
anyone would even conceive about constructing a nuclear power plant.
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9. Nonrenewable: Nuclear technology requires plutonium, which is a limited 
resource that has not been produced in many nations. Most countries depend 
on other countries for the continuous supply of this gasoline. It’s extracted 
and shipped like any other tool. Supply should be secure as long as demand is 
accessible. Once all the nuclear reactors have been dismantled, they would not 
be of much benefit. Due to its dangerous effects and restricted availability, it 
cannot be identified as renewable.

Various nuclear energy projects are ongoing in both developed and emerging 
countries, such as India. Not to note, the benefits of nuclear technology are well 
ahead of the drawbacks of fossil fuels. That’s why energy generation technology has 
been the most preferred technology.

4. Conclusions

By concatenating uranium extraction from seawater, manifestly safe breeding 
reactor technology, and borehole disposal of nuclear waste, a viable, planetary-scale 
nuclear energy network can be developed, i.e., another that is capable of supplying 
such an enormous quantity of energy at such a high degree of intensity that it can be 
relied on to sustain much—and possibly much—of the human society in virtually 
much possible scenarios of significant concern. For that way, nuclear technology 
is qualitatively distinct from other consumable technology options and must be 
assumed to be completely renewable in other respects. Throughout the immedi-
ate future, it is possible that the opportunity to build and demonstrate manifest 
protection for the latest generation of modern nuclear plants would be necessary to 
establish the basis for a prosperous future focused on nuclear technology.

Human civilization needs fossil energy because of its current facilities and its 
basic needs. This need and the high use of fossil fuels in the industrial, commercial, 
and residential sectors have contributed to major rapid climate change. The chal-
lenge of global warming is one of the massive problems confronting governments 
around the world. Earth heating may change the ecosystems and create many long-
term problems. Greenhouse gasses like carbon dioxide are rising water levels in the 
oceans. Some droughts are in risk of extinction. These concerns are so significant 
that crisis analysts have described the modern century as a fuel for sustainability 
and protection of the planet.

Many countries have adopted official targets for the share of renewable energy 
in their grids, and others are considering them (Figure 6). Now that the govern-
ments of the world have a common issue, human beings will take collaborative 
action. Global organizations have been set up to manage this issue. The usage of 
renewable resources is one of the proposals created by global organizations to 
manage this crisis. Those alternative sources of energy include renewable energy 
and nuclear power. Countries must make decisions based on the long-term future 
to determine and improve the energy structures of the nation and calculate the 
various costs. At present, taking into account the cost factor, it is not possible to 
fulfill all energy demand from clean energy sources. But the good news is that this 
is possible with the cooperation of nuclear and renewable energy. Several countries 
have, in their perspective, made the energy demand share dependent on renewable 
and nuclear energy. Specific planners engage in predicting future projects and their 
costs. Figure 6 constitutes some of the OECD-calculated costs. The key competi-
tion today is between solar and nuclear energy. The cost of using solar energy over 
active nuclear energy continues to be substantial and significant. They are also 
ideal for all levels of challenging electricity. Costs for involvement in the energy 
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market are assessed by the OECD per year. In Figure 6, the authors made the data 
comprehensible. Six countries pioneered the use of nuclear energy and renewable 
energy sources. Figure 6 shows that the United States has been able to keep the cost 
of participating energy resources low, with the highest level of technology.

If the nuclear energy program is properly and sustainable way installed and the 
cost limit is eliminated, supplying electricity from nuclear energy resources will 
be reasonable and resolve these critical challenges for decades to come. It therefore 
seems necessary that we, as founders and citizens of a global society, begin to lay 
down the technological and structural foundations that will enable a viable, full-
scale nuclear energy network to become operational in the immediate future while 
at the same time doing the same with regard to other realistic types of renewable 
energy supply on a scale [14].

One of the problems for nuclear power plants, as discussed earlier, is the diffi-
culty of supplying 100 percent of electricity through these power plants. If we allow 
the setup and control share to be 10 percent and that share is given by solar energy, 
then the problem will be solved. However, if their share is assumed to be relatively 
large, then the cost of the system will increase, presenting another challenge.

These are rather heroic calculations given the paucity of sources, but they do 
indicate plausible effects. Increasing the penetration of renewable has small effect 
on backup costs since they tend to increase in direct proportion to the renewable 
capacity (MW) that needs backup and the increased capacity adds proportional 
MWh. However, balancing costs increase because more spinning reserve capacity is 
required at lower load factors. Since research is lowering the price of the solar-con-
nected grid, the next problem is network costs. When renewable sources of energy 
such as photovoltaic systems manage to meet a district or village’s full demands, 
then there will be a crisis. Power plants continue to use energy for spending net-
works indefinitely, and it is not clear how cost-effective these networks are. In this 
case, it would be illogical to establish and to develop a network [15]. (As a side note, 
backup and balancing are less costly in the United States because the dispatchable 
power is typically gas fired, which is less costly there.)

Another inference can be drawn from these results: the marginal cost of the 
system will generally increase with increased penetration of renewables, essentially 
due to their intermittentness and tendency toward remote locations. In addition to 
marginal system cost per MWH, there is another critical metric: marginal cost per 

Figure 6. 
Costs of combining nuclear technology with renewable energy.
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ton of CO2 emissions reduced by increased deployment of renewables. After all, 
that is a primary policy driver for renewable targets.

The United States has set ambitious targets for renewable penetration: 33% 
by 2020, not including hydro. Further consideration (up to 51% in the legislative 
proposal) has been given for the future. The 33% level is thought to result in an 
implicit cost of $50/ton carbon reduction. Some energy companies have carried 
out important research on target utilization of 50% nuclear power and 50% solar 
energy. This research includes researching this topic in both scientific and economic 
terms. It was represented in Figures 6 and 7. If the target is 50%, the lowest cost is 
$403, and the lowest cost is $340 for 40%. When energy storage technologies, such 
as nighttime high-altitude storage, are planned for solar energy, then the scenario 
will be more complex. This scenario shows that the size of large power plants can 
be utilized with good systems. For plants larger than 5000 mW, $636 per ton saves 
economic power [16]. Figure 7 shows the costs involved with combining nuclear 
and renewable energy.

The next challenge is solar and nuclear energy competition. Although solar 
power plants will fall in price each day, in most countries the price of renewable 
energy is still higher than in nuclear power plants. The cost of integrating and 
merging systems is also important. Currently, the value of building nuclear power 
plants in many countries is very high due to the companies concerns of moment, 
technology, sanctions, security, and safety hazards. It is possible to eliminate 
those limitations in solar energy. The same problems may not be as wide for 
state-owned companies or regulated markets that services have ready access to 
cheap capital, and that partly explains why Asia’s enthusiasm for nuclear reactors 
is far stronger than it is in the United States or Europe. Researchers are working 
to reduce the costs of technology, but the nuclear industry is not strong, although 
that could improve small modular reactors if they can be developed in the process. 
According to Figure 7, given the right facilities, the United States has to pay the 
lowest costs for involvement in nuclear and solar energy. South Korea also has the 
right structure to take this scenario forward.

Figure 7. 
The cost of getting a combination of nuclear energy and renewable energy paid by different countries.
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Nuclear and renewable energies qualify for subsidies that vary from country 
to region. Some subsidies are direct, such as feed-in imports for renewable energy 
sources, while others shift the risks from utilities to customers.

The final guidelines would help to better compensate for nuclear and renewable 
costs and could help to reduce the costs of both:

1. Comparisons of nuclear and renewables costs should account for systems 
integration and differences in capacity factors.

2. In order to estimate nuclear costs, more attention should be given to the choice 
sensitivity of discount rate, as the discount rate drastically impacts the relative 
economic attractiveness of a nuclear project.

3. Findings on problems that may restrict the use of a nuclear reactor in “load-
following” phase are important and should be given high priority.

Priority should be given to new reactor technologies like SMRs and regulatory 
reform in order to reduce nuclear capital costs. The final results of this section will 
include the following explanation. These explanations will help in choosing and 
policy making in the field of solar and nuclear energy. The outlook for these results 
is for the next 10 years. This outlook may change by changing conditions and creat-
ing critical conditions such as dramatically lower fossil fuel prices.

Nuclear power is dirty, dangerous, expensive, and not carbon-free and encour-
ages nuclear proliferation. The nuclear power plant itself does not release toxic 
gasses such as CO2. Nevertheless, nuclear power leads to climate change; for any 
phase in the fuel chain used to produce electricity at the end of the day, a lot more 
energy is required, such as uranium extraction and uranium enrichment, which 
are highly energy-intensive methods. The life study of the whole fuel chain clearly 
indicates the relation to nuclear electricity to climate change. In a pioneering study 
[17], more than 100 studies have identified important but simple results, analyz-
ing the life cycle of greenhouse gas emissions equivalent to greenhouse gasses 
produced at nuclear power plants around the world. The results show that if the 
life expectancy of a plant is equal to the greenhouse gas emission equivalent to that 
energy production, then the emission equals 1.4 g of carbon dioxide per kilowatt 
hour (gCO2e/kWh) up to 288 gCO2e/kWh is variable. The mean greenhouse gas 
emissions equate to 66 gCO2e/kWh.

As a first conclusion, the extensive use of solar energy services for at least 
the next decade may be out of the issue. Photovoltaic and solar thermal systems, 
especially large thermal, wind, and biomass systems, will enter and expand energy 
networks quickly. Other renewable energy systems will be developed and priced to 
reduce consumption, such as biogas (wastewater, landfills, and livestock), geo-
thermal, and possibly wave and tidal energy. This growth will be high in the next 
10 years, but market with conventional systems will still take time [18]. Nuclear 
power is also an option when contemplating a transition from the dirtiest of fossil 
fuels, and thus nuclear power should be debated together with renewables. Nuclear 
time for building, risk, waste, and, in particular, costs must be tracked, because 
nuclear costs are increasing when solar energy costs are dropping. Small- and 
large-scale renewable energy projects and emerging storage systems are being 
increasingly developed by communities and nations. Also China, probably the 
most ambitious nation in terms of nuclear power, is introducing more wind and 
solar power relative to nuclear power—and not just nameplate capacity—which 
is actually produced. Last year alone, China installed 20.72 GW of wind (4.8 GW 
of production while its power factor is just 23%) and 28 GW of renewable energy 
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Figure 7. 
The cost of getting a combination of nuclear energy and renewable energy paid by different countries.
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Nuclear and renewable energies qualify for subsidies that vary from country 
to region. Some subsidies are direct, such as feed-in imports for renewable energy 
sources, while others shift the risks from utilities to customers.

The final guidelines would help to better compensate for nuclear and renewable 
costs and could help to reduce the costs of both:

1. Comparisons of nuclear and renewables costs should account for systems 
integration and differences in capacity factors.

2. In order to estimate nuclear costs, more attention should be given to the choice 
sensitivity of discount rate, as the discount rate drastically impacts the relative 
economic attractiveness of a nuclear project.

3. Findings on problems that may restrict the use of a nuclear reactor in “load-
following” phase are important and should be given high priority.

Priority should be given to new reactor technologies like SMRs and regulatory 
reform in order to reduce nuclear capital costs. The final results of this section will 
include the following explanation. These explanations will help in choosing and 
policy making in the field of solar and nuclear energy. The outlook for these results 
is for the next 10 years. This outlook may change by changing conditions and creat-
ing critical conditions such as dramatically lower fossil fuel prices.

Nuclear power is dirty, dangerous, expensive, and not carbon-free and encour-
ages nuclear proliferation. The nuclear power plant itself does not release toxic 
gasses such as CO2. Nevertheless, nuclear power leads to climate change; for any 
phase in the fuel chain used to produce electricity at the end of the day, a lot more 
energy is required, such as uranium extraction and uranium enrichment, which 
are highly energy-intensive methods. The life study of the whole fuel chain clearly 
indicates the relation to nuclear electricity to climate change. In a pioneering study 
[17], more than 100 studies have identified important but simple results, analyz-
ing the life cycle of greenhouse gas emissions equivalent to greenhouse gasses 
produced at nuclear power plants around the world. The results show that if the 
life expectancy of a plant is equal to the greenhouse gas emission equivalent to that 
energy production, then the emission equals 1.4 g of carbon dioxide per kilowatt 
hour (gCO2e/kWh) up to 288 gCO2e/kWh is variable. The mean greenhouse gas 
emissions equate to 66 gCO2e/kWh.

As a first conclusion, the extensive use of solar energy services for at least 
the next decade may be out of the issue. Photovoltaic and solar thermal systems, 
especially large thermal, wind, and biomass systems, will enter and expand energy 
networks quickly. Other renewable energy systems will be developed and priced to 
reduce consumption, such as biogas (wastewater, landfills, and livestock), geo-
thermal, and possibly wave and tidal energy. This growth will be high in the next 
10 years, but market with conventional systems will still take time [18]. Nuclear 
power is also an option when contemplating a transition from the dirtiest of fossil 
fuels, and thus nuclear power should be debated together with renewables. Nuclear 
time for building, risk, waste, and, in particular, costs must be tracked, because 
nuclear costs are increasing when solar energy costs are dropping. Small- and 
large-scale renewable energy projects and emerging storage systems are being 
increasingly developed by communities and nations. Also China, probably the 
most ambitious nation in terms of nuclear power, is introducing more wind and 
solar power relative to nuclear power—and not just nameplate capacity—which 
is actually produced. Last year alone, China installed 20.72 GW of wind (4.8 GW 
of production while its power factor is just 23%) and 28 GW of renewable energy 
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(10.6 GW of production), with about 90% of its solar installations coming from 
utilities. In the same year, more than five nuclear plants (5.7 GW output) were 
added to the existing wind and solar power. China is only one example of how wind 
and solar power can be installed quickly while producing more electricity. At the 
period (and if) China finishes its 28 nuclear power plants (many are still behind 
schedule), with an estimated potential of 34 GW, further wind and solar power 
would be installed around the same timeframe—again, taking into account effi-
ciency factors [19].

For the coming 10 years, here in the United States, the five US nuclear power 
facilities are 2 years behind track and have a budget of billions of dollars. Once live, 
they will produce 5.1 GW while renewables would produce a rather modest 131 GW.

The other two factors are systems for the energy, safety and security systems. 
In a nuclear power plant, when things go awry, it can be really bad because of 
accidents, threats, or critical situations that happen. It should be noted that the 
smallest incident in a nuclear power plant can often incapacitate or destroy a city or 
a country. Is it likely? Who knows for sure? Could you foresee the next earthquake 
in Southern California or somewhere else in the United States or Japan or the rest 
of the world? What about the next wave washing down a coastline? How about the 
next cyber threat or the Middle East militant organization? Compare a tragedy for a 
nuclear power plant against a solar power plant. When you ask me why I’m against 
constructing new reactors, it’s about economy, health and protection, and the 
reality that we can expand on current hydro and nuclear power facilities with all the 
renewables—and we can do it quicker.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 3

Nuclear Fuel Transmutation
Akbar Abbasi

Abstract

Nuclear power plants to generates electric energy used nuclear fuel such as 
Uranium Oxide (UOX). A typical VVER−1000 reactor uses about 20–25 tons of 
spent fuel per year. The fuel transmutation of UOX fuel was evaluated by VISTA 
computer code. In this estimation the front end and back end components of fuel 
cycle was calculated. The front end of the cycle parameter are FF requirements, 
enrichment value requirements, depleted uranium amount, conversion require-
ments and natural uranium requirements. The back-end component is Spent Fuel 
(SF), Actinide Inventory (AI) and Fission Product (FP) radioisotopes.

Keywords: nuclear power plant, nuclear fuel, front end, back end, actinide inventory

1. Introduction

VVER −1000 (Water-Water Energetic Reactor-1000) is a type of pressurized 
water reactor with 1000 MW thermal power planned to generate a 330 MWe [1]. 
Production actinide consequently of using nuclear power reactors as electric energy 
source. Actinide Inventory (AI) elements cumulative in spent fuel (SF) and are 
a part of spent fuel that useable as MOX fuel in nuclear power reactors. Recently, 
some researchers have been studied the actinide inventory in spent fuel of nuclear 
power reactors [2–4].

VISTA computer code is available for the calculation of nuclide inventories in 
spent fuel. The neutron transmutation (fission) of the long-lived actinide isotopes 
in SF with decay times on the order of millennia into fission products with decay 
times of a few hundred years would profoundly impact the problem of storing 
SF that confronts the expansion of nuclear power. For the actinides, the creation 
comprises of neutron catch or decay of a forerunner nuclide. Evacuation may 
comprise of neutron-actuated or unconstrained fission; neutron catch and radioac-
tive decay [5].

The estimation of the response rates requires nuclide fixation and cross-area 
information, the neutron transition level and vitality range in the fuel. As the 
energy spectrum in the fuel is subject to the grid structure and arrangement, such 
counts include rehashed iterative answers for the range and cross-section. The 
degree to which this is completed relies upon the precision expected of the last 
arrangement. After every burnup span, the combined range is utilized to get the 
neutron cross-segments which are accordingly utilized for the count of the nuclide 
response rates. The focuses to be considered in making an assessment of the acces-
sible strategies are:
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• data of nuclide cross-section

• energy spectrum evaluation

• neutron flux level calculation during the irradiation

• burnup equations numerical solution.

The treatment of these amounts in the few elective codes has been analyzed [6].

2. Nuclear fuel cycle

Nuclear fuel cycle definition is the set of cycles to utilize nuclear materials and 
to restore it to conclusive state. The fuel cycle begins with the mining of unused 
atomic materials from nature and closures with the protected removal of utilized 
nuclear materials in nature. Figure 1 shows the nuclear fuel cycle diagram by 
indicating main processes in a recycle mode.

The first step is mining in a nuclear fuel cycle. After this step the next step is 
milling prosses. The feed for mining and processing measure is U metal and the 
item is U3O8 concentrate, which is generally called yellowcake because of its shading 
and shape [7]. The third step is change term that alludes to the way toward purging 
the U concentrate and changing over it to the synthetic structure required for the 
following phase of the nuclear fuel cycle.

Figure 1. 
The nuclear fuel cycle diagram.
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In this stage U element can be produced in three forms of metal, oxide (UO2 or 
UO3) and uranium hexafluoride (UF6). UF6 is the overwhelming item at this phase 
of the nuclear fuel cycle since it is handily changed over to gas for the advance-
ment stage, as utilized on the planet’s most regular reactor type. (LWRs) (see 
Figure 2).

The next process after conversion is enrichment step. In general, there are two 
industrially accessible advancement innovations: vaporous dispersion and rotator. 
The two strategies depend on the slight mass contrast somewhere in the range 
of 235U and 238U. Along these lines, the improvement is characterized as the way 
toward expanding the measure of 235U contained in a unit amount of uranium. 
The feed for this stage is regular UF6 and the item is enhanced UF6. The other 
yield of the cycle is the uranium which has lower 235U substance than the regular 
uranium. It is known as enhancement tail or exhausted uranium. Fuel fabrica-
tion is another term that the enrichment fuel was made as pellets. Fuel pellets 
are loaded into tubes of zircaloy or stainless steel, which are sealed at both ends. 
These fuel rods are spaced in fixed parallel arrays to form the reactor fuel assem-
blies (see Figure 3).

The whole process is referred as fuel fabrication. The reactor unit itself is 
irradiator for nuclear fuel. It burns the fuel, produces energy and spent fuel. The 
feed for reactor is new fuel containing U or U/Pu, if there should arise an occur-
rence of blended oxide (MOX) fuel, for existing atomic fuel cycle alternatives. The 
item is the spent fuel comprising of recently created nuclides, for example, splitting 
items (I. Cs, Sr, …) minor actinides (Np, Am, Cm) and Pu just as the uranium. The 
greatest aspect of the spent fuel is still U (over 95% for the most reactor types). 
Reprocessing process is based on chemical and physical processes to separate the 
required material from spent nuclear fuel. The feed of this process is spent fuel and 
the products are reusable material and high-level wastes (HLW) [6].

The other unit of nuclear cycle fuel is spent fuel storage, which could be put 
away briefly for some time later or could be put away uncertainly. Spent fuel could 
be put away in pools (wet sort, briefly) or in storehouses (dry sort). Likewise, 
the loss from fuel manufacture and reprocessing offices are delegated HLW and 
requires cautious treating. HLW is put away in uncommon storerooms after 
 legitimate treatment.

Figure 2. 
Main components of a light water reactors (LWR) [8].
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3. The composition of transuranic in the spent fuel of VVER reactor

The following nuclides have been studied and the transmutation chain which is 
given in Figure 4. These radionuclides are: 235U, 236U, 238U, 238Pu, 239Pu, 240Pu, 241Pu, 
242Pu, 237Np, 241Am, 242mAm, 243Am, 242Cm and244Cm.

The actinide transmutations to each chine are calculated by [10]:

 d tr d tri
ji ji i ij ij j

i j j i

dN N N
dt

l s j l s j
¹ ¹

é ù é ù= - + + +ë û ë ûå å  (1)

where iN is atomic content of ith –isotope; d
jil  is decay constant, (1/s); tr

jis  
transmutation cross section from isotope i to isotope j, (barn) and j  is average 
neutron flux, (n/s·cm2).

If the neutron flux and cross sections are constant on a time interval, the equa-
tion has a simple analytical solution.

An example to solve the transmutation chain starting from 238U up to 240Pu is 
shown below, using Bateman’s Equation.
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3. The composition of transuranic in the spent fuel of VVER reactor
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Ed = Burnup discharge (GW·d/t)
KWKG = Specific power (MW/tonne)
The condition solver initially computes the isotopic piece in nuclear division. The 

acquired nuclear portions at that point are changed over to the weight divisions [6].
Nowadays, it is estimated that >2000 t of actinides has been accumulated as 

nuclear waste, most of which are plutonium isotopes. Table 1 shows the composi-
tion of transuranic elements in the fresh and spent fuel of a VVER after recycling 
process [10]. The most significant commitment to the drawn-out radiation peril 
originates from 239Pu (t½ = 24,110 a), from other Pu isotopes, and from other 
actinides, i.e., 237Np (t½ = 2.1 × 106 a), 241Am (t½ = 432 a), 243Am (t½ = 7370 a) 
and 245Cm (t½ = 8500 a) [11]. Pu and MA represent only 1.5% of the waste volume. 
Nonetheless, their radio toxicity becomes dominant after around 300 years and 
remains extensively high for a huge number of years, a period too long to even 

Figure 5. 
The flowchart of nuclear material amounts calculated by VISTA.

Radiation Mass (u) Charge Range (air) Range (tissue)

α 4 +2 ~3 cm ~40 μm

β 1
1840

-1 or + 1 ~300 cm ~5000 μm

X or gamma emission 0 0 Very large Through body

Fast neutron (n) 1 0 Very large Through body

Thermal neutron (n) 1 0 Very large ~15 cm

Table 1. 
Properties of nuclear emission.
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consider guaranteeing a sheltered disengagement from nature by methods for 
building obstructions [12]. Besides, actinides present criticality and multiplication 
concerns. The fission cross-section of numerous actinides is portrayed by edges of 
a couple of 100 keV. Hence, they do not undergo fission in thermal reactors, rather 
reduce reactor critically as thermal neutron absorbers. However, they have signifi-
cantly high fission cross-sections at high neutron energies [13].

The amount of nuclear materials for a VVER-1000 reactor was calculated and 
shown as diagram in Figure 5.

For VVER-1000 reactor, the fresh fuel, actinide elements and fission product 
values in spent fuel was calculated by VISTA simulation code.

The total amount of FF is 23.792 t/year with 22.915 t/year of 238U and 0.877  
t/year of 235U. The grade of enrichment is 3.6% on average. The actinide martials 
content in SF of calculated by VISTA are 235U (0.232123 t/year), 236U (0.107850  
t/year), 238U (22.177277 t/year), 238Pu(0.004352 t/year), 239Pu(0.156181  
t/year), 240Pu(0.047959 t/year), 241Pu(0.049525 t/year), 242Pu(0.017008 t/year), 
241Am(0.001297 t/year), 237Np(0.001239 t/year), 242m Am(0.000019 t/year), 
243Am(0.003554 t/year), 242Cm(0.000463 t/year) and 244Cm(0.001142 t/year) 
radioelements. The values of above radioelements except 235U and 238U isotopes 
were compared in Figure 6.

Figure 7. 
Discharged UOX spent fuel content in VVER-1000 reactor.

Figure 6. 
The actinide elements content in spent fuel of the VVER-1000 reactor calculated by VISTA.
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Also, the content of discharged UOX burned fuel in VVER-1000 nuclear power 
plant is presented in Figure 7.

4. Radiation and protection of nuclear fuel cycle

There are two type radiation sources naturally occurring radioactive materials 
(NORM) and technologically enhanced naturally occurring radioactive materials 
(TENORM) consist of materials in nuclear industry. The NORM radionuclides like 
232Th, 238U, and 40K that occur mostly in minerals such present all over the Earth’s 
crust in varying quantities depending on the ambient geological end geochemical 
properties of local. NORM radioactive are present in soil [14–19], water [20–23] 
and building materials [24–30]. The TENORM materials is upset or changed from 
regular settings or present in a mechanically improved state due to past or introduce 
human exercises and practices, which may bring about a relative increment in 
radionuclide fixations, radiation presentations and dangers to people in general, 
and danger to the open condition above foundation radiation levels.

The properties and ranges of the various nuclear radiations are summarized in 
Table 1. The ranges are only approximate since they depend on the energy of the 
radiation [31].

The alpha particle has mass higher than beta particle, so these partials travels 
relatively slowly into matter. Alpha particle interaction is a high likelihood of with 
iotas along its way and will surrender a portion of its vitality during every one of 
these cooperation’s. As an outcome, α particles lose their vitality quickly and travel 
without a doubt, extremely short separations in thick media.

Beta particles are a lot of littler than particles and travel a lot quicker. They 
consequently go through less associations per unit length of track and surrender 
their vitality more gradually than α particles. This implies β particles travel further 
in thick media than α particles.

Gamma radiation loses its vitality mostly by interfacing with nuclear electrons. 
It ventures enormous separations even in thick media and is hard to ingest totally.

Neutrons surrender their vitality through an assortment of collaborations, the 
general significance of which are reliant on the neutron vitality. Therefore, it is 
regular practice to separate neutrons into in any event three vitality gatherings: 
quick, moderate and warm. Neutrons are infiltrating and will travel enormous 
separations even in thick media.

An office ought to have set up a radiation assurance program that is satis-
factory to secure the radiological wellbeing and wellbeing of laborers and the 
general population and guarantee that the presentations are ALARA. To achieve 
this, offices assess and describe the radiological hazard and regularly give 
adequate hearty controls to limit this danger. Potential mishap arrangements are 
considered in evaluating the ampleness of the controls, which expect to limit 
radiological danger and sullying.

The fuel cycle office radiation assurance rehearses incorporate [32]:

• A viable reported program to guarantee that word related radiological  
introductions are ALARA;

• An association with sufficient capability prerequisites for the radiation  
insurance work force;

• Approved composed techniques for directing exercises including radioactive 
materials;
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• Radiation protection preparing for all faculty who approach limited zones;

• A program to control airborne convergence of radioactive material with 
 building controls and respiratory insurance;

• A radiation overview and checking program that incorporates prerequisites for 
control of radioactive sullying inside the office and observing of outside and 
inward radiation presentations;

• Other projects to look after records, to report radiation introductions to the 
managing authority, and to restore an adequate in-plant radiological condition 
in case of an occurrence.

The execution of such projects with respect to coordinate radiation is currently 
made a lot simpler with the utilization of individual electronic dosimeters of Visa 
size that can immediately alarm the holder when momentary or cumulated portion 
reach modified edges, that keep in memory the historical backdrop of presentation 
and whose information can be downloaded to PCs, for instance each time the admin-
istrator enters or leaves the controlled zone, so these information can be naturally 
recorded and investigated. In this manner, point by point presentation previsions 
can be checked versus real introductions, permitting improvement of both working 
techniques and previsions. The improvement of mechanized screens that permit the 
perception of portion rates is likewise an incredible asset for radiation protection.

5. Conclusions

The content of this chapter is overall reviewing the nuclear fuel transmutation 
discussion. For this purpose, the nuclear fuel cycle of UOx type fuel was presented. 
In the next section the composition of transuranic in the spent fuel of VVER reactor 
was survived. Also, the amount of minor actinide and fission product in a VVER-
1000 reactor was calculated and finally, the radiation protection principles of 
nuclear fuel cycle were presented and discussed.
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Chapter 4

Does Russia Have the Possibilities 
to Diversify Its Export Potential 
to Manage the Power Engineering 
(For Example, Nuclear Power 
Development)?
Victor Kozlov

Abstract

The article analyzes the current state of power engineering, nuclear power, and 
their role in ensuring energy independence of Russia. According to the author, 
the creation of large high-tech integrated companies with active innovation state 
practice can bring the Russian economy to a higher level of development. To 
maintain Russia’s leading role in the construction of nuclear power plants abroad, 
according to the author, it is necessary to optimize cost and terms of construction of 
projects, improve designs, increase scopes and quality of specialists’ training, and 
fight corruption.

Keywords: improvement of management structure, national security, energy 
independence, import substitution, structural transformation, large integrated 
structures

1. Introduction

The situation in which turned out to be power engineering of Russia in the first 
decade of the twenty-first century has generated heated debate about the causes of 
the crisis, which turned out to be a domestic machine building, as well as ways to 
overcome it [1–4].

The fact that the structural transformation in the Russian machine-building 
complex, which took place at the time, was associated with a number of assump-
tions and trends largely determines the prospects for the formation of new and 
operation of the existing large integrated structure.

Meeting the challenges, which national engineering faces, is impossible with 
outraising capital in the sector, experiencing an investment “hunger.” This applies 
to power engineering as well—a relatively prosperous industry, which was in the 
period of sharp decline in the domestic demand for machinery and equipment to go 
out of the crisis of the 1990s due to export orders with less losses than other engi-
neering enterprises. However, the chronic underinvestment caused reducing the 
technical level of its production facilities.
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It is necessary to focus on all resources—financial, industrial, and intellectual 
ones for implementation of large-scale tasks by the industry, and that in turn will 
require improving the management structure.

In the 1980s of the last century, the equipment supplies by power engineering 
provided the annual commissioning of at least 10 million kWh of electric power.

However, since 1991, there has been a sharp production decline in the industry, 
as evidenced by the data on manufacture of steam turbines and boilers, commis-
sioning of generating facilities at the thermal power plants of Russia in 1990–2000, 
and the lack of orders for manufacturing NPP and HPP equipments [5].

“The strategy of development of power engineering of Russia,” elaborated on 
the basis of the “Russian Energy Strategy till 2030” approved by the Government 
of the Russian Federation (hereinafter—the Energy Strategy), reflects the funda-
mental directions of development of power engineering in Russia and contains the 
practical measures for their effective implementation.

2. The current problems

The availability in Russia of its own effective power engineering is one of the 
pillars of its national security, power independence.

According to the official data, the equipment in the power industry is currently 
worn by almost 60%. This means that more than half of the thermal and hydro-
power plants operate under high risk. Given the strategic line of the state for import 
substitution, it is necessary to organize the process of updating the equipment in 
the way when orders are placed with the Russian companies, and that is possible if 
there are investments into domestic engineering.

Describing power engineering competitiveness, we note the peculiar feature of 
the domestic energy sector, which consists in the fact that almost all power plants 
in Russia (and CIS) are equipped with the equipment of domestic production. 
However, modernization and mobilization of resources in the sector can only be 
based on the policy of concentrating resources, pooling of capital, and formation of 
the effective management system. In other words, it is about solving the problem of 
creation of modern organizational structures.

Industrial policy in power engineering should be focused on the process of 
system management of its activities. Products of this sector meet the needs of other 
sectors of the economy as a technological component of such specific product as 
energy. This means that manufacture of machines and mechanisms in the power 
engineering industry is inseparably linked with construction and engineering 
works, which provide the necessary conditions for its operation.

The volume of this work is significant even in cases when the equipment is sup-
plied for modernization of the existing facilities, rather than for equipping of new 
construction projects. And the technological chain of “design—manufacture—con-
struction—installation—commissioning—operation” implies such requirements 
for all participants of the process of equipment commercial commissioning, the 
specifics of which do not allow “third-party” participants to participate in this chain 
(except for civil works at the facilities of power infrastructure).

Thus, the logic of the process of improving quality of the products and activities 
related to design, manufacture, installation, and commissioning of the equipment, 
as well as reducing the time for putting power units in operation requires co-operation 
of specialists of different branches within the same structure.

In fact, this principle was previously implemented in the framework of  
the branch management system. Within the USSR Ministry of Energy, about  
half the staff was engaged in the manufacture of power equipment, the other 
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half—in the construction of power facilities. However, in the period of market 
reforms, the branch management system was destroyed, and privatized enterprises 
became independent market participants. But no one, even a very large factory, is 
able to meet the needs in power engineering products, given the specificity of these 
high-tech goods.

The thing is that high technologies require coordination of activities of repre-
sentatives of different trades, professions, and industries. Especially in the frame 
of globalization when the tone is set precisely by those companies that represent a 
major conglomerate that combines research and production structures, as well as 
structures promoting products on the world market, global high-tech companies. 
Exactly these companies are able to bring the Russian economy to a different path 
of development, when export of high-tech products will be no less weighty than 
export of mineral resources. But none Russian factory, no matter how large it may 
be, is a global company; therefore, it is not competitive in world markets. Therefore, 
effective restructuring of production and management is necessary in the condi-
tions of independence of market agents under insufficiency of the branch coordina-
tion system.

The process of integration of these structures, allowing to centralize devel-
opment strategies and improve management and technological cooperation, will 
be inevitably hampered by problems of redistribution of property, as the system 
of securing property rights existing in Russia can be effective only if the owner 
is really controlling activities of all participants of the association, provided 
by significant proportion of ownership of assets. Given the fact that in the 
process of mass privatization there was no task to create an effective manage-
ment system of high-tech industries, which are characterized by a high degree 
of co-ordination and co-operation of complex productions, formation of global 
companies will inevitably affect the property interests, resulting in a secondary 
redistribution of property. Thus, corporate conflicts are inevitable in structural 
transformation.

Structural transformations in the Russian machine-building complex are linked 
with a number of assumptions and trends, largely determining the prospects for 
formation of new and operation of the existing large integrated structures.

First, the experience of formation of large associated industrial structures 
accumulated in the Soviet times, unfortunately, was not properly developed further. 
However, foreign large industrial conglomerates were formed not only based on the 
experience of the Soviet industry but also based on the methodological basics that 
had been tested in the USSR.

Second, the Soviet machinery represented a hypertrophied form of simple 
cooperation of the universal enterprises but with huge potential unique possibilities 
for development. However, this potential was not even used, but, in fact, lost, in 
connection with the influence of accelerated privatization and breaking of the state 
management.

Third, the breach of economic ties and collapse of the industry management sys-
tem in the process of privatization caused dominance of partnerships as a protective 
reaction, which are based on informal contract practices, affecting not only the 
process of exchange of goods but also property relations.

Fourth, the property relations established under incomplete legal frame work, 
regulating property relations, formed a specific model of partnership based on a 
system of trust relationships with contractors and the state authorities. At the same 
time, there were quite wide spread manifestations of economic self-interest in all 
aspects of the economic life, including the processes of disintegration (integration) 
of industrial enterprises. The new management was formed, which core  competence 
were take over and redistribution of property.
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Fifth, the dynamics of development was influenced not only by selfish holders 
of economic power but also by competitive strategies of foreign companies who 
sought to oust domestic producers from the world markets using domestic manag-
ers. However, where the owners could find a common language, a new type of 
engineering companies appeared, which competitiveness was high enough not only 
in the domestic but also in the foreign markets. As for the numerous cases of col-
lapse of structures, those, as a rule, were associated with numerous contradictions 
just due to the system of partnership [6].

Thus, the corporate conflicts cannot be considered solely from a negative point 
of view: they are unavoidable in the process of consolidation of the technological 
chains belonging to different owners; moreover, replacing the owner does not 
always result in changing mismanagement by even more inefficient.

Implementation of major projects in the Russian power sector solves a whole 
range of important social and economic problems, provides employment, increases 
filling of regional budgets, allows to solve strategic tasks of further increase of 
the installed generating capacity, and increases global competitiveness of Russian 
equipment in particular and of Russian high-tech in general.

Large integrated structures should be active participants in the process of 
implementation of integrated innovations. In a sense, they act both as mechanisms 
of social partnership, on the one hand, expressing consolidated opinion of a large 
group of people involved in the manufacture of industry products, and on the 
other—as structures that implement decisions of the central government concern-
ing the interests of large social groups. In addition, the large integrated structures 
are able to participate in development of complex innovation programs, including 
initiation of consideration of a number of issues by the state.

In the years 2004–2005 GAZPROM, following the recommendations of the 
higher state authorities acquired shares of ATOMSTROYEXPORT, actual monopoly 
in NPP construction abroad, and of the Incorporated Engineering Company (until 
2004, a controlling stake in these companies was in the hands of K. Bendukidze, 
private entrepreneur). These actions of the state demonstrated that the corporation 
model, similar to that of the firm AREVA (France) was selected, with a majority 
stake owned by the state, as opposed to the corporation “General Electric,” USA, 
which is owned by private capital [3, 7].

When Sergei Kiriyenko (1998—Prime Minister) came to ROSATOM of RF in 
2005, the Agency elaborated a program of accelerated development of nuclear power 
in Russia [8]. This program was submitted to the government on May 18, 2006, and 
reported to Vladimir Putin, President of the Russian Federation, who approved the 
program and plan of priority measures for its implementation in June 2006.

In the development of these solutions, more than 6 billion dollars for imple-
mentation of this program were allocated in the budget. In accordance with this 
program, Russian NPPs should produce about 25% of the total electric power 
by 2030.

The nuclear industry can play an important role in solving the energy problem 
both in Russia and in the world. It is necessary to build and put into operation 40 
GW of nuclear power units on the territory of the Russian Federation by 2030, and 
in other states, the Russian nuclear specialists will be able to claim the orders of 
40–60 GW in the same period of time.

According to the forecasts of ROSATOM of RF by 2030, nuclear power in the 
world will grow up to 300–600 GW. Up to half of this promising market will be 
closed for external players, and the Russian nuclear specialist scan actually qualifies 
for 20–25% of orders (40–60 GW) of the remaining 200–300 GW of available access.

In the global nuclear fuel market, the share of Russia is now 45%. The Russian should 
be 50% in the markets of the USA and Canada, 42% in Europe, 35% in South Korea, 
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30% in Latin America, and 10% in China and Japan. To maintain its leadership, Russia 
has to increase capacities and implement market reforms in the sector [4].

3. Main problems that complicate the industry activities

3.1 Personnel policy and personnel training

There is no enough qualified personnel for safe operation of commissioned 
NPPs. The today’s current system of personnel training and consolidation in the 
nuclear industry is clearly insufficient for its large-scale development. Working 
pensioners make about 25%, young workers and specialists—about 10%. 
Acquisition of knowledge and skills should be ahead of programs for designing and 
development of technologies, construction of nuclear facilities, and their com-
missioning. The current situation with the staff can be considered critical. With 
a general decline in the number of researchers (the driving force of innovation 
development), the share of researchers over the age of 60 years increases. The aver-
age age of leading industry experts (PhD) and university professors of “nuclear” 
profile is higher than the average male life expectancy in the country. Although over 
the past 6 years, ROSATOM has done much to address the deficiencies in training. 
The corporate university of 20 schools was formed on the basis of MEPI [9, 10].

3.2  Long-term construction of nuclear power plants and unreasonably 
overpriced construction

The long-term construction period further increases the cost and opportunities 
for corruption. Building “from scratch” actually takes at least 7 years, indicating 
shortcomings in designing and imperfect work organization.

ROSATOM stated its desire to achieve the construction time of 4–4.5 years. To do 
this, it is necessary to unify designs and implement innovative construction tech-
niques based on large-block equipment supplies to construction sites.

The declared cost of 1 GW of nuclear generation has already reached $4 billion 
(or $4.6 billion for power unit of 1.15 GW) and continues to grow. Today the cost 
of NPP construction in Russia is two times higher than in China and for 30–40% 
higher than in Europe.

In the current environment, the economically justified cost of construction of 
one VVER unit of 1.15 GW capacity is not more than $2.5 billion with the construc-
tion term not more than 5 years. If ROSATOM is not able to meet these indicators, 
the NPP construction in the country is not competitive compared with moderniza-
tion of steam turbine power units to combined cycle ones at the existing gas TPP 
according to the main criteria—volume of replaced gas per year during electricity 
generation and its net cost. The unreasonably high cost of NPP construction 
includes not less than 40% of the corruption component.

3.3 Electricity tariffs

The current regulated price of electricity at the Russian NPPs on the whole sale 
market is 3.2 US cents per kW/h (for comparison, in the USA—1.87 cents, in France 
and Germany—2–2.2 cents in 2008 prices). The price of electricity for economic 
entities in Russia is 2–3 rubles or 7–10 cents, and a new connection of consumers 
reaches 4.5–5 rubles or 15–17 cents (for comparison, in the USA—6.5–7.5 cents, the 
average price in the EU—12 cents, in China—8–9 cents). With regard to nuclear 
engineering, the situation is ambiguous. On the one hand, at the moment, there is 
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Fifth, the dynamics of development was influenced not only by selfish holders 
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stake owned by the state, as opposed to the corporation “General Electric,” USA, 
which is owned by private capital [3, 7].
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2005, the Agency elaborated a program of accelerated development of nuclear power 
in Russia [8]. This program was submitted to the government on May 18, 2006, and 
reported to Vladimir Putin, President of the Russian Federation, who approved the 
program and plan of priority measures for its implementation in June 2006.

In the development of these solutions, more than 6 billion dollars for imple-
mentation of this program were allocated in the budget. In accordance with this 
program, Russian NPPs should produce about 25% of the total electric power 
by 2030.

The nuclear industry can play an important role in solving the energy problem 
both in Russia and in the world. It is necessary to build and put into operation 40 
GW of nuclear power units on the territory of the Russian Federation by 2030, and 
in other states, the Russian nuclear specialists will be able to claim the orders of 
40–60 GW in the same period of time.

According to the forecasts of ROSATOM of RF by 2030, nuclear power in the 
world will grow up to 300–600 GW. Up to half of this promising market will be 
closed for external players, and the Russian nuclear specialist scan actually qualifies 
for 20–25% of orders (40–60 GW) of the remaining 200–300 GW of available access.

In the global nuclear fuel market, the share of Russia is now 45%. The Russian should 
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30% in Latin America, and 10% in China and Japan. To maintain its leadership, Russia 
has to increase capacities and implement market reforms in the sector [4].

3. Main problems that complicate the industry activities

3.1 Personnel policy and personnel training

There is no enough qualified personnel for safe operation of commissioned 
NPPs. The today’s current system of personnel training and consolidation in the 
nuclear industry is clearly insufficient for its large-scale development. Working 
pensioners make about 25%, young workers and specialists—about 10%. 
Acquisition of knowledge and skills should be ahead of programs for designing and 
development of technologies, construction of nuclear facilities, and their com-
missioning. The current situation with the staff can be considered critical. With 
a general decline in the number of researchers (the driving force of innovation 
development), the share of researchers over the age of 60 years increases. The aver-
age age of leading industry experts (PhD) and university professors of “nuclear” 
profile is higher than the average male life expectancy in the country. Although over 
the past 6 years, ROSATOM has done much to address the deficiencies in training. 
The corporate university of 20 schools was formed on the basis of MEPI [9, 10].

3.2  Long-term construction of nuclear power plants and unreasonably 
overpriced construction

The long-term construction period further increases the cost and opportunities 
for corruption. Building “from scratch” actually takes at least 7 years, indicating 
shortcomings in designing and imperfect work organization.

ROSATOM stated its desire to achieve the construction time of 4–4.5 years. To do 
this, it is necessary to unify designs and implement innovative construction tech-
niques based on large-block equipment supplies to construction sites.

The declared cost of 1 GW of nuclear generation has already reached $4 billion 
(or $4.6 billion for power unit of 1.15 GW) and continues to grow. Today the cost 
of NPP construction in Russia is two times higher than in China and for 30–40% 
higher than in Europe.

In the current environment, the economically justified cost of construction of 
one VVER unit of 1.15 GW capacity is not more than $2.5 billion with the construc-
tion term not more than 5 years. If ROSATOM is not able to meet these indicators, 
the NPP construction in the country is not competitive compared with moderniza-
tion of steam turbine power units to combined cycle ones at the existing gas TPP 
according to the main criteria—volume of replaced gas per year during electricity 
generation and its net cost. The unreasonably high cost of NPP construction 
includes not less than 40% of the corruption component.

3.3 Electricity tariffs

The current regulated price of electricity at the Russian NPPs on the whole sale 
market is 3.2 US cents per kW/h (for comparison, in the USA—1.87 cents, in France 
and Germany—2–2.2 cents in 2008 prices). The price of electricity for economic 
entities in Russia is 2–3 rubles or 7–10 cents, and a new connection of consumers 
reaches 4.5–5 rubles or 15–17 cents (for comparison, in the USA—6.5–7.5 cents, the 
average price in the EU—12 cents, in China—8–9 cents). With regard to nuclear 
engineering, the situation is ambiguous. On the one hand, at the moment, there is 
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possibility of producing the necessary long lead equipment for no more than three 
nuclear power units per year, which is obviously not enough for realization of the 
ambitious plans to build nuclear power plants in Russia and abroad. On the other 
hand, the large-scale modernization is currently carried out at the key enterprises 
of the energy sector of the country [6, 11].

In general, our analysis shows that in order to achieve its goals by 2030 at home 
and abroad, ROSATOM of RF needs to complete all the plans to modernize the 
machine-building enterprises in a relatively short period of time. This will allow 
achieving the range and scope of manufactured products to the desired level of 4–5 
sets of key equipment for NPP units per year. However, given the fact that currently 
active negotiations are held or bidding procedures are already ongoing concerning 
construction of a large number of nuclear power units in a number of countries 
(Czech Republic, Saudi Arabia, South Africa, Kazakhstan, Nigeria, and others), 
more significant increase of national nuclear engineering capabilities may be 
required in the medium term.

To perform such wide-ranging task, it is necessary for ROSATOM of RF, at least, 
first of all to eliminate the disadvantages mentioned above and to pay special atten-
tion to three main areas.

The first main area is the completion of the package of administrative docu-
ments, which provide activities of enterprises of the industry and regulate the 
relations between the industry and the state authorities. The package of administra-
tive documents also includes a set of more than 20 departmental purpose-oriented 
programs, and, of course, it includes improvement of ROSATOM structure.

The second key area is the knowledge management. It is clear that it is the 
high-tech industry in that all technological solutions are based on a sufficiently 
large block of scientific, engineering, and methodological knowledge. And vari-
ous kinds of dysfunctions and failures take place without some technologization 
of knowledge generation, handling, and storage. For example, the knowledge is 
not standardized—it means that different participants of the process are based on 
different data. The knowledge was generated but not used in practice—hence, there 
is necrosis of investments in R&D. Developments were made but not commercially 
used—hence, there are losses in the financial sector and lack of a sufficient set 
of secondary developments, in which the results of major research programs are 
applied that have been made previously.

The third major area is the cost management. ROSATOM has been traditionally 
occupied in collecting data on the economy of enterprises in the industry, their 
processing, analysis both for planning of ROSATOM activities and in the interests 
of monitoring economic, financial activities of the enterprises, preparation of bal-
ance commissions, and so on. At present, this work must be carried out consistently 
for a radical reduction in the construction cost.

3.4 Another important

Substantiation of NPP construction calculation based on needs in power capaci-
ties, including the regional context, analysis of the grid condition in order to justify 
NPP connection to the general layout of power facilities by 2030.

4. Findings

The state of the national economy significantly affects the nature and methods 
of corporate management. This suggests the existence of specific corporate manage-
ment models for each country. Thus, the formation of the corporate management 
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national model in Russia takes place under conditions of incomplete development 
of the legal framework and uncertainty of ownership of privatized property, with 
nonexecution of the existing laws on protection of property rights and dominance 
of the insider control model in joint stock companies.

Thus, the problem of corporate management, which is not a purely national 
one, is of particular importance in the global trends. That is because the integra-
tion processes in the national high-tech sectors are characterized by the tendency 
of “winding-down” of internal competition in order to accumulate resources for 
external expansion. Therefore, the national integrated structures are involved in 
global competition, in which those benefit who are able to provide customers with 
the most comprehensive volume of services in comparison with competitors.

5. Conclusion

With regard to the real possibilities of the modern Russian nuclear power, 
it must be noted that over the past 15 years, five power units were constructed 
and put in operation abroad—in China, India, and Iran. After the long years 
of suspension in construction of nuclear power plants, ATOMSTROYEXPORT 
became the first company among its competitors, which handed over high power 
nuclear units complying with all safety requirements to a foreign customer. Thus, 
ATOMSTROYEXPORT proved to the world that the companies and organizations 
that make up the core of the nuclear power industry in Russia have sufficient poten-
tial and real resources to implement the most complex and demanding nuclear 
power projects [6].

In 2016, the assets of ASE Group companies (ATOMSTROYEXPORT)—the 
Engineering division of the State Atomic Energy Corporation ROSATOM, a lead-
ing player in the global market for the design and construction of nuclear energy 
facilities, were finally integrated. The Engineering division is well known to our 
foreign partners. Since its foundation, it has a reputation as an effective provider of 
the engineering services and has gained trust in the global market.

6. In 2018, the foreign portfolio exceeded 90 billion US dollars

By decision of the State Atomic Energy Corporation ROSATOM, the Engineering 
division became the Industry competence center for the management of capital 
construction projects.

For several years, the project management practice has been successfully 
implemented by ASE. The unique Multi-D technology continues to develop, being a 
main tool of the project management platform, which allows shortening construc-
tion time and improving labor productivity, work quality, and safety while reducing 
project costs. In 2016, this technology received international recognition as a winner 
in the WNEAWARDS competition (Le Bourget, France) presenting the “Project 
Management System Based on Multi-D Technologies,” and that is a witness of great 
recognition from the world energy community. The “Multi-D® Project Management 
System at the Rostov NPP” won the international CEL AWARD-2016 contest in the 
“Megaproject” nomination, announced by FIATECH, one of the most respected 
industrial associations worldwide.

In addition, ASE Group companies became the first Russian company to receive 
an international certificate of conformity with the third competency class in the 
field of project, program, and portfolio management according to the International 
Project Management Association (IPMA Delta) model. This is another achievement 
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possibility of producing the necessary long lead equipment for no more than three 
nuclear power units per year, which is obviously not enough for realization of the 
ambitious plans to build nuclear power plants in Russia and abroad. On the other 
hand, the large-scale modernization is currently carried out at the key enterprises 
of the energy sector of the country [6, 11].
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more significant increase of national nuclear engineering capabilities may be 
required in the medium term.

To perform such wide-ranging task, it is necessary for ROSATOM of RF, at least, 
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tion to three main areas.

The first main area is the completion of the package of administrative docu-
ments, which provide activities of enterprises of the industry and regulate the 
relations between the industry and the state authorities. The package of administra-
tive documents also includes a set of more than 20 departmental purpose-oriented 
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ous kinds of dysfunctions and failures take place without some technologization 
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not standardized—it means that different participants of the process are based on 
different data. The knowledge was generated but not used in practice—hence, there 
is necrosis of investments in R&D. Developments were made but not commercially 
used—hence, there are losses in the financial sector and lack of a sufficient set 
of secondary developments, in which the results of major research programs are 
applied that have been made previously.

The third major area is the cost management. ROSATOM has been traditionally 
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national model in Russia takes place under conditions of incomplete development 
of the legal framework and uncertainty of ownership of privatized property, with 
nonexecution of the existing laws on protection of property rights and dominance 
of the insider control model in joint stock companies.

Thus, the problem of corporate management, which is not a purely national 
one, is of particular importance in the global trends. That is because the integra-
tion processes in the national high-tech sectors are characterized by the tendency 
of “winding-down” of internal competition in order to accumulate resources for 
external expansion. Therefore, the national integrated structures are involved in 
global competition, in which those benefit who are able to provide customers with 
the most comprehensive volume of services in comparison with competitors.

5. Conclusion

With regard to the real possibilities of the modern Russian nuclear power, 
it must be noted that over the past 15 years, five power units were constructed 
and put in operation abroad—in China, India, and Iran. After the long years 
of suspension in construction of nuclear power plants, ATOMSTROYEXPORT 
became the first company among its competitors, which handed over high power 
nuclear units complying with all safety requirements to a foreign customer. Thus, 
ATOMSTROYEXPORT proved to the world that the companies and organizations 
that make up the core of the nuclear power industry in Russia have sufficient poten-
tial and real resources to implement the most complex and demanding nuclear 
power projects [6].

In 2016, the assets of ASE Group companies (ATOMSTROYEXPORT)—the 
Engineering division of the State Atomic Energy Corporation ROSATOM, a lead-
ing player in the global market for the design and construction of nuclear energy 
facilities, were finally integrated. The Engineering division is well known to our 
foreign partners. Since its foundation, it has a reputation as an effective provider of 
the engineering services and has gained trust in the global market.

6. In 2018, the foreign portfolio exceeded 90 billion US dollars

By decision of the State Atomic Energy Corporation ROSATOM, the Engineering 
division became the Industry competence center for the management of capital 
construction projects.

For several years, the project management practice has been successfully 
implemented by ASE. The unique Multi-D technology continues to develop, being a 
main tool of the project management platform, which allows shortening construc-
tion time and improving labor productivity, work quality, and safety while reducing 
project costs. In 2016, this technology received international recognition as a winner 
in the WNEAWARDS competition (Le Bourget, France) presenting the “Project 
Management System Based on Multi-D Technologies,” and that is a witness of great 
recognition from the world energy community. The “Multi-D® Project Management 
System at the Rostov NPP” won the international CEL AWARD-2016 contest in the 
“Megaproject” nomination, announced by FIATECH, one of the most respected 
industrial associations worldwide.

In addition, ASE Group companies became the first Russian company to receive 
an international certificate of conformity with the third competency class in the 
field of project, program, and portfolio management according to the International 
Project Management Association (IPMA Delta) model. This is another achievement 
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internationally. Currently, certification in the field of project management accord-
ing to the international IPMA standards has been passed by all top managers of the 
company. The division will continue to implement its strategic goals in the difficult 
situation of growing competition both in the NPP construction market and in the 
market for construction management services for the complex engineering facili-
ties, using all resources to increase competitiveness.

Based on the successfully constructed five power units (in China, India, and 
Iran), the following areas of cooperation abroad are being implemented.

6.1 China

The second phase of the Tianwan NPP (TAES-2), which also includes two units 
with VVER-1000 reactors under the NPP-91 design, is being constructed in accor-
dance with the General Contract for units 3 and 4 of TAES-2, signed in 2010, and 
entered into force in 2011. The Russian side has obligations to develop the complete 
engineering and operation designs of the Nuclear Island (NI) for TAES-2 units 3 
and 4, providing the related services. ASE JSC also undertakes the overall technical 
responsibility for the design of units 3 and 4, is responsible for managing interfaces 
throughout the project, and provides warranty obligations.

The General Contract provides for commissioning of unit 3 in February 2018 
and unit 4 in December 2018. All activities were going on schedule.

On December 30, 2017, power was launched at unit 3.
It is planned to bring the number of Russian power units in China to 8.

6.2 Iran

The implementation of the Bushehr-1 NPP project made it possible to sign the 
Protocol to the Intergovernmental Agreement of 08.25.1992 in 2014, which provides 
for the possibility to construct eight NPP units in Iran.

At the same time, on November 11, 2014, the Contract was signed under which 
ATOMSTROYEXPORT will construct the second and third power units of the 
Bushehr NPP. On September 10, 2016, the solemn laying of the “first stone” took 
place. The start of activities under the Contract was scheduled on December 28, 
2016, when the Russian side received an advance from the Iranian customer.

During 2017, work was carried out to prepare the site. On March 14, 2001, the 
earthworks were started on the Bushehr-2 NPP site. On October 31, 2017, a cer-
emony was held to begin activities at the foundation pit of the main buildings of 
power unit 2. In 2018, engineering and geological surveys of the marine area and the 
site for spillway facilities were planned.

It was planned to coordinate the Bushehr-2 NPP design with the Customer and 
begin procedures related to the examination and obtaining a license for construc-
tion from the Iranian regulator. For 2018, completion of the pit for power unit 3 was 
scheduled, and for 2019—the “first concrete” at power unit 2. In accordance with 
the Contract, provisional acceptance of unit 2 is planned in 2026, of unit 3—in 2027.

6.3 India

Under the Agreement between the Government of the Russian Federation and the 
Government of the Republic of India on cooperation in the construction of additional 
nuclear power units at the Kudankulam site, as well as in the construction of nuclear 
power plants under the Russian designs at new sites in the Republic of India, dated 
December 5, 2008, the parties started the project realization plan for construction of 
power units 3 and 4 of the Kudankulam NPP with VVER-1000 MW reactor units each.
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On October 4, 2014, the General Framework Agreement (GFA) was signed for 
construction of the Kudankulam NPP power units 3 and 4. In June 2017, the first 
concrete was poured at the second phase of the Kudankulam NPP unit 3, in October 
2017—unit 4.

The planned start date for warranty operation of power units 3 and 4 is 2023 and 
2024, respectively.

On June 1, 2017, ATOMSTROYEXPORT JSC and the Indian Atomic Energy 
Corporation signed the General Framework Agreement for the construction of the 
third phase of the Kudankulam NPP, and the Intergovernmental Credit Protocol 
necessary for implementation of the project was also signed. The Agreement pro-
vides for the construction of the third phase of the Kudankulam NPP power units 
5 and 6 under the Russian design. On July 31, 2017, Contracts were signed between 
ATOMSTROYEXPORT JSC and the Indian Atomic Energy Corporation (IAEC) for 
the priority design activities and detailed design and supply of basic equipment 
for the third phase of the Kudankulam NPP. The planned first concrete for power 
units 5 and 6 is 2019 and 2020, respectively. Planned dates for the start of warranty 
operation of power units 5 and 6 are 2025 and 2026, respectively.

6.4 Bangladesh

On December 25, 2015, ATOMSTROYEXPORT JSC and the Bangladesh Atomic 
Energy Commission signed the General Contract for the construction of the Ruppur 
NPP consisting of 1200 MW two power units under NPP-2006 design, including a 
number of Appendices thereto. The signing of the General Contract was a fundamen-
tal event that allowed to start activities at the main stage of the plant construction.

In accordance with the agreement of the parties, the entry into force of the 
General Contract depended from fulfillment of a number of conditions. The first 
was signing of a credit intergovernmental agreement for the main construction 
period of the Ruppur NPP, then signing of Appendices to the General Contract, 
obtaining a license by the Bangladesh party for the NPP site and approval of the 
selected NPP design by the Bangladesh regulatory body.

On July 26, 2016, the Intergovernmental Agreement was signed on allocation of 
the state loan to finance, the main stage of the Ruppur NPP construction.

Simultaneously with the fulfillment of the conditions for the entry into force of 
the General Contract, in 2016 significant work was done to coordinate and prepare 
for signing the related integration Contracts for the Ruppur NPP project, in particu-
lar, the Contract for supply of nuclear fuel, the Contract for technical assistance for 
operation, service, and technical maintenance, and repair of the Ruppur NPP.

In March 2017, the parties agreed and initialed the Intergovernmental 
Agreement Draft on spent nuclear fuel management at the Ruppur NPP. It was 
planned to prepare an agreement for signing as soon as possible.

ATOMSTROYEXPORT JSC is completing the construction and installation 
activities at the preliminary facilities and construction and installation base. 
In 2016, under the General Contract, the working documentation for the main 
construction period was developed, as well as the materials justifying the licenses 
for location and construction of power units 1 and 2 of the Ruppur NPP. The first 
concrete is planned for 2017. Commissioning of the first unit of the Ruppur NPP is 
scheduled for 2022, and of the second unit—for 2023.

6.5 Hungary

History: The Hungarian-Russian cooperation in the field of nuclear energy 
has more than 60 years. It began in 1955 with signing of the Agreement to make 
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internationally. Currently, certification in the field of project management accord-
ing to the international IPMA standards has been passed by all top managers of the 
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situation of growing competition both in the NPP construction market and in the 
market for construction management services for the complex engineering facili-
ties, using all resources to increase competitiveness.

Based on the successfully constructed five power units (in China, India, and 
Iran), the following areas of cooperation abroad are being implemented.

6.1 China

The second phase of the Tianwan NPP (TAES-2), which also includes two units 
with VVER-1000 reactors under the NPP-91 design, is being constructed in accor-
dance with the General Contract for units 3 and 4 of TAES-2, signed in 2010, and 
entered into force in 2011. The Russian side has obligations to develop the complete 
engineering and operation designs of the Nuclear Island (NI) for TAES-2 units 3 
and 4, providing the related services. ASE JSC also undertakes the overall technical 
responsibility for the design of units 3 and 4, is responsible for managing interfaces 
throughout the project, and provides warranty obligations.

The General Contract provides for commissioning of unit 3 in February 2018 
and unit 4 in December 2018. All activities were going on schedule.

On December 30, 2017, power was launched at unit 3.
It is planned to bring the number of Russian power units in China to 8.

6.2 Iran

The implementation of the Bushehr-1 NPP project made it possible to sign the 
Protocol to the Intergovernmental Agreement of 08.25.1992 in 2014, which provides 
for the possibility to construct eight NPP units in Iran.

At the same time, on November 11, 2014, the Contract was signed under which 
ATOMSTROYEXPORT will construct the second and third power units of the 
Bushehr NPP. On September 10, 2016, the solemn laying of the “first stone” took 
place. The start of activities under the Contract was scheduled on December 28, 
2016, when the Russian side received an advance from the Iranian customer.

During 2017, work was carried out to prepare the site. On March 14, 2001, the 
earthworks were started on the Bushehr-2 NPP site. On October 31, 2017, a cer-
emony was held to begin activities at the foundation pit of the main buildings of 
power unit 2. In 2018, engineering and geological surveys of the marine area and the 
site for spillway facilities were planned.

It was planned to coordinate the Bushehr-2 NPP design with the Customer and 
begin procedures related to the examination and obtaining a license for construc-
tion from the Iranian regulator. For 2018, completion of the pit for power unit 3 was 
scheduled, and for 2019—the “first concrete” at power unit 2. In accordance with 
the Contract, provisional acceptance of unit 2 is planned in 2026, of unit 3—in 2027.

6.3 India

Under the Agreement between the Government of the Russian Federation and the 
Government of the Republic of India on cooperation in the construction of additional 
nuclear power units at the Kudankulam site, as well as in the construction of nuclear 
power plants under the Russian designs at new sites in the Republic of India, dated 
December 5, 2008, the parties started the project realization plan for construction of 
power units 3 and 4 of the Kudankulam NPP with VVER-1000 MW reactor units each.
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On October 4, 2014, the General Framework Agreement (GFA) was signed for 
construction of the Kudankulam NPP power units 3 and 4. In June 2017, the first 
concrete was poured at the second phase of the Kudankulam NPP unit 3, in October 
2017—unit 4.

The planned start date for warranty operation of power units 3 and 4 is 2023 and 
2024, respectively.

On June 1, 2017, ATOMSTROYEXPORT JSC and the Indian Atomic Energy 
Corporation signed the General Framework Agreement for the construction of the 
third phase of the Kudankulam NPP, and the Intergovernmental Credit Protocol 
necessary for implementation of the project was also signed. The Agreement pro-
vides for the construction of the third phase of the Kudankulam NPP power units 
5 and 6 under the Russian design. On July 31, 2017, Contracts were signed between 
ATOMSTROYEXPORT JSC and the Indian Atomic Energy Corporation (IAEC) for 
the priority design activities and detailed design and supply of basic equipment 
for the third phase of the Kudankulam NPP. The planned first concrete for power 
units 5 and 6 is 2019 and 2020, respectively. Planned dates for the start of warranty 
operation of power units 5 and 6 are 2025 and 2026, respectively.

6.4 Bangladesh

On December 25, 2015, ATOMSTROYEXPORT JSC and the Bangladesh Atomic 
Energy Commission signed the General Contract for the construction of the Ruppur 
NPP consisting of 1200 MW two power units under NPP-2006 design, including a 
number of Appendices thereto. The signing of the General Contract was a fundamen-
tal event that allowed to start activities at the main stage of the plant construction.

In accordance with the agreement of the parties, the entry into force of the 
General Contract depended from fulfillment of a number of conditions. The first 
was signing of a credit intergovernmental agreement for the main construction 
period of the Ruppur NPP, then signing of Appendices to the General Contract, 
obtaining a license by the Bangladesh party for the NPP site and approval of the 
selected NPP design by the Bangladesh regulatory body.

On July 26, 2016, the Intergovernmental Agreement was signed on allocation of 
the state loan to finance, the main stage of the Ruppur NPP construction.

Simultaneously with the fulfillment of the conditions for the entry into force of 
the General Contract, in 2016 significant work was done to coordinate and prepare 
for signing the related integration Contracts for the Ruppur NPP project, in particu-
lar, the Contract for supply of nuclear fuel, the Contract for technical assistance for 
operation, service, and technical maintenance, and repair of the Ruppur NPP.

In March 2017, the parties agreed and initialed the Intergovernmental 
Agreement Draft on spent nuclear fuel management at the Ruppur NPP. It was 
planned to prepare an agreement for signing as soon as possible.

ATOMSTROYEXPORT JSC is completing the construction and installation 
activities at the preliminary facilities and construction and installation base. 
In 2016, under the General Contract, the working documentation for the main 
construction period was developed, as well as the materials justifying the licenses 
for location and construction of power units 1 and 2 of the Ruppur NPP. The first 
concrete is planned for 2017. Commissioning of the first unit of the Ruppur NPP is 
scheduled for 2022, and of the second unit—for 2023.

6.5 Hungary

History: The Hungarian-Russian cooperation in the field of nuclear energy 
has more than 60 years. It began in 1955 with signing of the Agreement to make 
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a research reactor in Budapest. On December 28, 1966, the Intergovernmental 
Agreement was signed between Hungary and the Soviet Union on construction of 
the first nuclear power plant in Hungary. Currently, the Paks NPP with four VVER-
440 units is successfully operating, providing more than 50% of the country's 
electricity.

On January 14, 2014, the Intergovernmental Agreement between Russia and 
Hungary was signed in Moscow on cooperation in the field of the peaceful uses of 
nuclear energy, which envisages the construction of two new Paks-2 NPP units.

On December 9, 2014, the Hungarian MVM Paks-2 JSC and the Russian NIAEP 
JSC (ASE EC JSC since December 2016) signed three Agreements regarding the 
construction of two NPP units with VVER-1200 Russian reactors:

• EPC—the Contract (engineering, equipment supply, and construction) for two 
new power units, in which the tasks for the next 10 years are fixed, taking into 
account the physical launch of the first unit in 2023, of the second—in 2025;

• the Contract that governs the terms of service for future power units; and

• the Contract on the conditions of long-term fuel supply.

In April 2015, the approval procedure by the EURATOM Commission for the 
Contract on supply of nuclear fuel for new units of the Paks-2 NPP was successfully 
completed.

On February 17, 2015, during the visit of the President of the Russian Federation 
Vladimir Putin to Hungary, the Memorandum of Understanding was signed 
between the State Atomic Energy Corporation ROSATOM and the Ministry of 
Social Resources of Hungary on training of personnel in the field of nuclear energy 
and related areas. According to the document, the parties will carry out coopera-
tion in the field of education and training of personnel, educational, and scientific 
activities, as well as in joint educational programs in nuclear energy and related 
fields.

In June 2015, NIAEP JSC (ASE EC JSC since December 2016) and MVM Paks-2 
JSC signed all necessary Appendices for opening financing for the EPC Contract, 
which stipulate the time schedule, procedure and terms of payments, and insurance 
conditions.

Hungary, as a member of the European Union, was obliged to carry out a total 
of five notification and conciliation procedures with the European Commission 
in connection with implementation of the Paks-2 NPP expansion project. In 
November 2016, the European Commission completed the expertise of the Paks-2 
nuclear power plant construction project, removing all obstacles to its further 
development. In March 2017, construction of the new Paks-2 nuclear power units in 
Hungary was approved by the European Commission (EC).

The parties are developing the construction time schedule. It is planned that 
the license for construction of the Paks-2 NPP will be ready in 2019, and the first 
concrete will be poured in 2020. The peak of construction work is expected in 
2021–2022. The nuclear island and the primary circuit are the responsibility of the 
General Contractor, while other works are carried out on procurement.

The main task of 2017 was preparation for the Paks-2 NPP construction. The 
scope of tasks includes preparation of engineering documentation, cooperation with 
suppliers, and application for a building license. As a part of the activities related to 
preparation of the documentation necessary to obtain licenses for the Paks-2 NPP 
construction, the technical design for 5 and 6 units, the preliminary safety analysis 
report (PSAR), and the probabilistic safety analysis reports are being prepared.
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ATOMPROEKT JSC, the General Designer is completing work on the conceptual 
design documents that precede development of the design documentation and is 
also completing adaptation of the VVER-1200 base design, agreed with the Paks-2 
MVM Customer, to the specific conditions of the Paks site. The process of develop-
ing chapters of the PSAR and sections of the technical design is ongoing.

The announcement of the first tender procedures has begun. Competitive 
information will be available on the specialized platform for ROSATOM tenders. 
Tender notices will also be widely published on the relevant Hungarian and inter-
national sites. All tender documentation will be posted in English. The Hungarian 
and other European companies can take part in procurement related to almost the 
entire process of the NPP construction, from design and construction to equipment 
supplies (except for the primary equipment that requires very specific knowledge 
and competencies) and related services (legal, translation, etc.).

Prospects for cooperation. In the future, when implementing the project for the 
Paks-2 NPP construction, all purchases of the necessary equipment and services 
will be carried out openly and transparently in accordance with European Union 
standards. As potential suppliers of equipment and services, all interested com-
panies, including those from EU countries, can equally participate in tenders. The 
Russian side expects significant participation of the firms from Hungary, so that the 
level of localization, i.e., local industry participation, will amount to 40%.

Requirements for suppliers are different, depending on what they supply or 
what services they provide.

6.6 Egypt

The El Dabaa NPP (Egypt), which includes four units with VVER-1200 reac-
tors, is being constructed in accordance with the EPC Contract, which was signed 
between ATOMSTROYEXPORT JSC and the Department of Nuclear Plants of the 
Arab Republic of Egypt on December 31, 2016 and entered into force on December 
11, 2017. The project provides for construction of four power units of 1.2 GW capac-
ity with VVER-1200 MW reactor (water-to-water power reactor) according to the 
Russian design. The Russian side will also assist the Egyptian partners in developing 
nuclear infrastructure, supply the Russian nuclear fuel for the entire life cycle of 
the nuclear power plant, build a special storage facility and supply containers for 
storing spent nuclear fuel, increase the level of localization, provide training for 
national personnel, and support the Egyptian partners in operation and mainte-
nance of the El Dabaa NPP during the first 10 years of the plant’s operation.

In accordance with the EPC Contract, the first power unit of the El Dabaa NPP 
will be commissioned in 2026.

6.7 Turkey

The Intergovernmental Agreement of the Russian Federation and Turkey on 
cooperation in the field of construction and operation of the nuclear power plant  
on the Akkuyu site in the Mersin province on the south coast of Turkey was signed 
on May 12, 2010.

The Akkuyu NPP project includes four power units of the Russian VVER-1200 
3+ generation reactors. The capacity of each NPP unit will be 1200 MW. The design 
solutions of the Akkuyu NPP meet all modern requirements of the world nuclear 
community and established by the IAEA safety standards, the International nuclear 
security advisory group, and the requirements of the EUR Club.

The start of commercial operation of the Akkuyu NPP units 1–4 was tentatively 
scheduled for April 2023, 2024, 2025, and 2026, respectively.
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6.8 Finland

On October 5, 2011, the construction site of a new nuclear power plant in 
Finland was announced: it will be Hanhikivi Cape in the community (municipal-
ity) of the Pyhäjoki Province, Northern Ostrobothnia (on the coast of the Gulf of 
Bothnia, about 100 km south of Oulu). In the media, there are various names of 
this plant—the Pyuhäjoki NPP, the Hanhikivi NPP, the Hanhikivi-1 NPP, but the 
official name is the Hanhikivi-1 NPP. It was originally planned that construction 
of the plant would begin in 2015, and the plant would be launched in 2020, and its 
maximum capacity would be 1800 MW. Initially, the negotiations were held with 
the companies Areva and Toshiba.

On July 3, 2013, the Finnish company Fennovoima Oy and Rusatom Overseas 
CJSC, a subsidiary of the Russian State Corporation ROSATOM, signed the 
Agreement to develop the design in order to prepare for signing of the Contract for 
the plant construction. It was planned that this Contract would be signed before the 
end of 2013. In September 2014, the Finnish government approved the NPP con-
struction project with the participation of Russia, envisaging the use of the Russian 
VVER-1200 reactor. The plant should be built by 2024.

6.9 Belarus

In the Republic of Belarus, at the Ostrovets site near the city of Grodno, the 
construction of the Belarusian NPP consisting of VVER-1200 two power units with 
the total capacity of up to 2400 (2 × 1200) MW is underway. The obligations of the 
General Contractor are assigned to ASE JSC. It is envisaged that the Belarusian NPP 
is being constructed on the basis of the full “turnkey” responsibility of the General 
Contractor. The “NPP-2006” design, the General Designer is ATOMPROEKT JSC, 
was chosen for construction of the first Belarusian NPP.

The Belarusian NPP design complies with all international standards and IAEA 
recommendations and is characterized by the enhanced safety characteristics, 
technical, and economic indicators.

The main advantages of the Russian design are a high degree of security pro-
vided through the use of the independent channels of active and passive safety 
systems, the melt trap, and other systems. Unit 1 of the plant is planned to be com-
missioned in 2019, unit 2—in 2020.

The great prospects imply an even greater responsibility. The previous story, now 
of the ASE Group companies, allows to hope for successful implementation, I am not 
afraid of the word, of the grandiose tasks, by the nuclear power industry of Russia!
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Chapter 5

Fast-Spectrum Fluoride Molten
Salt Reactor (FFMSR) with
Ultimately Reduced Radiotoxicity
of Nuclear Wastes
Yasuo Hirose

Abstract

A mixture of NaF-KF-UF4 eutectic and NaF-KF-TRUF3 eutectic containing
heavy elements as much as 2.8 g/cc makes a fast-spectrum molten salt reactor based
upon the U-Pu cycle available without a blanket. It does not object breeding but a
stable operation without fissile makeup under practical contingencies. It is highly
integrated with online dry chemical processes based on “selective oxide precipita-
tion” to create a U-Pu cycle to provide as low as 0.01% leakage of TRU and
nominated as the FFMSR. This certifies that the radiotoxicity of HLW for 1500
effective full power days (EFPD) operation can be equivalent to 405 tons of
depleted uranium after 500 years cooling without Partition and Transmutation
(P&T). A certain amount of U-TRU mixture recovered from LWR spent fuel is
loaded after the initial criticality until U-Pu equilibrium but the fixed amount of
238U only thereafter. The TRU inventory in an FFMSR stays at an equilibrium
perpetually. Accumulation of spent fuel of an LWR for 55 years should afford to
start up the identical thermal capacity of FFMSR and to keep operation hypotheti-
cally until running out of 238U. Full deployment of the FFMSR should make the
entire fuel cycle infrastructures needless except the HLW disposal site.

Keywords: fast-spectrum fluoride molten salt reactor, high-level radioactive waste,
structure of fuel salt, density of fuel salt, redox potential control, freezing behavior
of fuel salt, selective oxide precipitation process, front-end processing dedicated to
the MOX spent fuel, nuclear fuel cycle and associated wastes

1. Introduction

Almost but a few would recognize the relation between fossil fuel burning and
the global greenhouse issue. However many of them tend to be in favor of expen-
sive and inefficient but immediately harmless renewable energy than existing
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Abstract
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(HLW) and sustaining energy using the molten salt reactor (MSR) technology, have
been expected.

The MSR technology was developed and culminated by successful operation of
the molten salt reactor experiment (MSRE) and conceptual design of the molten salt
breeder reactor (MSBR) in Oak Ridge National Laboratory (ORNL) by 1975 to make
thorium as a naturally available fuel usable in addition to uranium.

Many attempts have been made to realize breeder reactors based on the U-Pu
cycle using molten salt fuels; however such endeavors had been limited in the chlo-
ride salts, because of the feasibility to obtain high enough energy of neutron flux [1].

In addition to the predicted solubility data from thermodynamic calculations
[2], recently actualized high solubility data of various fluorides of actinides and
lanthanides specifically in the LiF-NaF-KF eutectic mixture (traditionally named as
FLiNaK) [3–6] reportedly could allow utilizing the high enough energy neutrons for
the U-Pu breeding cycle aided by a high heavy element inventory (2.8 t/m3) and a
small neutron moderating capability [7].

It was reported that a system nominated as a 3.2 GWt U-Pu fast-spectrum
molten salt reactor (U-Pu FMSR) of 21.2 m3 core volume (31.8 m3 total primary
system volume) starting from 68.5 tons of uranium with 15 tons of plutonium
solving in FLiNaK to reach an equilibrium state after 10 years with an online
chemical processing in which the conversion ratio (CR) became positive with
inventory of 68.6 tons uranium, 20.9 tons plutonium, and 1.4 tons miner actinides
did not need fissile material in feeding and consumed 238U only [7].

It does not intend to reduce doubling time but can breed fissile to guarantee
stable operation without a blanket. It does not deliberately decrease TRU but con-
fines them into the reactor core and isolates them from improper uses indefinitely.
It does continuously renew fissionable actinides by the metabolic function with an
online processing and produce nearly actinide-free fission product streams to be
wasted. This implies that fluoride molten salt reactor technology is being available
based upon U-Pu breeding cycle to afford reasonable approach to global task
addressed to sustaining natural resources, decreasing stockpile of plutonium as well
as depleted uranium, relieving radioactive waste burden from the use of nuclear
energy, achieving complete nonproliferation, inheriting safety characteristics of the
liquid fuel, and establishing complete stand-alone system associating with only the
waste disposal facility.

The author and associates have successfully performed a follow-up calculation
not only for FLiNaK but also NaF-KF-UF4 system as a matrix of the fuel salt [8, 9].
Their efforts have borne a fruit as a nuclear reactor plant using a mixture of
NaF-KF-UF4 fertile and NaF-KF-TRUF3 fissile as the fuel salt incorporated with
designated online chemical processes based upon the oxide selective precipitation
process with extremely low heavy element released to the environment which was
nominated as the fast-spectrum fluoride molten salt reactor (FFMSR) [10–12].

2. Preliminary survey and study

2.1 Is FLiNaK the best choice as the matrix for a liquid fuel?

Composing the fuel salt for a thermal reactor such as the Molten Salt Breeder
Reactor (MSBR) had nothing to do with solubility. The fertile salt 0.72LiF-0.16BeF2-
0.12ThF4 had a unique phase relationship in which liquidus was constant at 500°C
during ThF4 content was varied between 10 and 20 mol%. The fissile salt 233UF4
was not dissolved in the fertile salt, but displaced 232ThF4, as they had the same
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monoclinic crystal structure. During the freezing process, almost 75% of the fuel
salt was solidified at 500°C as the same composition as the liquid phase. Eventually
0.47LiF-0.515BeF2-0.015ThF4 containing very small amount of 233UF4 solidified as
eutectic at 370°C [13]. This freezing process was evaluated as nuclear criticality
safety in the fuel salt drain tank, and it became as a basis of the technological
feasibility.

In serious attempt to use hexagonal PuF3 as a fissile instead of monoclinic 233UF4
in 0.72LiF-0.16BeF2-0.12ThF4, it had been treated as the solubility of PuF3. The
term “solubility” has been used as a convenient synopsis of “liquefied fraction” on
the phase diagram [14]. However they are not the same exactly because “solubility”
is defined as the mole fraction of solute in solvent, while “liquefied fraction” is
defined as the fraction in total mole value.

The elaborated solubility measurements in FLiNaK by Russian scientists [3–6]
should have been more appropriately respected if they had made the chemical
composition of alkali fluoride matrix of liquefied samples analytically quantified
instead of their customary practice in which the matrix had been always assumed as
FLiNaK, even if they have found no UF4 or PuF3 but 2KF-UF4, 7KF-6UF4, KPu2F7,
KPuF4, and NaPuF4 in the solidified residue by the X-ray diffractometric analysis.

The author tries to interpret the solubility of UF4 and PuF3 in the FLiNaK by
producing liquefied components at respective temperatures as shown in Table 1
based upon the material balance referring from relevant phase diagrams in Figure 1
[15] and Figure 2 [16]. The red line in each ternary diagram which starts from the
actinide fluoride corner, passes through the eutectic point, and ends in the alkali
fluoride edge represents the actinide concentration in a fixed matrix composition.

The increasing process of liquefied fraction consists of two types, firstly com-
posing compounds at the eutectic temperature and secondly increasing content of
liquefied fraction according to rising temperature. Alkali fluoride compounds of
UF4 have a wider range of liquid zone than those of PuF3 in the relevant phase
diagrams.

Table 1.
Interpretation of solubility upon accumulated liquefied compounds.
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Coexistence of UF4 and PuF3 obviously competes each other in the first mecha-
nism. The eutectic formation at lower temperature should have the priority.

These results would be summarized as:

1.The liquefied mixture of FLiNaK and heavy metal fluorides is not a solution.

2.KF (mp = 865°C) might have been temporally solidified prior to producing
0.445KF-0.555UF4 (735°C) during the ascending temperature process in the
solubility measurement of UF4.

3.KF (mp = 865°C) and NaF (mp = 900°C) might have been temporally solidified
prior to producing 0.651KF-0.349PuF3 (619°C) or 0.772NaF-0.228PuF3 (726°C)
during the ascending temperature process in the solubilitymeasurement of PuF3.

4.The saturated FLiNaK solution of UF4 and PuF3 is elucidated as the mixture of
three types of alkali fluoride compound assumed as 0.321 (0.435LiF-
0.243NaF-0.322UF4)-0.241 (0.730LiF-0.270UF4)-0.438 (0.651KF-0.349PuF3)
with liquidus temperature of 619°C and solidus temperature of 445°C.

5.The liquidus temperature of the FLiNaK mixture might be substantially higher
than that of solvent. Any physical favorable properties of FLiNaK should have
not been directly attributed to the fuel salt.

Figure 1.
Phase diagrams for LiF, NaF, KF, and UF4 system [15].

Figure 2.
Phase diagrams for LiF, NaF, KF, and PuF3 system [16].
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2.2 Alternative choice to prepare the liquid fuel

Taking the lessons learned, the liquid fuel has to be a mixture of fertile salt and
fissile salt both frozen into eutectic phases. Extensive numbers of phase diagram,
which show the relationship between the variation of compositions and the liquidus
temperature of mixtures, for alkali fluoride systems containing UF4 and for those
containing PuF3 have been defined. The eutectic temperature means that nothing
but liquid is stable over this temperature and that nothing but solid is stable under
this temperature. The eutectic compositions and temperatures for the alkali fluoride
systems containing UF4 and PuF3 are listed in Table 2.

There are various candidates for the combination of fertile salt and fissile salt as
shown in Table 3. Technologically the liquidus temperature is preferably as low as
possible. The lower heavy metal content of a component could imply higher
liquidus temperature apart from the indicated eutectic temperature.

The author is particularly interested in the fuel system consisting of NaF-KF-
UF4 and NaF-KF-PuF3 which do not contain enriched 7LiF for economic as well as
technological reasons associated with tritium control and irradiation defects after
being solidified. If there might be a particular reason to contain LiF in the fuel, it is
decreasing viscosity.

It is revealed that this combination can provide 0.35NaF-0.29KF-0.28UF4-
0.08PuF3 composed of mixing 0.762 (0.504NaF-0.216KF-0.280UF4) and 0.238
(0.053NaF-0.608KF-0.340PuF3) at the liquidus of 605°C and the solidus of 490°C.
This means that nothing but liquid is stable at 605°C or higher and nothing but solid
is stable at 490°C or lower according to the phase diagrams Figures 1 and 2.

Alkali fluoride with UF4 [15] Alkali fluoride with PuF3 [16]

Compositions Molecular ratio ET* Compositions Molecular ratio ET*

LiF-UF4 0.730–0.270 490 LiF-PuF3 0.798–0.212 745

LiF-UF4-PuF3 0.733–0.257–0.010 484

NaF-UF4 0.785–0.215 735 NaF-PuF3 0.779–0.221 726

0.720–0.280 623

0.440–0.560 680

KF-UF4 0.850–0.150 618 KF-PuF3 0.651–0.349 619

0.615–0.385 740

0.460–0.540 735

LiF-NaF-UF4 0.600–0.210–0.190 480 LiF-NaF-PuF3 0.429–0.472–0.099 604

0.350–0.370–0.280 480 0.611–0.167–0.222 685

0.435–0.243–0.322 445

0.245–0.290–0.465 602

LiF-KF-UF4 0.331–0.589–0.080 470 LiF-KF-PuF3 0.431–0.522–0.047 476

0.267–0.476–0.257 500 0.341–0.471–0.188 513

NaF-KF-UF4 0.293–0.622–0.085 650 NaF-KF-PuF3 0.285–0.528–0.187 567

0.504–0.216–0.280 490 0.053–0.607–0.340 605

0.355–0.120-0.520 650

*Eutectic temperature.

Table 2.
Alkali fluoride eutectic mixture containing UF4 or PuF3.
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2.3 Density of alkali fluoride mixture with heavy metal fluoride

The density of a liquid mixture has been customarily obtained as a reciprocal of a
weighted average of molecular volume of components; though this procedure
worked satisfactorily during the MSRE and MSBR project in ORNL [17], concur-
rently it has been recognized that the results might be significantly erroneous with-
out pertinent information about the respective components, e.g., liquid UF4 or PuF3.
If the components would compose a complex compound, e.g., 2KF + UF4 ! K2UF6
or 3KF + PuF3 ! K3PuF6, it might cause a serious deviation from linearity.

Since most molten salt reactors considered during the early stages of MSR
project in ORNL were thermal or epithermal, the fluorides of lithium, beryllium,
sodium, and zirconium have been given the most serious attention for the carrier
salt of liquid fuels. However some alkali fluoride mixtures including potassium with
UF4 were also investigated in ORNL during the earlier stage of MSR project
although details had been classified [18]; however the density data were perceived
as not from additivity calculation as listed in Table 4.

However it seems that the density of listed mixtures is approximately expressed
by a couple of second-order approximate least square functions according to UF4
molar concentration, one for binary systems and another for ternary (or pseudo-
ternary) systems, regardless of alkali fluoride matrix as shown in Figure 3.

Based upon the density data for solid UF4, UF3, PuF4, and PuF3, i.e., 6.72, 8.97,
7.0, and 9.32 g/cm3 at the room temperature [19], it is hypothetically assumed that
PuF3 can be substituted by 1.389 molecules of UF4 and UF3 by 1.335 molecules of
UF4 in the sense of density effect. The average temperature coefficients were
reported as 0.0008/oC in the range of 0–4 mol% and as 0.0011/oC in the range
higher than 22 mol% [18].

This procedure to estimate the density of fuel salts with substantially high
concentration of actinides became a major breakthrough in the whole study; how-
ever it should be experimentally verified further (Table 5 [19]).

2.4 Implication of density of the liquid fuel in the feasibility of reactor

2.4.1 Effect of density on conversion of inventories to concentrations

The physical feasibility of the U-Pu FMSR was independently verified by us in
the sense of heavy element inventory with small deviations [8]; however there have
been drastic differences in mol% concentrations of UF4 and PuF3 to provide the

Case Fertile salt (eutectic temp.) Fissile salt (eutectic temp.)

Li 0.730LiF-0.270UF4 (490°C) 0.788LiF-0.212PuF3 (745°C)

Na 0.720NaF-0.280UF4 (623°C) 0.779NaF-0.221PuF3 (726°C)

K 0.850KF-0.150UF4 (618°C) 0.651KF-0.349PuF3 (619°C)

Li-Na 0.435LiF-0.243NaF-0.322UF4 (445°C) 0.611LiF-0.167NaF-0.222PuF3 (685°C)

Li-Na-K 0.435LiF-0.243NaF-0.322UF4 (445°C) 0.341LiF-0.461KF-0.188PuF3 (513°C)

Li-K 0.267LiF-0.476KF-0.257UF4 (500°C) 0.341LiF-0.461KF-0.188PuF3 (513°C)

Li-K-Na 0.267LiF-0.476KF-0.257UF4 (500°C) 0.611LiF-0.167NaF-0.222PuF3 (685°C)

Na-K 0.504NaF-0.216KF-0.280UF4 (490°C) 0.053NaF-0.608KF-0.340PuF3 (605°C)

Table 3.
Candidates for the combination of fertile salt and fissile salt.
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required inventory as shown in Table 6. We have learned that the reported work
[7] have applied density of the fuel salt as 5.32 g/cc at 680°C derived from the
weighted average process of molecular volume for 0.704 (FLiNaK)-0.21UF4-
0.067PuF3-0.0045MaF3-0.014FP [20], while it was 3.86 g/cc according to our
procedure.

Composition of salt MP Liquid density Liquid
viscosity

Specific heat at
700°C

Thermal
conductivity

Li Na K U °C (g/cc)(T:°C) (Cp) (cal/g-deg) (W/m-K)

60 40 710 2.40-0.00060 T – – –

60 40 652 2.42-0.00055 T 4.66 (600°C) 0.58 –

50 50 492 2.46-0.00068 T 4.75 (600°C) 0.44 –

46.5 11.5 42 454 2.53-0.00073 T 4.75 (600°C) 0.45 4.53

72.5 27.5 490 6.11-0.00127 T 12.1 (700°C) – –

66.7 33.3 623 5.51-0.00130 T 16.3 (600°C)* 0.21 –

50 50 680 6.16-0.00107 T – – –

45 55 735 6.07-0.00115 T – – –

38.4 57.6 4 645 2.95-0.00770 T 3.5 (700°C) 0.53* -

33 45 22 506 4.50-0.00101 T – 0.26 –

48 48 4 560 2.75-0.00073 T 3.2 (700°C) 0.38 –

48.2 26.8 25 558 4.54-0.00110 T 9.8 (700°C) 0.23 –

46.5 26 27.5 530 4.70-0.00115 T 17.3 (600°C) 0.23* 0.87

50 20 30 575 4.78-0.00104 T 10.0 (700°C) 0.22 –

35 20 45 708 5.60-0.00116 T – – –

44.5 10.9 43.5 1.1 452 2.65-0.00090T* 4.61 (600°C)* 0.44* 4

45.3 11.2 41 2.5 490 2.67-0.00072 T 5.10 (600°C)* 0.38 –

44.7 11 30.3 4 560 2.80-0.00074 T 5.35 (600°C) 0.41 –

*Explicitly marked as experimental value.

Table 4.
Some physical properties of alkali fluorides containing UF4 [18].

Figure 3.
Density of alkali fluorides containing UF4 [18].
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2.3 Density of alkali fluoride mixture with heavy metal fluoride
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Table 3.
Candidates for the combination of fertile salt and fissile salt.
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required inventory as shown in Table 6. We have learned that the reported work
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The calculated molar concentration of the heavy elements in the fuel salt is
inversely proportional to the density of the fuel salt for the identical inventories.
The nuclear characteristics rely on the heavy metal inventory; however the phase
relationship and chemical/hydrothermal characteristic solely rely on molecular
concentration of heavy metal fluorides. Accordingly the fuel composition for which
we have to examine the technological feasibilities should be 0.612 (FLiNaK)-
0.290UF4-0.098TRUF3 instead of 0.704 (FLiNaK)-0.21UF4-0.067PuF3-
0.0045MaF3-0.014FP.

Establishing the standard process to evaluate reliable density value of the fuel
salt is an indispensable step of research and development work of the molten salt
reactor technology particularly when it is across multiple research parties.

2.4.2 Deviation of density due to UF3 formation

The physical calculations up to now for the FFMSR are performed for the fuel
salt having chemical composition as.

ThF4 UF4 PuF4 UF3 PuF3 CeF3

Free energy of formation at 1000 K (kcal/F atom) �101 �95.3 �86.0 �99.9 �104.3 �118

Melting point (°C) 1111 1035 1037 1495 1425 1637

Crystal structure* M M M H H H

Density (g/cc) at 20°C 5.71 6.72 7.0 8.97 9.32 6.16

*M, monoclinic; H, hexagonal.

Table 5.
Comparison of properties of PuF3 with ThF4, UF4, PuF4, UF3, and CeF3 [19].

U-Pu FMSR [7] Our work [8]

Fuel salt UF4-PuF3 in
FLiNaK

UF4-PuF3 in
FLiNaK

PuF3 in NaK-
KF-UF4

TRUF3 in NaF-
KF-UF4

Power, MWth 3200 3200 3200 3200

Reactor core H/R ratio, h/r 1.85 1.85 1.85 1.85

Reactor core volume, m3 21.2 21.2 21.2 21.2

Specific power, W/cm3 150 150 150 150

Average neutron flux, cm�2 s�1 �1015

Initial fuel loading, U/Pu/MA, ton 68.5/15/� 72.1/16.1/� 71.3/15.6/� 71.3/17.1/2.1

Equil. fuel loading, U/Pu/MA, ton 68.6/20.9/1.4 71.9/20.3/1.2 71.2/19.2/1.3 71.2/19.6/1.2

Fuel salt density, g/cc, at 680°C* 5.32

Fuel salt density, g/cc, at 680°C** 3.862 4.442 4.343 4.358

keff in equil. state 1.008 1.008 1.008 1.008

k∞ in equil. state 1.044 1.054 1.051 1.052

Temperature coefficient �2.4–10�5 �8.0–10�5 �7.6–10�5 �7.3–10�5

*Weighted average of molecular volume.
**Interpolated from the ORNL data.

Table 6.
Results of the follow-up calculations.
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0:350NaF� 0:290KF� 0:280UF4 � 0:080PuF3 d928K : 4:684 g=ccð Þ (1)

However if [UF3]/[UF4] ratio should have been kept at 5% for the redox buffer
control as will be discussed in Section 2.5.2, the chemical composition might have
been altered as.

0:350NaF� 0:290KF� 0:267UF4 � 0:013UF3 � 0:080PuF3 d928K : 4:714 g=ccð Þ (2)

This unique temperature unrelated factor (�0.06% of fuel density) on the
reactivity should be evaluated accordingly.

2.5 Challenges for realization of FFMSR

2.5.1 Characteristic arrangement for the unmoderated MSR

The authors have never dared to realize molten salt fast reactors for burning
TRU, unless we could have seen a tank-within-tank layout proposed by Forsberg
[21] and reproduced in Figure 4, to ensure characteristic safety of the unmoderated
MSR based on the technology for the fluoride high-temperature reactor (FHR).

A unique criticality safety challenge associated with unmoderated MSR is that
criticality can occur if the fissile materials leak from the system and come near the
neutron moderators, such as concrete. This has to exclude the “catch pan” arrange-
ment to transfer gravitationally the spilled fuel material into the drain tank, which
has been traditionally adapted by graphite-moderated MSR.

The combination of the direct reactor cooling system (DRACS), the pool reactor
auxiliary cooling system (PRACS), and the buffer-salt pool which includes drain
tanks in the bottom and is located in the underground silo can accommodate the
decay heat removal and criticality issues under the design basis as well as the
beyond-design-basis accident, even including the outer vessel failure.

2.5.2 Redox control of FFMSR

UF4 molecule in a liquid fluoride mixture intrinsically oxidizes to dissolve Cr as
the most vulnerable constitution of the specifically developed structural material
Hastelloy N to result in CrF2 and to form UF3 molecule. This challenge to be

Figure 4.
Comparison between unmoderated and moderated arrangement [21].
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addressed for a UF4-fueled molten salt reactor was overcome by keeping U(IV)/
U(III) ratio no less than 100 with constant monitoring of CrF2 concentration [22].

From 1965 to 1969, a successful operation of the MSRE proved that the fission of
235UF4 as well as of 233UF4 made the fuel salt moderately oxidizing as previously
suggested and proven that the absence of metallic uranium deposition or uranium
carbide formation incidence due to successive fissioning. The U(IV)/U(III) ratio
could be maintained within the projected range by periodic dissolution of beryllium
metal bar suspended in the pump bowl. During the post-MSRE work, it was found
that the significant intergranular cracks due to the presence of fission product tellu-
rium could be suppressed by adjusting the U(IV)/U(III) ratio no higher than 70 [22].

In 1968, Thoma [19] described that no significant differences were believed to
exist in the yield or chemistry of the principal species of fission products which would
result from the incorporation of PuF3 in MSR fuels and then the use of a tri-fluoride
solute should result in a cation excess and should cause the fuel solution to generate a
mild reducing potential, because he had confirmed that the fission of 235UF4 fuel
consuming �0.8 is equivalent to UF3 per gram atom of fissioned uranium.

In 1994 Toth [23] ratified Thoma’s perception [19] made in 1968 regarding the
effect of PuF3 fission on redox potential of the fuel salt however with strong
warning that further investigations should be required if Pu fuels were used in
future designs.

In November 2017, the ORNL has made an official presentation to the US-NRC
staff [24] that the fission of PuF3 releases three fluorine ions, while the fission
products require more than three, and thus there will be a fluorine ion deficit with
net reducing conditions without showing fission product yield data or chemical
status of fission products. The ORNL traditionally has ignored the fact in which
fission of 239Pu yields much more rare metals and much less zirconium than those of
235U or 233U which could decrease the required fluorine ions substantially.

The author solicited Dr. Shimazu [25] to take a positive approach to certify the
new redox potential control paradigm using the newest computation practice and
elucidated free fluorine yield data for 233UF4,

235UF4, and
239PuF3 per unit fission as

well as per unit power output under both thermal neutron (MSRE) and fast neutron
(FFMSR) environment assuming that the chemical behavior of fission product in
molten fluoride environment is identical as evaluated for 235U fission by Baes [26] as
shown in Table 7.

It was informed by the study [27] with molten LiF-BeF2-ThF4 (75-5-20 mol%)
salt mixture fueled by 2 mol% of UF4 and containing additives of Cr3Te4, including
250-h tests with exposure of nickel-based alloy specimens at temperatures from 700
to 750oС and under mechanical loading, that there were no traces of tellurium
intergranular cracking on specimens in the fuel salt with [U(IV)]/[U(III)] ratio
from 20 to 70 and no nickel-uranium intermetallic film on the specimens with fuel
salts characterized by the ratio larger than 3, as shown by the acceptable redox
voltage range in Figure 5 [27, 28].

Fissionable Materials Mole-F/Fission Mole-F/MWt-y

Fast Thermal Fast Thermal

233UF4 0.65 0.80 1.13 1.14

235UF4 0.80 0.80 1.35 1.36

239PuF3 0.60 0.60 1.02 1.09

Table 7.
Free fluorine production rate per fissioning in liquid fluoride fuel [25].
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NaF-KF-UF4 compound might be less Lewis basic than LiF-BeF2-ThF4; however
it will require to make the [U(IV)]/[U(III)] ratio at least 20. This means that UF3
has to be kept as the redox buffer at 1.33 mol% while total uranium fluoride at
28.1 mol%.

2.6 Operational behavior of FFMSR

2.6.1 Effect of U inventory on reactor physical properties

Neutronic calculations were made taking originally proposed configurations of
the reactor (core height/radius ratio, 1.85; core volume, 21.2 m3; primary circuit
volume, 31.8 m3) and the power output (3.2GWth) the same as Ref. [7], but other
factors, such as the actinide isotopic composition (45,000MWD/t-U in BWR,
5 years cooling), neutron leakage (with 30 cm steel reflector), the fuel temperature
(627°C), the salt cleanup and makeup condition, etc., were discretely specified to
give verified number of heavy element masses and concentrations in the fuel salt to
give designated reactivity (keff = 1.007) from the start up to the equilibrium state
(40 years).

Operational features are characterized by annual feed/breed balance of fissile
material as TRU over four zones under a constant U inventory which can be
maintained by an appropriate makeup. The effect of U inventory in three levels on
TRU feed/breed balance is evaluated in which fuel salt cleaning started after 300
effective full power days (EFPD) with an interval of 300 EFPD and illustrated in
Figure 6. The larger inventory of U requires larger amount of initial fissile inven-
tory but smaller amount of supplement; however the peak annual supplement is less
dependent on the initial U charge. U inventory of 61.4 tons is the lowest threshold
limit to make breeding break-even possible, while that of 71.5 tons can provide as
much as 100 kg TRU of annual breeding; however it is the highest threshold limit by
U content acceptable by a relevant fuel salt.

Figure 5.
Dependence of the redox potential on UF4/UF3 ratio [27, 28].
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dependent on the initial U charge. U inventory of 61.4 tons is the lowest threshold
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Figure 5.
Dependence of the redox potential on UF4/UF3 ratio [27, 28].

67

Fast-Spectrum Fluoride Molten Salt Reactor (FFMSR) with Ultimately Reduced Radiotoxicity…
DOI: http://dx.doi.org/10.5772/intechopen.90939



2.6.2 Effect of fuel salt cleaning interval on reactor physical properties

Three hundred EFPD and 1500 EFPD of the fuel salt cleaning interval are
evaluated both for an identical initial charge of the fuel salt composition (U: 71 t) as
shown in Figure 7. No chemical cleaning but only makeup of TRU was made during
the designated initial interval. The longer interval requires larger amount of fissile
material supplement; however the peak annual supplement is less dependent on the
extension of cleaning interval. A longer interval makes the cleaning volume smaller
but nevertheless total makeup larger; however the cost of facility is specifically
determined by the peak annual makeup value.

The operation of an FFMSR with 1500 EFPD of fuel salt cleaning interval is
assumed as barely providing a steady and sustaining operation with an appreciable
breeding (10 kg TRU/year) in equilibrium.

Figure 6.
Effect of initial U charge on the feed/breed balance.

Figure 7.
Effect of fuel salt cleaning interval on the feed/breed balance.
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2.6.3 Effect of initial fissile isotope composition

The effect of isotopic composition of initial feed TRU was evaluated for BWR-
UOx fuel and ABWR-MOX fuel as shown in Figure 8. The isotopic compositions of
each feed TRU are shown in Table 8.

It is revealed that the breeding performance of an FFMSR applied on the ABWR-
MOX spent fuel is much better than that on the BWR-UOX spent fuel though they
can be comparable after the equilibrium state.

What is more drastic is the capability of accumulated TRU to support deploy-
ment of the FFMSR. It is assumed that a 3.3 GWt (1.0 GWe) BWR yields annually
20.4 t of spent nuclear fuel (SNF) (50 GWd/t-U) containing 0.27 t of TRU; mean-
while a 3.93 GWt (1.38 GWe) full MOX ABWR yields annually 34.8 t of SNF
(33 GWd/t-HM) containing 1.28 t of TRU. The accumulated SNF from a BWR for
54.6 years will support an FFMSR-UOX, and that of an ABWR’s SNF for 17.8 years
will support an FFMSR-MOX, with equivalent power output the same as the
respective reactor. This means that a full MOX ABWR can be a breeding reactor
with 17.8 years doubling time by the combination of FFMSR deployment.

2.7 Evolution of TRU constitution

The TRU inventory is almost kept at a constant through FFMSR operation with
specific trends of isotopic evolution as shown in Figures 9 and 10.

The high content of Np is distinct in the TRU from LWR; however it is trans-
muted effectively. The content of Pu isotopes is getting saturated in both cases. Am
isotopes are slowly decreasing until 40 years. The buildup of Cm is over a factor of
3.5; however it tends to be saturated after 20 years. This is a characteristic feature
compared with the case of MOSART [29] in which non-fissionable Cm isotopes

Figure 8.
Effect of initial fissile isotope composition on the feed/breed balance.

Source of TRU Np/Pu/Am/Cm (wt.%) 238/239/240/241/242Pu (wt.%)

BWR-UOX-45GWd/t-U 5.19/89.22/4.90/0.69 2.80/51.77/25.98/11.07/8.38

ABWR-MOX-33GWd/t-HM 0.35/91.69/7.11/0.85 2.62/38.17/35.33/13.49/10.39

Table 8.
Isotopic composition of initial feed TRU.
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build up remarkably. Generally favorable features of fast neutron irradiation are
represented, though further assessments for several hundred years are inevitable.

2.8 Freezing behavior of fuel salt

The molten salt reactor is feasible as long as the liquidus temperature of the fuel
salt is kept at least 50°C lower than the reactor core inlet temperature. According
to the classic design principle of molten salt reactors, the fuel salt should be
composed of a single eutectic mixture, and all components of the fuel salt should
congruously solidify at the eutectic point.

In the case of the FFMSR, the phase change is incongruous manner as the fuel
salt should be composed of a pair of independent eutectic mixtures. It should be
qualified by freezing behavior down to the solidus temperature in order to justify
any engineering effort particular to the molten salt reactor such as the freeze valve,
the fuel drain tank, and the reactor safety evaluation.

Figure 9.
Evolution of TRU isotopic composition during burnup (BWR-UOX).

Figure 10.
Evolution of TRU isotopic composition during burnup (ABWR-MOX).
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The freezing of NaF-KF-UF4-PuF3 system is dictated by the eutectic point of
fissile salt (605°C) to give eutectic of NaF-KF-PuF3 irrespective of the concentra-
tion of UF4 as shown in Table 9. These values of liquidus temperature are substan-
tially higher than that of the classic fuel salt such as 0.72LiF-0.16BeF2-0.12ThF4
(500°C) for thermal neutron molten salt reactors based upon the Hastelloy N
technology however near to that of the revised MSFR (594°C) [30].

The solidified fuel salt eventually produces a specific stratified structure, a
lighter fissile salt on a heavier fertile salt. The density of solidified salt is assumed as
8% higher than that of liquid at the same temperature.

Feasibility of the freeze valve can be controversial because it has originally been
developed on the assumption that the fuel salt was a single eutectic mixture which
solidified congruously.

2.9 Effect of burnup and tri-fluorides on freezing behavior

If the U(IV)/U(III) ratio in the system is fixed at 20 as a redox buffer medium,
71.4 tons-U (300,000 moles) of the total U inventory should consist of
285,700 moles of UF4 and 14,300 moles of UF3. The concentration of UF3 is
1.33 mol% when that of PuF3 is 8.10 mol%. Meanwhile, UF4 inventory is reduced to
a factor of 0.952 by chemical reduction to UF3.

It has been suggested thermodynamically that tri-fluorides of fission product
lanthanide behave as PuF3 as well as those of minor actinide in the phase relation-
ship and would interfere the freezing behavior.

Calculations are made to evaluate the effect of reduction of UF4 to UF3 and
buildup of fission product lanthanide tri-fluorides in NaF-KF-0.281UF4-0.081PuF3
fuel salt according to chemical processing intervals for two cases of fissile salt
arrangement and shown in Tables 10 and 11.

It is revealed that the effect of UF4 reduction to UF3 does not affect liquidus
temperature of fuel salt meaningfully irrespective of fissile salt.

Table 9.
Liquid and solid components of fuel salt during freezing.

liqa, liquidus temperature; XF3
b: PuF3 + UF3 + LaF3 + if any.

Table 10.
Option (a): to keep eutectic freezing at 605°C of fuel salt, 0.053NaF-0.607KF-0.340PuF3.
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The buildup of lanthanide tri-fluorides does affect the liquidus temperature of
fertile salt up to 625°C for the case (a); meanwhile it does not exceed 610°C using
the fissile salt (b).

Option (a) should allow 900 EFPD of the chemical process interval if the
liquidus temperature of fertile salt at 610°C is acceptable.

Option (b) should allow 1500 EFPD of the chemical process interval if the
liquidus temperature of fertile salt at 610°C is acceptable. Option (b) however is
against the rule in which no free fissile material is deposited before eutectic freez-
ing. The choice of alternatives is depending upon less than 3% of difference of
designated molar composition of tri-fluoride in the fissile salt. Not only the phase
behavior of stable tri-fluoride such as PuF3 and LnF3 but also that of fluctuated UF3
should be examined carefully.

3. Chemical processing

3.1 How fission product stream be free from TRU

It has been evaluated that the radiotoxicity of the PWR-UOX-SNF of 50GWd/t-U
decreases to the reference level represented by that of annually transmuted natural
uranium (7.83 t-Unat.) after 130,000 years from discharge. If the HLW contains
absolutely no TRU, the radiotoxicity decreases to the reference after 270 years
mainly dominated by that of alkali and alkali earth elements (FPalk: Rb, Cs, Sr., Ba)
as shown in Figure 11 [31].

The radiotoxicity of HLW from a reprocessing of UOX fuel with a nominal Pu
loss rate of 0.5% and with removing minor actinides (MA; viz., Am and Cm) with a
loss rate of 1% will decrease at the reference level in 500 years. It is assumed that the
period will decrease to 370 years if Pu and MA are removed simultaneously from
the HLW as TRU at the overall loss rate of 0.5%. This represents that the permissi-
ble TRU content in the finally disposed fission product (FPalk: Rb, Cs, Sr., Ba) is
65.9 g-TRU/8461 g-FPalk (0.78%) as shown in Table 12.

The nuclear fuel of a 3.2 GWt FFMSR supported by 93.6 t-HM reaches the
burnup of 51.3 GWd/t-HM in 1500 EFPD by consuming depleted uranium (4.33 t-
Udep./50 GWd/t-HM), which might have been discarded as a radioactive waste
somehow. If the radiotoxicity of 4.33 t-U instead that of 7.83 t-U is assumed as the
reference for the HLW of FFMSR, the period to decrease to the revised reference
value might be extended to 500 years after discharge. In order to keep TRU/FPalk at
0.78%, the permissible loss rate of the TRU into the FPalk should be less than
0.036% due to the specific TRU concentration in an FFMSR fuel as high as in an
equivalent LMFBR fuel, as shown in Table 11. The required loss rate is far less than

liqa, liquidus temperature; XF3
b: PuF3 + UF3 + LaF3 + if any.

Table 11.
Option (b): to allow liquidus at 610°C of fuel salt, 0.052NaF-0.599KF-0.349PuF3.
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0.1% of the target to be achieved by the pyro-processes such as electrochemical
refining or liquid metal extraction currently under development [31].

The chemical processing in the FFMSR should be efficient to remove fuel mate-
rial from the fission product streams but not necessarily efficient to remove fission
products to become as neutron poisons if it were operated under the thermal
neutron from the fuel stream.

To perform this new and perpetual mission, a processing interval of 1500 EFPD
is sufficiently long and provides a small throughput in other words. The online
chemical processing facility of α-β-γ-n remote operable capability collocated with

Figure 11.
Ingestion radiotoxicity of 1 t of spent nuclear fuel [31].

PWR-UOX 50GWd/t-U FFMSR 51.3 GWd/t-HM*

Element Mass
g/t-U

Permissible
TRU (g)

Required
loss rate

Mass
g/t-U

Permissible
TRU (g)

Required
loss rate

Uranium 935,245 730,300

TRU 13,179 212,100

Halogens 358 741

Rare gases 8388 7533

Noble and semi-noble metals 13,306 18,594

Alkali and alkaline earths 8461 65.9 0.5% 9665 75.3 0.036%

Lanthanides 15,621 16,655

Zirconium 5442 4559

FP total 51,576 57,624

*Burnup at the end of the first 1500 EFPD and thereafter.

Table 12.
Comparison of required loss rate.
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the FFMSR would be the most expensive auxiliary part of the plant to be
constructed as well as to be operated. Such cost should be depending upon the
nature of process, i.e., process complexity, material compatibility, process wastes,
and capacity in particular.

3.2 Requirements to be concerned

The crucial point in the fuel cleanup process is not the complete removal of
neutron-absorbing material such as lanthanides from the fuel but keeping any leak
of actinides into waste streams as low as possible. This could justify the use of the
selective oxide precipitation process as an absolutely simple choice compared with
other pyro-processes such as the electrochemical or the reductive extraction [32].

The fluoride volatile process of UF6 had been perceived as the most practical since
the successful operation in MSRE during switch over the fissile from 235U to 233U;
however it has been overlooked the fact that metallic Zr scrap in addition to the fuel
should be followed by a prolonged H2 sparge to remove metallic corrosion products
(Ni, Fe, Cr) caused by F2 treatment. The presence of a certain amount of Pu should
require applying a reducing process from PuF4 to PuF3 in order to avoid accidental
precipitation of PuO2 and severe material corrosion. Any absence of such treatment
after the final removal of 233UF6 might have resulted MSRE remediation in a fruitless
and endless trouble by undisclosed reasons of line clogging of the fuel drain tank.

3.3 Selective oxide precipitation process

In the very early stage of the Molten-Salt Reactor Program (MSR Program)
started at ORNL, experimental studies on selective precipitation of oxides had been
carried out because it might have been a suitable scheme for the reprocessing of
molten salt reactor fuels, though it was abandoned after the discovery of the reduc-
tive extraction and metal transfer process associated with the UF6 volatile process,
which, though complex and material incompatible, involved handling only liquids
and gases. However the ultimately small throughput may allow us to select a solid
handling process if the process is simple, fast, and material compatible.

A successful attempt was made to precipitate mixed uranium, plutonium, minor
actinides, and rare earths from LiF-NaF molten salt solution by fluor-oxide exchange
with other oxides (e.g., CaO, Al2O3) at temperatures 700–800°C. It was found that
the following order of precipitation in the system is U-Pu-Am-Ln-Ca. Essentially all U
and TRU were recovered from the molten salt till to rest concentration 5 � 10�4%,
when 5–10 mol% of rare earths are still concentrated in solution [33, 34].

An optional process to be applied to the DMSR fuel was suggested as follows.
Treat the melt with a strong oxidant to convert UF3 to UF4, PaF4 to PaF5, and PuF3
to PuF4. Precipitate the insoluble oxides using water vapor diluted in helium. The
oxides UO2, Pa2O5, PuO2, CeO2, probably NpO2, and possibly AmO2 and CmO2

should be obtained. Recover the oxides by decantation and filtration.
Hydrofluorinate the oxides into the purified melt of LiF-BeF2-ThF4, and reduce the
melt with H2 and reconstitute fuel with the desired UF4/UF3 ratio [35].

This could justify the use of the selective oxide precipitation process as an
absolutely simple choice compared with other pyro-processes such as the electro-
chemical or the reductive extraction [36].

3.4 Customization of the process

Based upon the survey, it is concluded that the application of the selective oxide
precipitation process with alkali or alkali earth metal oxides (K2O2; melt at 490°C
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and CaO; solid) as the oxidizer can be feasible under special cautions about selec-
tivity to the FFMSR technology relying on NaF and KF as major constitutes of fuel
solvent, as shown in Figure 12.

If it can reduce TRU concentration to 5 � 10�4 mol% in liquid phase from 8 mol
%, the available loss rate will be 6.25 � 10�5. The permissible loss rate of 3.6 � 10�4

is six times larger than the available loss rate.
Intense increase of liquidus temperature should be taken into account during

actinide removal treatment from 605°C up to 800°C. Using K2O2 as a precipitator
can modify Na/K ratio from 0.55/0.45 to nearly 0.40/0.60 to give eutectic mixture
at 710°C.

Elemental fluorine freed from UO2 precipitation reaction would react with
TRUF3 to oxidize them into TRUF4 which can be eventually precipitated as TRUO2

by succeeding the use of CaO as a precipitator no more than ca. 20 mol% which may
give stable ternary eutectic at ca. 700°C of the final waste salt.

As actinides are extremely abundant than lanthanides, the separation efficiency
of actinides from lanthanides should not be good enough in a practical application;
repeated treatments might be required to reduce actinide concentration in the
lanthanide stream until permissible level is attained, even though moderate amount
of lanthanides are permitted in the actinide stream. Up to 10% of lanthanides
would be allowed to leave in the fuel salt stream, but lower than 0.01% of actinide
leak into the waste stream is anticipated.

The process is a small batch scale (e.g., 21.2 l/day) in a pure Ni-made vessel
facilitated to eliminate solid handling but performed by liquid phase handling only.
The relevant fuel batch contains 12.9 kg of TRU which substantially exceed the
significant mass of 8 kg; however it is always accompanied with 47 kg of chemically
inseparable uranium. It is anticipated that the heat generation rate of a fuel batch
will be 13.4 kW and the radioactivity will be 6MCi at 2 days after being drained.

The process is incorporated with He sparge to purge rare gases and halogens as
well as noble and semi-noble metal fission products and electroreductive removal
of zirconium developed for the MSRE remediation [37] as shown in Figure 13.
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the FFMSR would be the most expensive auxiliary part of the plant to be
constructed as well as to be operated. Such cost should be depending upon the
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and CaO; solid) as the oxidizer can be feasible under special cautions about selec-
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give an adverse effect in the fuel storage tank due to its reducible nature under
gamma radiation as well as sublimation. Some detail process parameters are shown
in Table 13.

Figure 13.
Online chemical process in a typical 3.2 GWt FFMSR.

Table 13.
Process parameters of oxide selective precipitation.
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4. Chemical engineering of FFMSR

4.1 Initial fuel charge

An institutional restriction imposed to our task is the fact that no separated
plutonium is tolerable in Japan to secure proliferation resistance under the interna-
tional agreement. Japanese reprocessing plant cannot produce anything but U-Pu
mixed oxide.

In the case of the FFMSR, the preparation work of initial charge does not require
a high gamma facility if the source materials come from a conventional reprocessing
plant. The oxide precipitation process incorporated with the hydro-fluorination
process makes solid mixed oxide as makeup material feasible.

A typical 3.2 GWt FFMSR requires U-21.23% TRU mixed compound of 90 tons
for the initial charge and 3.41 kg-U/EFPD (1245 kg-U/EFPY) of makeup in the
equilibrium state compared with the 47.8 kg-U/EFPD of projected throughput of
the chemical processing.

The FFMSR requires several tons of TRU supplement according to the nuclear
characteristics until it reaches to equilibrium. This system is capable of making up
0.92 kg-TRU/EFPD (336 kg-TRU/EFPY), if the same U-TRU mixed compound as
the initial charge is applied.

According to the specific nucleonic characteristics, theminimumUmakeup is
1115 kg-U/EFPY, and the peak TRU supplement is 720 kg-TRU/EFPY. Thismeans
that as high as 39.2%U-TRUmixed compound should be temporally required in this
occasion.

4.2 Redox buffer control and burnup effect

The nuclear reaction in the FFMSR consists of transformation of UF4 into TRUF3
and fission of TRUF3 into fission products. The annual free fluorine production of
3.2 GWth FFMSR at the equilibrium is 1308moles (0.25/0.238 mol/kg-U� 1245 kg-U/
EFPY) from the transmutation of UF4 and 3264moles from the fission of TRUF3 based
on 1.02 mole-F/MWt/y times 3200 according toTable 6. The annual consumption of
UF3 is 4572 moles (1088 kg-U). This can be compensated by dissolution of 1524moles
uraniummetal (363 kg-U) in the fuel salt containing UF4 as a part of annual Umakeup
(1245 kg-U), though any side stream hydro-fluorination is also available.

Taking into account uranium inventory as much as 71.65 tons (28 mol%),
assumed U[IV]/U[III] = 20 ratio represents 3.41 tons of U[III] inventory and
1.33 mol% of UF3 concentration. Since the daily supply of U[III] is 3 kg/EFPD, very
stable control of U[IV]/U[III] ratio is available. On the other hand, steadiness of
UF3 concentration as high as 1.33 mol% represents 26.67 mol% of the UF4 and
9.33 mol% of the total tri-fluoride concentration instead of 8.0 mol% of TRUF3.

It should be assumed that the inventory of fission product lanthanide tri-
fluoride at the burnup of 50,000 MWd/t-HM is 6.9% (0.55 mol%) of TRU
tri-fluorides. Any effect of fluctuation as high as �1.33 mol% in UF4 or �1.88 mol%
in total tri-fluoride upon the liquidus temperature of fuel salt should be carefully
examined.

4.3 Back-end process and radioactive wastes

In the FFMSR, the inventory ratio of fission products to that of TRU is the key
factor to guarantee an effectively low concentration of TRU in the waste stream
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with a given TRU leak rate. The inventory of fission product is equal to that of
accumulation during 1500 EFPD (51GWd/t-HM).

The waste stream consists of gases (He, Kr, Xe, and 3H), spent charcoal filter
absorbing I, solid elements (Zr, rare metals, and semi-rare metals such as Zn,
Ga, Ge, As, Se, Nb, Mo, Ru, Rh, Pd, Ag, Tc, Cd, In, Sn, Sb, and Te), lanthanide
oxides, and NaF-KF-CaF2 matrix salt containing alkali/alkali earth fission product
fluorides.

Storage of fission product gases in high-pressure cylinders and then transfer to
the repository was a standard practice in the MSBR design; however it is impractical
in Japan, because of regulative requirement of annual pressure proof test of high-
pressure cylinders.

Though the fission yield of 85Kr from the FFMSR system is assumed as about 1/3
of that from the graphite-moderated thorium molten salt reactors, special attention
was suggested such as underground disposal by geological hydro-fracturing should
be paid for radioactive Kr [38] if releasing from a high stack as currently applied in
the spent fuel reprocessing plant will not be allowed in the future.

The spent iodine filter such as silver-impregnated matrix is a universal issue in
every molten salt reactor as well as in spent solid fuel reprocessing plants.

Zr is electrochemically separated from the fuel salt prior to the oxide precipita-
tion. Zr compounds are not desirable in the waste salt tank because of their reduc-
ibility in addition to sublimation capability [34].

Rare and semi-rare metals could possibly be industrially utilized after appropri-
ately separated because they are virtually alpha activity free. They include various
very long-lived fission products, such as 99Tc, 126Sn, 79Se, and 107Pd, which are to
be disposed in a very compact form.

NaF-KF mixture containing soluble and major heat-generating fission product
fluorides (CsF, SrF2, etc.) and the process reagent (KF and CaF2) is the main
process waste as far as the online chemical processing is concerned.

Composition of fuel salt is assumed as 0.348NaF-0.284KF-0.280UF4–
0.082TRUF3-0.006LnF3 (Tliq. = 605°C), and that of waste salt is assumed as
0.356NaF-0.580KF-0.060CaF2-0.004FPF1.5 (Tliq = 700°C).

Storage of the waste salt as liquid phase at higher than 700°C should be
unpractical. It might be cooled to solidify in a tank shortly after being transferred.

The inventories are assumed as fuel salt, 147.87 tons; HM fluoride, 120.54 tons;
and matrix salt, 27.33 tons. The high-level waste salt originated from a 1.5 GWe
FFMSR system for 1500 EFPD operation (51.3 GWd/t-HM) is 46.26 tons (20.12 m3

at 2.3 g/cc of density), and the radiotoxicity of this amount of waste is equivalent to
405 tons of depleted uranium after 500 years cooling.

The throughput of high-level waste salt mixture from the vitrified high-level
waste of 1.5 GWe PWR (50 GWd/t-U) after 99.5% Pu by reprocessing and 99% MA
removal by P&T is probably 59 tons, and the radiotoxicity of this amount of waste
is equivalent to 1163 tons of natural uranium after 500 years cooling.

The selection of the fuel matrix without 7Li economically allows a direct disposal
of the waste matrix salt without recycle; nevertheless the bulk mass is comparable
to that of vitrified waste of LWR though public utilization of decay heat before
immobilization of cooled waste salt might be feasible.

Furthermore the incomparably favorable fact that the FFMSR system does not
produce any fuel cycle-associated wastes, starting from uranium mine tailing all
through to alpha-contaminated HEPA filters of MOX fuel fabrication plant, should
be taken into account.

The characteristic capability of the oxide selective separation process enables to
retrieve alpha contamination-free metals as well as lanthanide oxides without
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elaborating partitioning processes. Effective technologies to utilize such recovered
resources are sincerely expected.

Full deployment of the FFMSR should make the entire fuel cycle infrastructures
from the uranium mining to the spent fuel reprocessing including P&T needless
except the HLW disposal site.

4.4 Contingency plan

The annual loss of TRU due to fuel salt chemical cleaning is 6 kg based upon
the assumption 1500 EFPD of interval and 0.1% of nominal loss rate for 22.6 tons-
TRU inventory. This can be accounted for in the equilibrium phase indefinitely
because the annual TRU surplus is 10 kg. However if a flushing procedure should be
required at the maintenance work according to 0.43% of the transfer rate in the
MSRE operation experience [34], 97 kg of TRU may be transferred to the flushing
salt even if it will be recovered efficiently later. How much TRU should have been
given as a dowry at the deployment of a stand-alone FFMSR is a question. The
reactivity swing by the chemical process unit outage (halt of the makeup and FP
separation) should also be evaluated.

4.5 Dedicated front-end process for the ABWR

The dedicated front-end plant might produce U-TRU mixed fluoride from the
MOX spent fuel of ABWR for which the Rokkasho Reprocessing Plant cannot deal
with technical reasons as shown in Figure 14.

Figure 14.
Dedicated front-end process for the ABWR-MOX fuel.
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The original fluoride volatility process converts all components into volatile fluo-
rides by using fluorine flame reactor and then separates them into fractions according
to their properties [39]. However we were rather interested in the recently developed
innovative process using NF3 as a thermally sensitive reagent; it would react with
different compounds at different temperatures [40]. For example, NF3 reacts with Tc
and Mo oxide near 300°C and Ru and Rh near 400°C, while U oxides required near
500°C to form a volatile fluoride. This process eventually yields the nonvolatile
fraction containing all TRU fluorides. Then we intended to apply the oxide selective
precipitation process, to provide TRU stream not so much cleaned from fission
products but to result very clean fission product stream from TRU contamination.

The distinguished feature of this process is the capability to separate usefulmetallic
fission products as well as lanthanide oxides free from alpha contamination from other
residual materials of fluorination process effectively, without laborious partitioning.

A suite of processes are shown as the flowsheet specifically for the ABWR spent
fuel processing; however it can be reasonably modified to the original LWR spent
fuel or LWR-MOX spent fuel.

5. Experimental test plans

5.1 Clarify phase relationship in NaF-KF-UF4-UF3-PuF3 system for the FFMSR

It is perceived that experimental confirmation of density assessment procedure
of molten salt mixtures is inevitable to establish any MSR technology. The liquid
fuel of the FFMSR contains UF4, UF3, and PuF3. Currently any performance of
experimental activity on the specimens containing Pu as the special nuclear material
is not available other than in the Russian Research Laboratories.

We plan the experimental procedure using NaF-KF-nat.UF4 containing in situ
prepared nat.UF3 to simulate NaF-KF-nat.UF4-PuF3 taking advantage of identical
crystal structure as well as similarity of density between PuF3 and UF3.

Furthermore, the phase relationship (freezing behavior)will be experimentally eval-
uated in order to justify that the feasibility of the phase structure should be understood.

The plan includes:

1.Confirmation of synthetic process of heavy element fluoride.

2.Confirmation of recovery process of heavy element as UO2.

3.Confirmation of synthetic process of NaF-KF-UF4-UF3.

4.Densitymeasurement of liquidNaF-KF-UF4-UF3 to clarify the dependency of
heavy element contentwith different solid densities on density of the liquefied salt.

5. Investigation of the phase diagrams of NaF-KF-UF4-UF3 to clarify the
dependency of UF3 collocation in the NaF-KF-UF4 phase diagram using the
solubility measuring practice. Effect of trivalent fission products on the phase
diagram using CeF3 as a surrogate of UF3 and PuF3.

5.2 Experimental confirmation of chemical effects of TRU fissioning

The chemical effects of UF4 fissioning in a fluoride molten salt reactor were
confirmed by the successful operation of the MSRE during the end of the 1960s.
However any experimental confirmation of the chemical effect of PuF3 fissioning in
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a fluoride molten salt reactor has not yet been undertaken in spite of a strong
warning made by the ORNL scientist in the end of the last century [23].

In spite of the continued effort by the author to try to stimulate academic
discussion on the chemical effect of TRU fissioning controversial against the ORNL
since 2015, it seems to the author to become “an inconvenient truth” for which no
one dares to discuss. The author seriously concerns that the present situation might
jeopardize the technological development of plutonium burning technology in the
immediate future.

The author plans to propose a capsule irradiation test of NaF-KF-TRUF3 speci-
mens under the fast neutron flux (3.9� 1019 m�1 s�1) during liquid Na cooling in an
experimental fast reactor (JYOYO) located in Oharai, Japan. It plans to measure the
freed fluorine ions per a fission of fissile Pu and compare with that of 235U by the
weight loss of the pure Zirconium metal specimen immersed in the fuel salt.

The proposed specimens are:

1.0.053NaF-0.608KF-0.340TRUF3 eutectic mixture (liquidus: 605°C)
2.56 g-TRU/cc as the subject.

2.0.053NaF-0.608KF-0.340CeF3 eutecticmixture (liquidus: 605°C) as the reference.

3.0.528NaF-0.285KF-0.188235UF4 eutectic mixture (liquidus: 490°C) 2.52 g-U/cc
as the comparative.

The nominal sample temperature in the test region is at least 600°C; however it
is assumed that the gamma heat of capsule structure should enable to heat the
specimen up to 750°C.

6. Conclusions

The study on our FFMSR was started from the review of the reference technol-
ogy and based upon the comprehension of immaturity of the TRU burning tech-
nologies using the MSR due to the prejudice of the original design principle of
ORNL in which the use of PuF3 had been an exclusively temporary issue.

The various aspects but restricted in chemical technology discussed in this work
should be taken into account and reviewed carefully in the imminent future activity
although they are in limited scope and hypothetical nature to be verified experi-
mentally. The present neutron physical calculations are preliminary nature in which
the direct fission fraction of 238U is not quantified, taking for instances. The system
has not yet been optimized, in various factors.

FFMSR should provide us with a tool to stimulate immediate use of existing
LWR by making values to the spent fuel as well as to the depleted uranium and to
create nuclear fission energy not relying on the existing fuel cycle infrastructure
with the ultimate safety owing to the absence of and eliminating fuel cycle wastes
and the simplicity for an indefinitely long term.

One of a price in return for these efforts is exclusive challenges to overcome
increased reactor core inlet temperature up to 660°C (50°C higher than the liquidus
temperature of fuel) however it might deserve.
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Chapter 6

Calculation of the Dose for Public
Individuals Due to a Severe
Accident at the Angra 2 Nuclear
Plant, Brazil
André Silva de Aguiar, Seung Min Lee and Gaianê Sabundjian

Abstract

Through a severe accident at nuclear power plant Angra 2, the whole body dose
effective of the individuals members of the public located in the Emergency
Planning Zones (EPZs) will be calculated, and later, the protective actions in these
EPZs will be analyzed. Two different scenarios of radionuclide release into the
atmosphere will be considered. In the first scenario, 2 h of the release of Xe, Cs,
Ba, and Te, and the second scenario, 168 h of release.

Keywords: MELCOR, CALPUFF, atmospheric dispersion, nuclear power plant,
public individuals dose

1. Introduction

From the nuclear accidents that occurred in the world [1–3], the International
Atomic Energy Agency (IAEA), together with the licensing bodies of countries that
use nuclear energy, requested that they carry out computer simulations of some
accidents that are considered credible for their facilities, in order to verify their
integrity when subjected to such events.

These accidents are known as the design basis, in other words, accidents of loss
of primary coolant by large or small ruptures at points in the primary circuit, whose
probability of occurrence is critical to the system. It was after the accident at Unit 2
of the Three Mile Island Nuclear Plant (TMI) in 1979 that it was necessary to study
the more severe accidents.

These severe accidents are those in which substantial damage is expected in the
reactor core [4]. The knowledge of accidents with core meltdown is based on the
simulations with computer programs of the type MARCH [5], APRIL [6], MELCOR
[7–9], SCADAP/RELAP5 [10–11], and MAAP4 [12]. Among these programs,
MELCOR, SCDAP/RELAP5, and MAAP4 are widely used for the integral analysis of
the melted material in the core and the consequences in the lower part of the
pressure vessel [13].

In the event of a severe accident, followed by successive failures of physical
barriers and problems in the control and protection systems of the reactor, the
release of radioactive material into the atmosphere may become significant. The
problems generated by these catastrophic events can lead to an increase in levels of
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radioactivity in the vicinity of the plant, representing a threat to the society and
local life.

Therefore, the dispersion study can generate results with impacts on the occu-
pation and dimensioning of the site. Also in this context, it is important to remem-
ber that the severity of a possible accident associated with nuclear facilities in
general is strongly linked to population density of the regions around the facility, as
well as, evacuation policy, medical treatment, and other health measures which
should be taken to mitigate its radiological consequences.

2. Description of the accident

A typical PWR modeling was developed by the German company, GRS (Global
Research for Safety), and supplied to CNEN, as shown in Figure 1. This modeling
was chosen, in this study, for the purpose of performing an independent analysis of
severe accidents in ANGRA 2 nuclear power plant (NPP). However, although this
typical PWR of the GRS is similar to ANGRA 2 NPP, they are not identical, so that
an adaptation of the modeling was necessary in order to apply it for analysis of
severe accidents in NPP, ANGRA 2. For this reason, a considerable part of this study
was dedicated for the adaptation of the modeling.

2.1 Description of the simulated accident scenario

In this study is presented a loss of coolant accident, in other words, Small Break
LOCA (SBLOCA), in the hot leg. In this case, it is postulated that the rupture
occurs in loop 1. The area of the rupture in the hot leg is 380 cm2. The total flow
area of the piping connected to the pressure vessel is 4418 cm2, so that the area of
the rupture is less than 10% of the piping area; reason why the rupture of 380 cm2

is considered small.
The SBLOCA alone would not be sufficient to result in a severe accident, as long

as the various plant safety systems were available. It was, therefore, necessary to
add some aggravating conditions in order to cause the mentioned severe accident.

Figure 1.
PWR primary and secondary circuit modeling.

90

Nuclear Power Plants - Processes in the Nuclear Fuel Cycle

These conditions are conventionally known as boundary conditions. The postulated
conditions are as follows:

a. Turbine bypass unavailable;

b. Condenser not available;

c. Loss of suction from sump and residual heat removal – RHR;

d. Injection of the Emergency Core Cooling System – ECCS from Refueling
Water Storage Tank – RWST by Safety Injection Pump – SIP e do RHR
available; and

e. All accumulators are available.

These boundary conditions, together with the primary circuit breakage, are
sufficient to result in total core melting. Two mitigating measures were modeled in
this study: Passive Autocatalytic Recombiner – PAR and Filtered Containment

Simulation time Xe-133 m Bq Cs-137 Bq Ba-133 m Bq Te-127 Bq

C1 – 2 h 2,11E+10 5,28E+01 1,40E+04 3,65E+06

C2 – 168 h 8,17E+19 1,56E+07 7,39E+10 2,00E+12

Table 1.
Source term for scenarios C1 and C2.

Figure 2.
Flow path (CV990 and CV991) of the radionuclides to the atmosphere.
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Venting System – FCVS, with the purpose of evaluating their validity and
efficiencies.

The inputs of the simulations performed for this work were elaborated using the
input provided by GRS. This original input was modified according to the imposed
conditions. It was assumed that the rupture occurs only in the Control Volume (CV)
number 200, that is, in CV200 of loop 1, shown in Figure 1.

The flow path, given by FL070, has its opening and closing controlled by a
CF660 control function. The setpoint for the valve opening is 7.0 bar and occurs
after 168 h of simulation, but the setpoint for closing has not been implemented. It
should be noted that the opening of the CV990 flow path, see Figure 2, occurs only
after 168 h of simulation.

The flow path CV990 and CV991, see Figure 2, contains filters for aerosols and
for fission products vapors so that some fraction of radionuclides are withdrawn
through these filters when the vapors and aerosols are transported along of the flow
path. A single filter can remove only one type of fission products, whether aerosols
or vapors, but not both.

The radionuclide package of the MELCOR code contains a simple filter model
which efficiency is defined by the global decontamination factor (DFG) determined
by the user. The decontamination value assumed for aerosol filter was 1000, and for
vapors of fission products, vapors were 100, which equated to 99.9 and 99.0%
filtration, respectively.

2.2 Source term

The source term represents the radioactive inventory located in a system,
equipment or component, which serves as a reference to evaluate the safety
aspects in different conditions of operation of the reactor. It also represents one of
the most important design bases for the study of installation performance,
distribution of fission products in reactor systems, and in the environment in
case of accidents.

Knowing the source term, there is the possibility of modeling radionuclide
dispersion, calculating radiation concentrations and doses, as well as spatializing
affected areas and environments. The source term of the present study is based on
the radionuclides used in the MELCOR output, being this Xenon-133 m, Césiso-
137, Barium-133 m, and Tellurium-127. Table 1 shows the activities of the
radionuclides for the scenarios C1 – simulation time of 2 h and C2 – simulation
time of 168 h.

3. Characterization of the study area

The study area is placed in the south coast of Rio de Janeiro State, known region
as “Costa Verde,” in the city of Angra dos Reis, where the CNAAA is placed zone
(23 k), latitude-UTM (7455581.00 m S), and longitude-UTM (555471.00 m E). The
region geomorphology is extremely hilly, with quite steep slopes, high or negatives
steepness and differences in elevations up to 800 m.

The geomorphology has two units of topography, one formed by ridge and
scarps, and the other, by lowlands. The scarps has an average gap of 700 m and are
dissected by half parallel valleys, which alternate with stretches of deep cutouts,
between the rivers that flow down the mountain. Figure 3 [14] shows the topogra-
phy of the region.
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4. Methodology

The use of mathematical models facilitates the simulation process of transport
mechanisms and pollutant deposition. These models provide a conservative
theoretical estimate of the concentration levels of pollutants in the air, making it
possible to evaluate the spatial and temporal evolution of these pollutants in the
atmosphere.

4.1 Atmospheric model: WRF/CALMET

The WRF – Weather Research and Forecasting, is a numerical modeling system,
developed for the weather forecasting and study of atmospheric phenomena of
micro and mesoscale. Its development is the result of the collaboration between US
research and government agencies centers: National Center for Atmospheric
Research (NCAR), National Centers for Environmental Prediction (NCEP),
National Oceanic and Atmospheric Administration (NOAA), US Departement of
Defense, Oklahoma University, and Federal Aviation Administration (FAA).

The CALMET – California Meteorological Model, is a three-dimensional meteo-
rological model that is integrated with the dispersion model – CALPUFF. The
CALPOST is a post-processing package that makes possible to calculate the average
concentration and deposition fluxes [15].

The CALMET is classified as a diagnostic meteorological model that incorporates
meteorological observations and/or outputs of predictive meteorological models to

Figure 3.
Topography of the study area.
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produce, through objective analysis techniques, velocity, temperature, and other
variables necessary for simulations with the CALPUFF model.

The CALMET requires that the meteorological and geophysical data are in spe-
cific formats before being used. The processing of these data is then performed with
the aid of the preprocessors which prepare the data for assimilation in the CALMET
processor.

4.2 Dispersion model: CALPUFF

The modeling of the atmospheric dispersion is a technique of simulation of the
phenomena that occurs in nature, allowing to estimate the concentration of the
pollutants in a set of points, based on a set of variables that influence them. The
modeling of atmospheric dispersion is useful not only in the identification of emit-
ting sources but also in the management of gaseous effluents and air quality, con-
stituting one of the techniques of evaluation of air quality indicated by the
environmental legislation.

The California Puff Model CALPUFF is a non-stationary puff model for disper-
sion simulations that can be used for a wide variety of applications in air quality
modeling studies. The model was proposed and reviewed by Scire et al. [15] and has
been adopted by the United States Environmental Protection Agency – EPA as a
regulatory model for environmental impact studies covering distances of 50–
300 km and including topography and complex meteorological systems.

The CALPUFF software is entirely public, designed to simulate release into the
atmosphere, and is used to predict the effects of an accident, thus enabling effective
emergency planning.

4.3 WRF/CALMET coupling

The choice of the WRF model configuration, as well as the domains, spatial
resolution, and grid nesting, were made to obtain necessary meteorological data for
the INPUT of the CALMET model. The initial and boundary conditions assimilated
by the WRF are derived from the GFS (Global Forecasting System Model) of the
National Centers for Environment Prediction (NCEP), whose spatial resolution is
0.5° (�55 km) and a time resolution of 3 h. To compose the GFS domain, both
horizontally and vertically, a model for interpolation of the data is used. More
details about this model can be found in KALNAY et al. [16]. The GFS data can be
obtained for free from the electronic address. Link: https://www.ncdc.noaa.gov/da
ta-access/model-data/model-datasets.

The meteorological data of the January month of 2009 was used for the simula-
tion with the WRF. The January month data was chosen, due to being the most
recent data obtained from Electronuclear for the four Angra towers.

The grid used by CALMET has a domain of 80 km and a cell number of 229 �
229. In the region of the NPP, the wind field data of the Electronuclear Towers was
used, which radius of influence is 5 km.

4.4 Whole body dose calculation

The whole body dose is the contribution of the internal dose (inhalation or
ingestion) added to the external dose (plume immersion) [17]. The calculations of
the exposure pathways are in equations (Eqs. (1) and (2)), respectively. For the
present study, the whole body dose analysis considered the plume concentration
value and exposure time in the Emergency Planning Zones – EPZ, as shown in
Figure 4.
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4.4.1 Inhalation dose calculation

The inhalation dose calculation was based on the IAEA-TecDoc-1162 [18]
document, as observed in Eq. (1).

Din ¼
X
i

∁i ∗ e gð Þi ∗Br ∗T (1)

Where:

Din = Inhalation dose, Sv;P
i∁i = Concentration of each radionuclide – Bq/m3;

e gð Þi = Inhalation dose coefficient – Sv/Bq (was used e(g)i for adult e(g)
i > 17 years), according to Regulatory Position CNEN 3.01/011:2011 [19];

Br = Breathing rate, whose value considered 1.5 m3/h [18]; and
T = Exposure time – h (time the individual of the public will be exposed to the

pollutant).

4.4.2 Immersion dose calculation

The immersion dose calculation was based on the IAEA-TecDoc-1162 [18]
document, as observed in Eq. (2).

Dim ¼
X
i

∁i ∗ e gð Þi ∗T (2)

Where:

Din = Immersion dose, Sv;P
i∁i = Concentration of each radionuclide – Bq/m3;

e gð Þi = Immersion dose coefficient – Sv.m3/Bq.h (was used e(g)i for adult e(g)
i > 17 years), according to Regulatory Position CNEN 3.01/011:2011 [19]; and

Figure 4.
Regions in EPZ that will be considered the dose calculation and measures protective.
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T = Exposure time – h (time the individual of the public will be exposed to the
pollutant).

5. Results

5.1 Pollutant transport model: CALPUFF

The simulations were performed on CALPUFF assuming a point source of emis-
sions related to the chimney of the NPP Angra 2, which height considered was 155
m. The emission rate will follow scenarios C1 and C2, with the constant release rate
of the radionuclides released into the atmosphere.

5.1.1 Radionuclides release for scenario C1

The simulation was performed from 05/01/2009 to 08/01/2009 at 06:00 h. It
was considered that all the radionuclides of Table 1, after release, behave according
to the region’s wind field during the entire simulation period, 72 h. The respective
plume concentration periods that were considered: 1, 3, and 72 h, for each EPZ, see
Tables 2–5. Figure 5 shows the wind field and radionuclides transport from Table 1
for scenario C1.

5.1.2 Radionuclides release for scenario C2

The simulation was performed from 05/01/2009 to 08/01/2009 at 06:00 h. It
was considered that all the radionuclides of Table 1, after release, behave according

Simulation time Xe-133 m Bq/m3 Cs-137 Bq/m3 Ba-133 m Bq/m3 Te-127 Bq/m3

1 h 1,53E+04 3,76E-05 9,97E-03 2,60E+00

3 h 6,04E+03 1,48E-05 3,92E-03 1,02E+00

72 h 5,64E+02 1,21E-06 3,22E-04 8,39E-02

Table 2.
Radionuclides concentration in EPZ-3 km (Praia Brava).

Simulation time Xe-133 m Bq/m3 Cs-137 Bq/m3 Ba-133 m Bq/m3 Te-127 Bq/m3

1 h 1,00E+04 2,37E-05 6,29E-03 1,64E+00

3 h 4,30E+03 9,22E-06 2,45E-03 6,37E-01

72 h 1,08E+03 2,15E-06 5,71E-04 1,49E-01

Table 3.
Radionuclides concentration in EPZ-5 km (Frade).

Simulation time Xe-133 m Bq/m3 Cs-137 Bq/m3 Ba-133 m Bq/m3 Te-127 Bq/m3

1 h 1,54E+03 3,55E-06 9,41E-04 2,45E-01

3 h 9,34E+02 2,16E-06 5,74E-04 1,50E-01

72 h 1,60E+02 2,92E-07 7,75E-05 2,02E-02

Table 4.
Radionuclides concentration in EPZ-10 km (Mambucaba).
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to the region’s wind field during the entire simulation period, 72 h. The respective
plume concentration periods that were considered: 1, 3, and 72 h, for each EPZ, see
Tables 6–9. Figure 6 shows the wind field and radionuclides transport from
Table 1 for scenario C2.

5.2 Whole body dose in EPZ

• Whole body dose analysis for Scenario C1

Simulation time Xe-133 m Bq/m3 Cs-137 Bq/m3 Ba-133 m Bq/m3 Te-127 Bq/m3

1 h 1,09E+03 1,49E-06 3,96E-04 1,03E-01

3 h 8,29E+02 1,16E-06 3,07E-04 8,01E-02

72 h 2,21E+02 2,83E-07 7,51E-05 1,96E-02

Table 5.
Radionuclides concentration in EPZ-15 km (Angra dos Reis).

Figure 5.
Concentration and wind field for scenario C1.

Simulation time Xe-133 m Bq/m3 Cs-137 Bq/m3 Ba-133 m Bq/m3 Te-127 Bq/m3

1 h 5,92E+13 1,11E+01 5,27E+04 1,43E+06

3 h 2,34E+13 4,37E+00 2,07E+04 5,60E+05

72 h 2,18E+12 3,58E-01 1,70E+03 4,60E+04

Table 6.
Radionuclides concentration in EPZ-3 km (Praia Brava).
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T = Exposure time – h (time the individual of the public will be exposed to the
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was considered that all the radionuclides of Table 1, after release, behave according
to the region’s wind field during the entire simulation period, 72 h. The respective
plume concentration periods that were considered: 1, 3, and 72 h, for each EPZ, see
Tables 2–5. Figure 5 shows the wind field and radionuclides transport from Table 1
for scenario C1.

5.1.2 Radionuclides release for scenario C2

The simulation was performed from 05/01/2009 to 08/01/2009 at 06:00 h. It
was considered that all the radionuclides of Table 1, after release, behave according

Simulation time Xe-133 m Bq/m3 Cs-137 Bq/m3 Ba-133 m Bq/m3 Te-127 Bq/m3

1 h 1,53E+04 3,76E-05 9,97E-03 2,60E+00

3 h 6,04E+03 1,48E-05 3,92E-03 1,02E+00

72 h 5,64E+02 1,21E-06 3,22E-04 8,39E-02

Table 2.
Radionuclides concentration in EPZ-3 km (Praia Brava).

Simulation time Xe-133 m Bq/m3 Cs-137 Bq/m3 Ba-133 m Bq/m3 Te-127 Bq/m3

1 h 1,00E+04 2,37E-05 6,29E-03 1,64E+00

3 h 4,30E+03 9,22E-06 2,45E-03 6,37E-01

72 h 1,08E+03 2,15E-06 5,71E-04 1,49E-01

Table 3.
Radionuclides concentration in EPZ-5 km (Frade).

Simulation time Xe-133 m Bq/m3 Cs-137 Bq/m3 Ba-133 m Bq/m3 Te-127 Bq/m3

1 h 1,54E+03 3,55E-06 9,41E-04 2,45E-01

3 h 9,34E+02 2,16E-06 5,74E-04 1,50E-01

72 h 1,60E+02 2,92E-07 7,75E-05 2,02E-02

Table 4.
Radionuclides concentration in EPZ-10 km (Mambucaba).
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to the region’s wind field during the entire simulation period, 72 h. The respective
plume concentration periods that were considered: 1, 3, and 72 h, for each EPZ, see
Tables 6–9. Figure 6 shows the wind field and radionuclides transport from
Table 1 for scenario C2.

5.2 Whole body dose in EPZ

• Whole body dose analysis for Scenario C1

Simulation time Xe-133 m Bq/m3 Cs-137 Bq/m3 Ba-133 m Bq/m3 Te-127 Bq/m3

1 h 1,09E+03 1,49E-06 3,96E-04 1,03E-01

3 h 8,29E+02 1,16E-06 3,07E-04 8,01E-02

72 h 2,21E+02 2,83E-07 7,51E-05 1,96E-02

Table 5.
Radionuclides concentration in EPZ-15 km (Angra dos Reis).

Figure 5.
Concentration and wind field for scenario C1.

Simulation time Xe-133 m Bq/m3 Cs-137 Bq/m3 Ba-133 m Bq/m3 Te-127 Bq/m3

1 h 5,92E+13 1,11E+01 5,27E+04 1,43E+06

3 h 2,34E+13 4,37E+00 2,07E+04 5,60E+05

72 h 2,18E+12 3,58E-01 1,70E+03 4,60E+04

Table 6.
Radionuclides concentration in EPZ-3 km (Praia Brava).
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Simulation time Xe-133 m Bq/m3 Cs-137 Bq/m3 Ba-133 m Bq/m3 Te-127 Bq/m3

1 h 5,97E+12 1,05E+00 4,97E+03 1,34E+05

3 h 3,62E+12 6,39E-01 3,03E+03 8,20E+04

72 h 6,18E+11 8,64E-02 4,09E+02 1,11E+04

Table 8.
Radionuclides concentration in EPZ-10 km (Mambucaba).

Simulation time Xe-133 m Bq/m3 Cs-137 Bq/m3 Ba-133 m Bq/m3 Te-127 Bq/m3

1 h 4,23E+12 4,42E-01 2,09E+03 5,66E+04

3 h 3,21E+12 3,42E-01 1,62E+03 4,39E+04

72 h 8,57E+11 8,37E-02 3,96E+02 1,07E+04

Table 9.
Radionuclides concentration in EPZ-15 km (Angra dos Reis).

Figure 6.
Concentration and wind field for scenario C2.

Simulation time Xe-133 m Bq/m3 Cs-137 Bq/m3 Ba-133 m Bq/m3 Te-127 Bq/m3

1 h 3,88E+13 7,01E+00 3,32E+04 8,99E+05

3 h 1,66E+13 2,72E+00 1,29E+04 3,49E+05

72 h 4,19E+12 6,36E-01 3,01E+03 8,16E+04

Table 7.
Radionuclides concentration in EPZ-5 km (Frade).
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For the dose calculation, were used the equations (Eqs. (1) and (2)), and the
exposure time to individual members of the public was 1, 3, and 72 h. It was
considered that these individual members of the public are not under any protec-
tion and the plume exposure is 100%. Table 10 shows the dose values for each
exposure time, as well as for each EPZ.

• Whole body dose analysis for Scenario C2

For the dose calculation, were used the equations (Eqs. (1) and (2)), and the
exposure time to individual members of the public was 1, 3, and 72 h. It was
considered that these individual members of the public are not under any protec-
tion and the plume exposure is 100%. Table 11 shows the dose values for each
exposure time, as well as for each EPZ.

6. Conclusions

According to the PEE/RJ [20] – External Emergency Plan of the State of Rio de
Janeiro, in order to prioritize the risks and facilitate the planning and implementation
of protection measures recommended by CNEN, the concept of EPZ was adopted. The
Emergency Planning Zones were subdivided into circular crowns as shown in Figure 4.

According to the PEE/RJ, the preventive evacuation of the population consti-
tutes an effective protection measure up to the distance of 5 km around the plant.
From this distance, no additional benefit will be obtained with the preventive
evacuation. Thus, to the EPZ 10 km and EPZ 15 km, it is preferable to recommend,
in the short term, that the population remains sheltered. In this sense, the existing
rays are classified as follows:

• Preventive action zones

EPZ 3 km: circumscribed area from 3 km centered on the nuclear unit of
CNAAA, so the property area of ELETRONUCLEAR.

C1
exposure
time

EPZ 3 km Praia
Brava (mSv)

EPZ 5 km Região do
Frade (mSv)

EPZ 10 km
Mambucaba (mSv)

EPZ 15 km Angra
dos Reis (mSv)

1 h 7,06E-05 4,63E-05 7,12E-06 5,04E-06

3 h 8,38E-05 5,96E-05 1,29E-05 1,15E-05

72 h 1,94E-04 3,60E-04 5,31E-05 7,35E-05

Table 10.
Whole body dose in EPZ for scenario C1.

C2
exposure
time

EPZ 3 km Praia
Brava (mSv)

EPZ 5 km Região do
Frade (mSv)

EPZ 10 km
Mambucaba (mSv)

EPZ 15 km Angra
dos Reis (mSv)

1 h 2,73E+05 1,79E+05 2,75E+04 1,95E+04

3 h 3,24E+05 2,30E+05 5,00E+04 4,44E+04

72 h 7,25E+05 1,39E+06 2,05E+05 2,84E+05

Table 11.
Whole body dose in EPZ for scenario C2.
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Radionuclides concentration in EPZ-5 km (Frade).

98

Nuclear Power Plants - Processes in the Nuclear Fuel Cycle

For the dose calculation, were used the equations (Eqs. (1) and (2)), and the
exposure time to individual members of the public was 1, 3, and 72 h. It was
considered that these individual members of the public are not under any protec-
tion and the plume exposure is 100%. Table 10 shows the dose values for each
exposure time, as well as for each EPZ.

• Whole body dose analysis for Scenario C2

For the dose calculation, were used the equations (Eqs. (1) and (2)), and the
exposure time to individual members of the public was 1, 3, and 72 h. It was
considered that these individual members of the public are not under any protec-
tion and the plume exposure is 100%. Table 11 shows the dose values for each
exposure time, as well as for each EPZ.

6. Conclusions

According to the PEE/RJ [20] – External Emergency Plan of the State of Rio de
Janeiro, in order to prioritize the risks and facilitate the planning and implementation
of protection measures recommended by CNEN, the concept of EPZ was adopted. The
Emergency Planning Zones were subdivided into circular crowns as shown in Figure 4.

According to the PEE/RJ, the preventive evacuation of the population consti-
tutes an effective protection measure up to the distance of 5 km around the plant.
From this distance, no additional benefit will be obtained with the preventive
evacuation. Thus, to the EPZ 10 km and EPZ 15 km, it is preferable to recommend,
in the short term, that the population remains sheltered. In this sense, the existing
rays are classified as follows:

• Preventive action zones

EPZ 3 km: circumscribed area from 3 km centered on the nuclear unit of
CNAAA, so the property area of ELETRONUCLEAR.
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EPZ 5 km: circular crown, centered on the nuclear unit of CNAAA, with a 5 km
outside radius and inner radius of 3 km. This EPZ 5 km is defined as the impact
zone.

• Environmental control zones

EPZ 10 km: circular crown, centered on the nuclear unit of CNAAA with a
10 km outer radius and inner radius of 5 km.

EPZ 15 km: circular crown, centered on the nuclear unit of CNAAA with a 15 km
outer radius and inner radius of 10 km.

According to a CNEN study [21], the protection measures for CNAAA can be
divided as follows:

a. Area emergency: EPZ 3 km and EPZ 5 km (notification to the population to
remain in residences or workplace, awaiting instructions) and EPZ 10 km and
EPZ 15 km (notification to the population to keep on the alert for further
instructions, keeping their normal activities); and

b. General Emergency: EPZ 3 km (population evacuation), EPZ 5 km (keep
population sheltered), EPZ 10 km and EPZ 15 km (notification to the
population to remain in the residences or workplace, awaiting instructions).

Based on the dose values for sheltered and evacuation of Regulatory Position
CNEN 3.01/006: 2011 [22], whose values are 10 mSv for sheltered and 50 mSv for
evacuation, will be recommended the protection measures for each EPZ for scenar-
ios C1 and C2, as shown in Tables 12 and 13. The recommendations in Table 12
were based on the projected doses of Table 10 and the recommendations in
Table 13 were based on the projected doses of Table 11.

It is observed in Table 12 that for the Preventive Action Zones (EPZ 3 km and
EPZ 5 km) and Environmental Control Zones (EPZ 10 km and EPZ 15 km), the
recommendations of the protective measures that best meet the dose levels is
Sheltered in place. The Scenario C1 is characterized as Area Emergency, having as a
measure of the local authorities the notification to the population to remain in their
residences or workplace, awaiting future instructions.

C1 exposure
time

EPZ 3 km Praia
Brava

EPZ 5 km
Frade

EPZ 10 km
Mambucaba

EPZ 15 km Angra dos
Reis

1 h Sheltered Sheltered Sheltered Sheltered

3 h Sheltered Sheltered Sheltered Sheltered

72 h Sheltered Sheltered Sheltered Sheltered

Table 12.
Recommendations for protection measures in EPZ for scenario C1.

C2 exposure
time

EPZ 3 km Praia
Brava

EPZ 5 km
Frade

EPZ 10 km
Mambucaba

EPZ 15 km Angra dos
Reis

1 h Evacuation Evacuation Evacuation Evacuation

3 h Evacuation Evacuation Evacuation Evacuation

72 h Evacuation Evacuation Evacuation Evacuation

Table 13.
Recommendations for protection measures in EPZ for scenario C2.
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It is observed in Table 13 that for the Preventive Action Zones (EPZ 3 km and
EPZ 5 km) and Environmental Control Zones (EPZ 10 km and EPZ 15 km), the
recommendations of the protective measures that best meet the dose levels is
Evacuation. The Scenario C2 is characterized as a General Emergency, having as a
measure of the local authorities the evacuation of the population in EPZ.

In summary, it is possible to conclude that:

• Scenario C1 it is observed the occurrence of an Area Emergency, having as a
protective measure in all EPZ, Sheltered in place.

• Scenario C2 it is observed the occurrence of a General Emergency, having as a
protective measure in all EPZ, Evacuation;

• The impact zone that is currently 5 km, covering the Preventive Action Zones,
for scenario C2, has the extension of this impact zone for distances beyond
5 km; and

• Analyzing the C1 and C2 scenarios, it is inferred that the faster the accident is
mitigated, the lower will be the radiological consequences and therefore, the
actions to the protective measures will be lighter.

Advance planning is essential to identify potential problems that may occur in
an evacuation. The NRC case study cites the following aspects of planning as
contributing to efficiency and effectiveness of evacuation [23]:

• High level of cooperation among agencies;

• Use of multiple forms of emergency communications;

• Community familiarity with alerting methods, the nature of the hazard and
evacuation procedures;

• Community communication; and

• Well-trained emergency responders.

However, if environmental monitoring confirms that the population’s exposure
will extend beyond a few days, justifying other protection actions beyond shelter
and evacuation, temporary or permanent resettlement should be considered [22].
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It is observed in Table 13 that for the Preventive Action Zones (EPZ 3 km and
EPZ 5 km) and Environmental Control Zones (EPZ 10 km and EPZ 15 km), the
recommendations of the protective measures that best meet the dose levels is
Evacuation. The Scenario C2 is characterized as a General Emergency, having as a
measure of the local authorities the evacuation of the population in EPZ.

In summary, it is possible to conclude that:

• Scenario C1 it is observed the occurrence of an Area Emergency, having as a
protective measure in all EPZ, Sheltered in place.

• Scenario C2 it is observed the occurrence of a General Emergency, having as a
protective measure in all EPZ, Evacuation;

• The impact zone that is currently 5 km, covering the Preventive Action Zones,
for scenario C2, has the extension of this impact zone for distances beyond
5 km; and

• Analyzing the C1 and C2 scenarios, it is inferred that the faster the accident is
mitigated, the lower will be the radiological consequences and therefore, the
actions to the protective measures will be lighter.

Advance planning is essential to identify potential problems that may occur in
an evacuation. The NRC case study cites the following aspects of planning as
contributing to efficiency and effectiveness of evacuation [23]:

• High level of cooperation among agencies;

• Use of multiple forms of emergency communications;

• Community familiarity with alerting methods, the nature of the hazard and
evacuation procedures;

• Community communication; and

• Well-trained emergency responders.

However, if environmental monitoring confirms that the population’s exposure
will extend beyond a few days, justifying other protection actions beyond shelter
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Optimization of Cosmic Radiation
Detection in Saline Environment
Valeriu Savu, Mădălin Ion Rusu and Dan Savastru

Abstract

Following the interaction of a neutrino with saline environment, the Cherenkov
cone will be generated. The electromagnetic effect of the Cherenkov cone is per-
pendicular to the cone generator and it has the energy directly proportional to the
neutrino energy. In the saline environment, neutrinos with very high energies
(noise – 115 dBm) can be determined. Investigation of these neutrinos will lead to
the construction of a Cherenkov detector. The construction of a Cherenkov detector
involves the design and the construction of a very large number of detection ele-
ments and of cascade amplifiers. Another necessary condition is to know exactly the
distribution of the dielectric parameters of the saline environment. In order to know
the distribution of the dielectric parameters of the saline environment, it is neces-
sary to make a map of their distribution. Under these conditions, the number of
detection elements will be optimized and also the optimal position of the future
Cherenkov detector will be determined. In this chapter, we will present the meth-
odology of calculating the detection elements and a method to determine the
dielectric parameters. Measurements of attenuation of the propagation of electro-
magnetic waves in this environment will be presented. We will detail how to
optimize a Cherenkov detector.

Keywords: netrins, radiation, cone, Cherenkov, electromagnetic

1. Introduction

Following the interaction of a neutrino with saline environment the Cherenkov
cone will be generated. This cone has the height in the prolongation of the neutrino’s
direction and the base of the Cherenkov cone is forming in the continuation of the
neutrino’s direction, keeping its angle at the top of the cone. The base of the
Cherenkov cone moves further in the same direction as the neutrino that produced
the Cherenkov Effect. The electromagnetic effect of the Cherenkov cone is perpen-
dicular to the lateral surface of the cone and it has the energy directly proportional
to the energy of the neutrino. It is this neutrino that produced this effect. By
determining the energy and the direction of the neutrino that produced the elec-
tromagnetic effect of the Cherenkov cone, information about the phenomena in the
Universe that generated this neutrino is discovered. In the saline environment,
neutrinos with very high energies can be determined. These neutrinos provide
information about the phenomena in the Universe that occurred at great distances
from Earth. These distances are much larger than the distances at which the most
efficient telescopes can work, so that the information obtained from neutrinos will
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tromagnetic effect of the Cherenkov cone, information about the phenomena in the
Universe that generated this neutrino is discovered. In the saline environment,
neutrinos with very high energies can be determined. These neutrinos provide
information about the phenomena in the Universe that occurred at great distances
from Earth. These distances are much larger than the distances at which the most
efficient telescopes can work, so that the information obtained from neutrinos will
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increase the horizon of knowledge and contribute to the improvement of informa-
tion about the Universe. Thus, we can say that this information makes a significant
contribution in the field of astrophysics and astronomy.

The study of cosmic radiation began between 1911 and 1913. During this period,
the Austrian Physicist Victor Hess, following balloon flights, measured the variation
of ionization present in the air with the altitude [1]. The neutrinos carried by cosmic
radiation have very high energies of the order (1015 ÷ 1023) eV, those with energy
between (1015 ÷ 1021) eV can be detected in saline environment and those with
energies greater than 1021 eV cross the terra.

The investigation of the interactions of high-energy neutrinos of cosmic origin in
a dense environment (natural salt) will lead to the construction of a cosmic radia-
tion observer in this environment. The phenomenon by which particles charged
with high energies are detected due to the interaction with the environment is called
the Askaryan effect and consists in the coherent emission of Cherenkov radiations
in the radio frequency domain, through an excessive electrical charge that occurs
during the development of an electron cascade in that environment. Cherenkov
radiation occurs in the case of particles moving through an environment at a speed
greater than the speed of light through that environment [2].

An avalanche of relativistic particles [3] represents the interaction between a
very high-energy neutrino and a dense and dielectric environment (salt block). For
neutrinos with energy greater than 1015 eV, only about 20% of it appears as a
hadronic particles cascade, and this cascade has an electromagnetic component [3].
The electromagnetic cascade consists of electrically charged particles (about 70% of
the particles) [4]. These particles contribute to the generation of the total electro-
magnetic energy of the cascade [4]. Particles with a speed of travel greater than the
speed of light through a transparent and dense environment (the salt block) will
produce the Cherenkov radiation effect (in our electromagnetic case) in this
environment [2].

The phenomenon, by which the interaction with the environment can detect
particles charged with high energies, is called the Askaryan effect and consists in
the emission of Cherenkov radiation (in the case of particles moving through an
environment at a speed greater than the speed of light through that environment)
coherent in the radio frequency domain by the excess load that appears during the
development of a cascade in that environment [2]. Determination of neutrinos with
energies greater than 1012 eV can lead to the discovery of new astrophysical systems
and new physical processes [3]. The direction, from which these very high energy
neutrinos come from, is a direct indicator of the source that generates them, thus a
cosmic radiation observer from a saline will have to fulfill this goal [3]. The result of
the interaction of a very high energy neutrino with a dielectric, transparent and
dense environment (salt block), is an avalanche of relativistic particles [3] which by
Cherenkov effect will cause the information obtained to generate new aspects about
astro-particles and they create the premises for a deeper understanding of the
cosmic phenomena of high energy in the Universe [3]. These particles contribute to
the generation of total electromagnetic energy in the form of a Cherenkov cone [4].
Knowing the effects related to the propagation of electromagnetic waves in dielec-
tric environments with impurities (saline environment) [5], then, by eliminating
the influences of the parameters of the propagation environment (saline environ-
ment), one can deduce the basic parameters of the flexible transmitting and receiv-
ing antennas. By performing a sufficient number of measurements, these basic
parameters of the flexible transmitting and receiving antennas can be determined.
Knowing these parameters, the detection of the electromagnetic radiation of the
Cherenkov cone (which is known to be perpendicular to the generator of the cone)
can be performed with much greater accuracy. Then it will be possible to determine
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the direction and energy level of the neutrinos generating the Cherenkov cone with
the same precision level. Considering these aspects, the special importance of
designing and realizing a complex system for determining the electrical parameters
of the antennas for the detection of Cherenkov cone of electromagnetic radiation in
saline environment, is deduced. The determination of the electrical parameters of
the antennas for the detection of the Cherenkov cone of electromagnetic radiation
in saline environment will be thought out so that it can determine these parameters
in such environments. The basic parameters of the antennas [6, 7] will be deter-
mined: the radiation diagram, the directivity, the gain, the polarization, the input
impedance, the frequency band, the effective surface, and the effective height.

In order to determine the Cherenkov cone in saline environment (the noise does
not influence the energy measurement because the maximum noise level measured
in saline environment is �115 dBm [8]), it is necessary to make a Cherenkov
detector in this environment. The implementation of a Cherenkov detector in saline
environment involves the design and construction of a very large number of detec-
tion elements together with the related devices and a very large number of cascade
amplifiers as well [5]. Under these conditions the price of a Cherenkov detector in
saline environment is very high. Another necessary condition (it is of particular
importance since it can reduce the costs of producing a Cherenkov detector in saline
environment) is the accurate knowledge and distribution of the dielectric parame-
ters of the saline environment in the salt volume in which a Cherenkov detector will
be made. The realization of a map of the distribution of the dielectric parameters of
the saline environment in the entire volume of a salt rock implies the elaboration of
a complex system for determining the dielectric parameters of the saline environ-
ment for the detection of the Cherenkov cone of cosmic radiation in this environ-
ment. With this system, measurements can be made in saline (on-site) environment
in order to make this map. The use of this system in the measurements will increase
the possibility to implement a Cherenkov detector in saline environment. Until
now, this system has not been used in saline environment for the detection of
cosmic radiation, which brings a novelty in the field. The novelty in the field of
cosmic radiation detection in saline environment has led to patent applications
A/00959/05.12.2016 [9], A/00404/07.06.2018 [10] and A/00354/12.06.2019 [11].

So far, a number of studies were carried out in different environments in order
to perform a Cherenkov cosmic radiation detector. The studies were conducted in
environments such as: air, ice, salt rock [12, 13], limestone rock, etc. For saline
environment the SalSA detector is known, under water (ANTARES, Baikal, NEMO,
NESTOR, AUTEC etc.), under ice (AMANDA, ICECUBE and RICE), for
atmosphere (ASHRA, AUGER, EUSO and OWR), between soil and air (GLUE,
Forte’NuTel and ANITA) [14]. The “Salt Sensor Array” (SalSA) detector has as
reference parameters, 10 x 10 rows of square surfaces, placed 250 m horizontally
between them for a depth of 2000 m and placed at 182 m vertically between them,
with 12 knots per row and for each row 12 detection elements, resulting in 14,400
detection elements. In the SalSA (saline environment) project, a 250 m attenuation
length of the electromagnetic waves was obtained for a frequency band of
100 MHz ÷ 300 MHz using antennas with horizontal and vertical polarity [15].
Cherenkov 3D type detector with a geometry 20 � 20 � 20 where the number of
sub-bands is 1 and the number of antennas with the same polarization type is 2 has a
size of 500 m3, uses 32,000 detection elements and a number of 400 wells in the salt
block and it uses the neutron electron cosmic radiation detection system [5, 9].
In these studies, there was no question to determine the dielectric parameters of the
environments, in which the measurements were performed.

In saline environment, two projects were carried that studied the way of
detecting the Cherenkov cone of electromagnetic radiation in saline environment,
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with high energies are detected due to the interaction with the environment is called
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but in these projects, there was no search for flexibility and adaptability of the
antennas for the most accurate detection of the Cherenkov cone of electromagnetic
radiation in saline medium.

The study of the detection of cosmic neutrinos began almost 20 years ago.
Several specific telescopes have been developed that have attempted to identify
these particles. The results were not the ones expected. On 23-02-1987, a radiation
source of cosmic neutrinos was identified for the first time. This was called “Super-
nova 1987A” and opened a new stage in the theory of cosmos evolution. For ice
detectors (ANITA) [16] with an SNR > 1 allowance, all events occurring in the
frequency band (100 ÷ 1000) MHz can be considered detectable. In another paper
dealing with the detection of cosmic radiation at the ice surface in Antarctica [17], it
is mentioned that if SNR = 1 is considered, then the number of events can be
estimated. Nor does this work address the reflections, attenuations, and character-
istic of the antennas. Another paper dealing with the interaction of neutrinos
(UHE) [18] and referring to a constant detector volume, does not take into account
the effects related to the signal-to-noise ratio, antennas, propagation through the
study environment, aspects that we want to achieve in this project. Due to an
inhomogeneous distribution of impurities in the saline environment, a theoretical
approach to the propagation phenomenon of electromagnetic waves in this envi-
ronment cannot be realized [19, 20].

In order to obtain the most accurate dielectric parameters of the saline environ-
ment, it is necessary to improve the system of measurement and the determination
of these parameters. In order to reach the proposed objective it is necessary to
minimize the errors introduced by adapting the detection elements (transmission
and reception antennas) to the saline environment (the electrical parameters of the
antennas: the working impedances, the directional characteristics in horizontal and
vertical plane, the gain, etc. of the transmitting and receiving antennas that are
affected by the saline environment), it is necessary to make a band-pass filter with
the lowest insertion attenuation resulting in a uniform bandwidth and it is also
necessary to make an amplifier with the amplification as much as possible constant
in the working band (central frequency 187.5 MHz, amplification band at 3 dB
greater than the bandwidth filter by at least 10% and the amplification can
compensate for the losses introduced by the connection cables).

The determination of the Cherenkov cone in saline environment presents as a
result the determination of the energy, the direction and the sense that the neutri-
nos, which interact with a saline environment, possess. These neutrinos provide
information about the phenomena in the Universe that occurred at great distances
from Earth. These distances are much larger than the distances at which the most
efficient telescopes can work, so that information obtained from neutrinos will
increase the horizon of knowledge and will contribute to the improvement of
information about the Universe. Thus, we can say that this information makes a
significant contribution in the field of astrophysics and astronomy.

2. Data measurement systems in saline environment

The generation of radiation pulses that arise from the interaction between high
energy neutrinos (Ultra High Energy, UHE) and a dense dielectric medium has
been studied first by Askaryan [21], who also presented the first results based on
laboratory tests.

Askaryan also identified several natural materials that can be used as neutrinos
detectors: the salt blocks present in saline mines, the ice from polar region, and the
soil of moon [22, 23]. It was proven that a solid block of salt is a very good candidate
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for such detectors, since it suffers important changes of its electrical properties,
based on which, the neutrinos that pass through the block can be detected.

Based on the Askaryan effect [24–26] the radiation that passes through a dense
dielectric generates a cone of coherent radiation in the radio or microwave fre-
quency domain, known as Cherenkov radiation [27–29]. In order to detect this
radiation, one has to determine the frequency domain in which those radio impulses
have maximum intensity and the parameters of an antenna that can be used in a
conventional receiver.

In an experimental setup with a particular configuration of transmitter and
receiver antennas, one can measure the level and the range of the radiation gener-
ated and, based on those results, can evaluate the neutrinos energy. The system
proposed in this paper consists in an Anritsu MS2690A signal analyzer, with
an incorporated signal generator, coupled to the transmitting and receiving
antennas [30].

With this system, the dielectric parameters of the saline environment are
determined first and, by knowing these parameters, the distance of attenuation
of the propagation of electromagnetic waves through the saline environment can
be determined (the distance at which the module of the electromagnetic field
decreases to 1/e). Thus, it is possible to determine, following a package of measure-
ments for the vertical plane [8], and for the horizontal plane [31], the distribution
of the attenuation of the electromagnetic waves through the saline environment
(the map of the distribution of the electromagnetic waves in the saline environment
leading to the determination of the optimal position of placement in a saline envi-
ronment of a Cherenkov detector), the determination of the minimum number of
detection elements, and the optimal position of their placement in saline environ-
ment [10]. Based on the use of dedicated software, one can determine the extreme
situations of the generation of the Cherenkov cone outside the volume of the
Cherenkov detector [11].

In order to determine the dielectric parameters of the saline environment, two
methods were studied, a direct and an indirect one.

The direct method involves the injection of a radio frequency signal into the
measuring medium (saline medium) in order to determine the electrical parameters
of the radio frequency antennas. Thus, this method involves performing a measur-
ing assembly. This will include a radio frequency signal generator nozzle that will
inject the signal into an emission antenna, the electrical parameters of which are
known, an antenna for the reception of the injected signal, the electrical parameters
of which will be determined, a signal analyzer block received from the measuring
antenna. The antennas will be introduced in saline environment.

According to IEEE standard no. 145–1983 [32], which states that “the antenna is
a means of transmitting or receiving radio waves”, i.e. the antenna is that part of a
radio equipment that, by means of electromagnetic exchange of power with the
environment, ensures communication between at least two telecommunication
equipments. The antenna can also be regarded as an element that adapts between
the environment and the receiver or transmitter. It actually performs a transforma-
tion of the power of the electromagnetic field into a signal received as electrical
power. Also, the antenna transforms the electric emission power into the power of
the radiant electromagnetic field [6, 33].

The transmitting and receiving antennas, from a constructive point of view, are
identical. The basic parameters of the antennas are [6, 7]:

• radiation diagram,

• directivity,
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but in these projects, there was no search for flexibility and adaptability of the
antennas for the most accurate detection of the Cherenkov cone of electromagnetic
radiation in saline medium.

The study of the detection of cosmic neutrinos began almost 20 years ago.
Several specific telescopes have been developed that have attempted to identify
these particles. The results were not the ones expected. On 23-02-1987, a radiation
source of cosmic neutrinos was identified for the first time. This was called “Super-
nova 1987A” and opened a new stage in the theory of cosmos evolution. For ice
detectors (ANITA) [16] with an SNR > 1 allowance, all events occurring in the
frequency band (100 ÷ 1000) MHz can be considered detectable. In another paper
dealing with the detection of cosmic radiation at the ice surface in Antarctica [17], it
is mentioned that if SNR = 1 is considered, then the number of events can be
estimated. Nor does this work address the reflections, attenuations, and character-
istic of the antennas. Another paper dealing with the interaction of neutrinos
(UHE) [18] and referring to a constant detector volume, does not take into account
the effects related to the signal-to-noise ratio, antennas, propagation through the
study environment, aspects that we want to achieve in this project. Due to an
inhomogeneous distribution of impurities in the saline environment, a theoretical
approach to the propagation phenomenon of electromagnetic waves in this envi-
ronment cannot be realized [19, 20].

In order to obtain the most accurate dielectric parameters of the saline environ-
ment, it is necessary to improve the system of measurement and the determination
of these parameters. In order to reach the proposed objective it is necessary to
minimize the errors introduced by adapting the detection elements (transmission
and reception antennas) to the saline environment (the electrical parameters of the
antennas: the working impedances, the directional characteristics in horizontal and
vertical plane, the gain, etc. of the transmitting and receiving antennas that are
affected by the saline environment), it is necessary to make a band-pass filter with
the lowest insertion attenuation resulting in a uniform bandwidth and it is also
necessary to make an amplifier with the amplification as much as possible constant
in the working band (central frequency 187.5 MHz, amplification band at 3 dB
greater than the bandwidth filter by at least 10% and the amplification can
compensate for the losses introduced by the connection cables).

The determination of the Cherenkov cone in saline environment presents as a
result the determination of the energy, the direction and the sense that the neutri-
nos, which interact with a saline environment, possess. These neutrinos provide
information about the phenomena in the Universe that occurred at great distances
from Earth. These distances are much larger than the distances at which the most
efficient telescopes can work, so that information obtained from neutrinos will
increase the horizon of knowledge and will contribute to the improvement of
information about the Universe. Thus, we can say that this information makes a
significant contribution in the field of astrophysics and astronomy.

2. Data measurement systems in saline environment

The generation of radiation pulses that arise from the interaction between high
energy neutrinos (Ultra High Energy, UHE) and a dense dielectric medium has
been studied first by Askaryan [21], who also presented the first results based on
laboratory tests.

Askaryan also identified several natural materials that can be used as neutrinos
detectors: the salt blocks present in saline mines, the ice from polar region, and the
soil of moon [22, 23]. It was proven that a solid block of salt is a very good candidate
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for such detectors, since it suffers important changes of its electrical properties,
based on which, the neutrinos that pass through the block can be detected.

Based on the Askaryan effect [24–26] the radiation that passes through a dense
dielectric generates a cone of coherent radiation in the radio or microwave fre-
quency domain, known as Cherenkov radiation [27–29]. In order to detect this
radiation, one has to determine the frequency domain in which those radio impulses
have maximum intensity and the parameters of an antenna that can be used in a
conventional receiver.

In an experimental setup with a particular configuration of transmitter and
receiver antennas, one can measure the level and the range of the radiation gener-
ated and, based on those results, can evaluate the neutrinos energy. The system
proposed in this paper consists in an Anritsu MS2690A signal analyzer, with
an incorporated signal generator, coupled to the transmitting and receiving
antennas [30].

With this system, the dielectric parameters of the saline environment are
determined first and, by knowing these parameters, the distance of attenuation
of the propagation of electromagnetic waves through the saline environment can
be determined (the distance at which the module of the electromagnetic field
decreases to 1/e). Thus, it is possible to determine, following a package of measure-
ments for the vertical plane [8], and for the horizontal plane [31], the distribution
of the attenuation of the electromagnetic waves through the saline environment
(the map of the distribution of the electromagnetic waves in the saline environment
leading to the determination of the optimal position of placement in a saline envi-
ronment of a Cherenkov detector), the determination of the minimum number of
detection elements, and the optimal position of their placement in saline environ-
ment [10]. Based on the use of dedicated software, one can determine the extreme
situations of the generation of the Cherenkov cone outside the volume of the
Cherenkov detector [11].

In order to determine the dielectric parameters of the saline environment, two
methods were studied, a direct and an indirect one.

The direct method involves the injection of a radio frequency signal into the
measuring medium (saline medium) in order to determine the electrical parameters
of the radio frequency antennas. Thus, this method involves performing a measur-
ing assembly. This will include a radio frequency signal generator nozzle that will
inject the signal into an emission antenna, the electrical parameters of which are
known, an antenna for the reception of the injected signal, the electrical parameters
of which will be determined, a signal analyzer block received from the measuring
antenna. The antennas will be introduced in saline environment.

According to IEEE standard no. 145–1983 [32], which states that “the antenna is
a means of transmitting or receiving radio waves”, i.e. the antenna is that part of a
radio equipment that, by means of electromagnetic exchange of power with the
environment, ensures communication between at least two telecommunication
equipments. The antenna can also be regarded as an element that adapts between
the environment and the receiver or transmitter. It actually performs a transforma-
tion of the power of the electromagnetic field into a signal received as electrical
power. Also, the antenna transforms the electric emission power into the power of
the radiant electromagnetic field [6, 33].

The transmitting and receiving antennas, from a constructive point of view, are
identical. The basic parameters of the antennas are [6, 7]:

• radiation diagram,

• directivity,
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• gain,

• polarization,

• the input impedance,

• the frequency band,

• the actual area,

• the effective height.

The radiation diagram of the antenna represents the space surface for which
the vectors leaving the antenna towards this surface have the module proportional
to the intensity of the radiation in the respective direction. The direction, in which
the field intensity is zero, is called null. The region between two nulls is called the
lob. The maximum of the lobe is called the level of the lobe and the direction, in
which it is maximum, is called the orientation of the lobe. If we represent the
lobes in relative sizes, then an antenna can have one or more level 1 (0 dB) lobes -
called main lobes, � and less than 1 level lobes (negative in dB) – named
secondary (lateral or auxiliary) lobes. The back lobe of an antenna (180° to the
main lobe) is related to the main lobe (in dB) and it is called the front/back ratio of
the antenna [6, 7].

We can define the radiation diagram of an antenna if we take into account the
electric component module E for the electromagnetic field radiated by the antenna.
The other parameters and their definitions are kept. A decrease in 3 dB of the
electric field module represents a decrease of its times (1/√2 ≈ 0.707) [6, 7].

The maximum radiation intensity is given by:

PΩmax ¼ PΩ θ ¼ π
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and the relative radiation intensity is given by:

PΩrel ¼ PΩj j
PΩmax

¼
η0k
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0

32π2 sin θð Þ2
η0k

2
0

32π2

¼ sin θð Þ2 (2)

where: PΩ represents the radiation intensity,
θ represents the angle under which the radiation intensity is determined,
η0 represents the vacuum impedance,
k0 represents the vacuum propagation constant.
From these equations, the radiation pattern of the antenna can be determined.
Directivity is the ratio of radiation intensity in a given direction to the average

radiation intensity that is calculated for all directions in space. The average radiation
intensity is calculated as the total radiated power divided by 4π. The approximate
formula for calculating directivity is as follows [6, 7]:

D θ,ϕð Þ ¼ 10 log 4π
PΩ θ,ϕð Þ
Prad

� �
dB½ � (3)

The absolute gain of an antenna, for a given direction, represents the radiation
intensity in that direction relative to the radiation intensity that could be obtained if
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the antenna would radiate isotropically all input power. The radiation intensity,
corresponding to the isotropically radiated power, is equal to the ratio of the input
power to 4π. For an approximate calculation, the formula [6, 7] can be used:

Gmax ≈
3 ∙ 105

θθ
(4)

where: and represents the angular openings (in degrees) at 3 dB in the planes of
vectors E and H.

The polarization of an antenna is determined by the polarization of the elec-
tromagnetic field radiated by it. The propagation of the electromagnetic field is
given by a transverse plane wave (components E and H are perpendicular to each
other and in turn are perpendicular to the propagation direction). The polarization
of an electromagnetic field is determined by the curve of the vector E described in
time at the observation point. This curve can be an ellipse (elliptic polarization), a
circle (circular polarization) or a straight line (linear polarization). Apart from
linear polarization, the other polarizations are characterized by the direction of
travel of the curve (right or left) [6, 7].

The input impedance of an antenna is, in fact, the impedance presented at the
antenna terminals. The impedance of the antenna is given by the ratio between the
voltage and the current at the terminals or the ratio between the electrical and
magnetic components determined at a conveniently chosen point. The formula for
calculating the impedance of the dipole antenna of length l is much smaller than λ
and traveled by a constant current I is as follows [6, 7]:

Rrad ¼ Prad

. 1
2
I2

� �
¼ η0k

2
0l

2

6π
(5)

The frequency band is defined as “the frequency range, in which the antenna
performance associated with a predetermined parameter, is maintained in a speci-
fied range” [6, 7].

The actual surface area of an antenna, for a given direction, is represented by the
ratio of the power available at the antenna terminals, being considered as the
receiving antenna and the power density for the plane wave incident in that direc-
tion. The electromagnetic wave and the antenna are considered to be adapted from
each other in terms of polarization. If no specific direction is indicated, then the
maximum antenna radiation direction is taken by default [6, 7].

The effective height of an antenna, with a linear polarization and receiving a
plane wave from a given direction, represents the ratio between the voltage deter-
mined with the open circuit at the antenna terminals and the intensity of the electric
field determined by the antenna polarization direction.

An issue that interests us is the input resistance of the dipole antenna. This
antenna will be calculated to work in a saline environment. In order to determine
the parameters of the antenna in saline environment, we must know the input
resistance of the dipole antenna in the free space. In order to determine the input
resistance of the dipole antenna, we will start from the cylindrical dipole, which is a
direct materialization of the concept of thin wire antenna. The parameters of the
cylindrical dipole are slightly different from those provided by a theoretical analy-
sis. This fact is given by the condition imposed on the length of the dipole, which
must be much larger than the diameter. But this condition is not strictly fulfilled.

Considering that the dipole radiates in the free space, we will have approximate
formulas for calculating the input resistance. If we make the notation G = nπ, then
[6, 7]:
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• gain,

• polarization,

• the input impedance,

• the frequency band,

• the actual area,

• the effective height.

The radiation diagram of the antenna represents the space surface for which
the vectors leaving the antenna towards this surface have the module proportional
to the intensity of the radiation in the respective direction. The direction, in which
the field intensity is zero, is called null. The region between two nulls is called the
lob. The maximum of the lobe is called the level of the lobe and the direction, in
which it is maximum, is called the orientation of the lobe. If we represent the
lobes in relative sizes, then an antenna can have one or more level 1 (0 dB) lobes -
called main lobes, � and less than 1 level lobes (negative in dB) – named
secondary (lateral or auxiliary) lobes. The back lobe of an antenna (180° to the
main lobe) is related to the main lobe (in dB) and it is called the front/back ratio of
the antenna [6, 7].

We can define the radiation diagram of an antenna if we take into account the
electric component module E for the electromagnetic field radiated by the antenna.
The other parameters and their definitions are kept. A decrease in 3 dB of the
electric field module represents a decrease of its times (1/√2 ≈ 0.707) [6, 7].

The maximum radiation intensity is given by:

PΩmax ¼ PΩ θ ¼ π

2

� ����
��� ¼ η0k

2
0

32π2
sin

π

2

� �2
����

���� ¼
η0k

2
0

32π2
(1)
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where: PΩ represents the radiation intensity,
θ represents the angle under which the radiation intensity is determined,
η0 represents the vacuum impedance,
k0 represents the vacuum propagation constant.
From these equations, the radiation pattern of the antenna can be determined.
Directivity is the ratio of radiation intensity in a given direction to the average

radiation intensity that is calculated for all directions in space. The average radiation
intensity is calculated as the total radiated power divided by 4π. The approximate
formula for calculating directivity is as follows [6, 7]:

D θ,ϕð Þ ¼ 10 log 4π
PΩ θ,ϕð Þ
Prad

� �
dB½ � (3)

The absolute gain of an antenna, for a given direction, represents the radiation
intensity in that direction relative to the radiation intensity that could be obtained if
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the antenna would radiate isotropically all input power. The radiation intensity,
corresponding to the isotropically radiated power, is equal to the ratio of the input
power to 4π. For an approximate calculation, the formula [6, 7] can be used:

Gmax ≈
3 ∙ 105

θθ
(4)

where: and represents the angular openings (in degrees) at 3 dB in the planes of
vectors E and H.

The polarization of an antenna is determined by the polarization of the elec-
tromagnetic field radiated by it. The propagation of the electromagnetic field is
given by a transverse plane wave (components E and H are perpendicular to each
other and in turn are perpendicular to the propagation direction). The polarization
of an electromagnetic field is determined by the curve of the vector E described in
time at the observation point. This curve can be an ellipse (elliptic polarization), a
circle (circular polarization) or a straight line (linear polarization). Apart from
linear polarization, the other polarizations are characterized by the direction of
travel of the curve (right or left) [6, 7].

The input impedance of an antenna is, in fact, the impedance presented at the
antenna terminals. The impedance of the antenna is given by the ratio between the
voltage and the current at the terminals or the ratio between the electrical and
magnetic components determined at a conveniently chosen point. The formula for
calculating the impedance of the dipole antenna of length l is much smaller than λ
and traveled by a constant current I is as follows [6, 7]:
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The frequency band is defined as “the frequency range, in which the antenna
performance associated with a predetermined parameter, is maintained in a speci-
fied range” [6, 7].

The actual surface area of an antenna, for a given direction, is represented by the
ratio of the power available at the antenna terminals, being considered as the
receiving antenna and the power density for the plane wave incident in that direc-
tion. The electromagnetic wave and the antenna are considered to be adapted from
each other in terms of polarization. If no specific direction is indicated, then the
maximum antenna radiation direction is taken by default [6, 7].

The effective height of an antenna, with a linear polarization and receiving a
plane wave from a given direction, represents the ratio between the voltage deter-
mined with the open circuit at the antenna terminals and the intensity of the electric
field determined by the antenna polarization direction.

An issue that interests us is the input resistance of the dipole antenna. This
antenna will be calculated to work in a saline environment. In order to determine
the parameters of the antenna in saline environment, we must know the input
resistance of the dipole antenna in the free space. In order to determine the input
resistance of the dipole antenna, we will start from the cylindrical dipole, which is a
direct materialization of the concept of thin wire antenna. The parameters of the
cylindrical dipole are slightly different from those provided by a theoretical analy-
sis. This fact is given by the condition imposed on the length of the dipole, which
must be much larger than the diameter. But this condition is not strictly fulfilled.

Considering that the dipole radiates in the free space, we will have approximate
formulas for calculating the input resistance. If we make the notation G = nπ, then
[6, 7]:
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Rin ¼

20G2 0< n< 1=4

24:7G2,5 1=4≤ n< 1=2

11:4G4,17 1=2≤ n<0:6366

8>>><
>>>:

(6)

The behavior of the dipole antenna in dielectric mediums for propagating the
electromagnetic waves is similar to the behavior in vacuum or air, except that the
impedance and the calculation of the antenna arm lengths change according to the
relative permittivity of the environment, in which the antenna is located. If a group
of antennas is inserted into a salt block, then the input resistance and the length of
the dipole antenna in λ/2 will be changed with the real value of the permittivity of
the salt (εr = 5.981 + j0.0835) and the penetration depth of the waves. Electromag-
netic will depend on tgδ, which is precisely the ratio between the imaginary and the
real part of the permittivity.

The antenna parameters are influenced when the antenna passes from work in
vacuum or air to work in environment with different permittivity of vacuum.
Therefore, in calculating the antennas working in environments with different
permittivity than the vacuum (generally higher), the permissibility of the environ-
ment, in which the antenna works is taken into account. Averages such as salt
constitute an unconventional environment for antennas and therefore the dielectric
parameters of the salt, for a frequency range between 100 MHz and 5 GHz, must be
known.

The direct method is performed by a system of generation and analysis of radio
signals in saline environment and it is made from an emission antenna, a receiving
antenna, and a signal analyzer. Two pairs of antennas are used for two working
frequencies f1 and f2, in order to determine the dielectric parameters of the salt, in
order to determine the transfer of electromagnetic waves through the salt block,
and in order to determine the electrical parameters of the radiofrequency antennas
in saline environment.

The system is made of two identical antennas of the dipole type in λ/2 for the
wavelength corresponding to the frequency f1 = 450 MHz and f2 = 750 MHz, each
provided with a symmetrical and an impedance adapter of a transformer type with
transmission lines mounted in the immediate vicinity of antenna, coaxial cables
with small losses of type RG58LL, an impedance adapter of type CD, connecting
cables of type CDF400 with small losses between signal analyzer Anritsu MS2690A
(generator part with emission antenna), two antennas (one for transmission and
one for reception), and the signal analyzer Anritsu MS2690A (analyzer part with
the receiving antenna). The schematic diagram of the system, for generating and
analyzing radio signals in saline environment, is shown in Figure 1 [8].

The indirect method involves the determination of the electrical parameters of
the radio frequency antennas in saline environment, knowing the electrical param-
eters of these radio frequency antennas in air and measuring their parameters
introduced in a saline environment when the dielectric parameters of the saline
environment are known. This method involves performing a measurement instal-
lation of the electrical parameters of the radio frequency antennas in the air and
repeating the measurements in a saline environment with the same installation. For
this, dielectric parameters of the saline environment must be known.

Knowing the conclusions of the measurements in a saline environment, we can
determine the electrical parameters of the radiofrequency antennas in such an
environment. Numerous measurements have been made in massive salt blocks
by RADAR penetration technology (GPR) [34]. From the conclusions of the
measurements, we mention:
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• the propagation of radio waves through a saline environment is not affected by
scattering phenomena;

• no depolarization phenomena were observed;

• no significant dispersion phenomena were observed for the frequency range
(0.1 ÷ 1) GHz.

Other empirical properties of salt blocks are [35]:

• a decrease in the tangent of the loss angle with frequency;

• the attenuation length is dependent on the percentage of impurities the salt
block contains;

• no significant phenomena of double salt refraction were reported.

To perform the indirect method, the behavior of the antenna, introduced in a
saline environment, will be analyzed when we have an interleaved element (air)
between the antenna and the medium. By analyzing the following figure, we can
determine the influence of the electrical parameters of the radio frequency antennas
in saline environment when there is no perfect contact with this environment.

Figure 2 shows a cavity in a dielectric medium (salt), in which an emission or
reception antenna (dipole antenna in λ/2) is introduced.

If we analyze the Figure 1 where the cavity is cylindrical with the length L and
the radius of the base of r = b and considering the continuity of the tangential
component of the electric field (E0 = E1), we will find the equation below:

Δω
ω0

¼ ε0 εr � 1ð Þð Þ E00j j2πb2L
4W0

(7)

Figure 1.
The system of generation and analysis of radio signals in saline environment.
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the dipole antenna in λ/2 will be changed with the real value of the permittivity of
the salt (εr = 5.981 + j0.0835) and the penetration depth of the waves. Electromag-
netic will depend on tgδ, which is precisely the ratio between the imaginary and the
real part of the permittivity.

The antenna parameters are influenced when the antenna passes from work in
vacuum or air to work in environment with different permittivity of vacuum.
Therefore, in calculating the antennas working in environments with different
permittivity than the vacuum (generally higher), the permissibility of the environ-
ment, in which the antenna works is taken into account. Averages such as salt
constitute an unconventional environment for antennas and therefore the dielectric
parameters of the salt, for a frequency range between 100 MHz and 5 GHz, must be
known.

The direct method is performed by a system of generation and analysis of radio
signals in saline environment and it is made from an emission antenna, a receiving
antenna, and a signal analyzer. Two pairs of antennas are used for two working
frequencies f1 and f2, in order to determine the dielectric parameters of the salt, in
order to determine the transfer of electromagnetic waves through the salt block,
and in order to determine the electrical parameters of the radiofrequency antennas
in saline environment.

The system is made of two identical antennas of the dipole type in λ/2 for the
wavelength corresponding to the frequency f1 = 450 MHz and f2 = 750 MHz, each
provided with a symmetrical and an impedance adapter of a transformer type with
transmission lines mounted in the immediate vicinity of antenna, coaxial cables
with small losses of type RG58LL, an impedance adapter of type CD, connecting
cables of type CDF400 with small losses between signal analyzer Anritsu MS2690A
(generator part with emission antenna), two antennas (one for transmission and
one for reception), and the signal analyzer Anritsu MS2690A (analyzer part with
the receiving antenna). The schematic diagram of the system, for generating and
analyzing radio signals in saline environment, is shown in Figure 1 [8].

The indirect method involves the determination of the electrical parameters of
the radio frequency antennas in saline environment, knowing the electrical param-
eters of these radio frequency antennas in air and measuring their parameters
introduced in a saline environment when the dielectric parameters of the saline
environment are known. This method involves performing a measurement instal-
lation of the electrical parameters of the radio frequency antennas in the air and
repeating the measurements in a saline environment with the same installation. For
this, dielectric parameters of the saline environment must be known.

Knowing the conclusions of the measurements in a saline environment, we can
determine the electrical parameters of the radiofrequency antennas in such an
environment. Numerous measurements have been made in massive salt blocks
by RADAR penetration technology (GPR) [34]. From the conclusions of the
measurements, we mention:
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• the propagation of radio waves through a saline environment is not affected by
scattering phenomena;

• no depolarization phenomena were observed;

• no significant dispersion phenomena were observed for the frequency range
(0.1 ÷ 1) GHz.

Other empirical properties of salt blocks are [35]:

• a decrease in the tangent of the loss angle with frequency;

• the attenuation length is dependent on the percentage of impurities the salt
block contains;

• no significant phenomena of double salt refraction were reported.

To perform the indirect method, the behavior of the antenna, introduced in a
saline environment, will be analyzed when we have an interleaved element (air)
between the antenna and the medium. By analyzing the following figure, we can
determine the influence of the electrical parameters of the radio frequency antennas
in saline environment when there is no perfect contact with this environment.

Figure 2 shows a cavity in a dielectric medium (salt), in which an emission or
reception antenna (dipole antenna in λ/2) is introduced.

If we analyze the Figure 1 where the cavity is cylindrical with the length L and
the radius of the base of r = b and considering the continuity of the tangential
component of the electric field (E0 = E1), we will find the equation below:
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The system of generation and analysis of radio signals in saline environment.
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where: E00 ¼ 1 and W0 ¼ πε0L
Ð b
a J0 k0rð Þ2rdr represents the energy found in the

cavity. The resonant frequency of the empty cavity is:

ω0 ¼ k0c ¼ 2:405
c
a

� �
(8)

and E0 ¼ J0 k0rð Þ is the energy in the empty cavity and J0 represents the Bessel
function of the first order for which r = a. Then, we will obtain:

Δω
ω0

¼ 1:856 1� εrð Þ b
a

� �2

(9)

If we use the last two formulas, then we can deduce the relative dielectric
permittivity for the salt measurements:

εr ¼ 5:981þ j0:0835 (10)

The loss angle tangent is related to the attenuation coefficient of the field (α) and
it represents the distance at which the electromagnetic field module decreases to
(1/e). The formula, associated with the loss angle tangent, is [36]:

tan δ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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2πf
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where: f represents the frequency and c is the speed of light in a vacuum. Then
the attenuation length becomes:

L ¼ 1
α
¼ λ0

2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

ε0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan 2δ

p � 1
� �

s
(12)

Figure 2.
Cavity in a dielectric medium (saline medium), in which a dipole antenna is inserted in λ/2.
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or an approximate value:

L ffi λ0

2π εð Þ12 tan δ
(13)

where: λ0 is the wavelength in vacuum.
For the study of the propagation of electromagnetic waves through saline envi-

ronment it is necessary to know the dielectric parameters of the medium, through
which they propagate (of the saline environment).

For this we will consider the propagation equation in linear, homogeneous, and
isotropic environments for the electromagnetic waves [37–39]:

∇ ∙ �E� μσ
∂�E
∂t

� με
∂
2�E
∂t2

¼ ∇
ρ

ε

� �
(14)

and we consider the dissipative (absorbing) environment in which σ 6¼ 0.
We can assume that, if the environment contains free electric charge (ρ 6¼ 0),

then it will exponentially decrease in time to zero.
We can determine the intensity of the wave at a certain depth z, which will be

[37, 38]:

I zð Þ ¼ 1
2
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ε
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r
�E0 zð Þð Þ2 ¼ 1

2

ffiffiffi
ε

μ

r
�E0 0ð Þð Þ2e�βz (15)

or otherwise:

I zð Þ ¼ I0e�βz (16)

where: I0 represents the intensity of the wave upon entering the environment
(z = 0), β represents the absorption coefficient.

The salt from the mines of North America showed dielectric constants in the 5–7
range and the loss angle tangent between 0.015 and 0.030 at 300 MHz [40].

An important problem is to determine the penetration length of electromagnetic
waves in saline environment (attenuation length.) Thus we will define the depth of
penetration of the wave into the environment. We will note the distance d as
representing this depth. This depth is the decrease of the intensity of the field e
times from the initial one. Then the intensity of the wave at depth d becomes:

I dð Þ ¼ I0e�βd (17)

where:

d ¼ 1
β

(18)

We will consider the case of an almost dielectric environment (σ – small,
ε – big). In this case the ratio (σ/ε) will be much smaller than the unit [37, 38]:

σ

εω
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ωc

ω
≪ 1 and v ffi 1ffiffiffiffiffi

εμ
p (19)

which means that the electromagnetic wave has the same propagation speed
for whatever its frequency is. This means that there is no dispersion (this is the case
for salt).
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Figure 2.
Cavity in a dielectric medium (saline medium), in which a dipole antenna is inserted in λ/2.
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or an approximate value:

L ffi λ0

2π εð Þ12 tan δ
(13)

where: λ0 is the wavelength in vacuum.
For the study of the propagation of electromagnetic waves through saline envi-
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� �
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Then the depth of penetration will be given by the relation:

d ffi 1
σ

ffiffiffi
ε

μ

r
¼ 1

σZ
(20)

where: Z is the impedance for the pulse of the wave.
In most practical cases tan δ ≪ 1, so for the calculation of the penetration depth

the formula is used (Figure 3):

d ¼ 3 ∙ 108

2πf εrð Þ12 tan δ
(21)

The 36.79% percentage represents a 1/e decrease of the electromagnetic field in
the dielectric environment (the incident field from which the reflected field is
subtracted is taken into account).

The two methods do not differ much from each other. The difference is that, in
the indirect method, there will be two packages of measurements. Starting from the
package of measurements in air, continuing with the measurements in saline envi-
ronment and knowing the dielectric and attenuation parameters of the electromag-
netic waves of the saline environment, the electrical parameters of the
radiofrequency antennas in saline environment can be determined by calculations.
Taking into account these considerations, the indirect method can generate errors,
because the determination of the electrical parameters of the radio frequency
antennas in saline environment is based on the measurements of these parameters
in the air (where small errors can occur), then measurements of these parameters
are made in saline environment (where there also can occur small errors) and
following the calculations, the errors can be added, which means a greater error.
Thus, the indirect method involves high degree errors in determining the electrical
parameters of radio frequency antennas in saline environment.

For the direct method, a system for measuring the electrical parameters of radio
frequency antennas in saline environment will be used. The measurements being
direct, we deduce that the errors are given only by these measurements (by the
measurement system, analyzer – the generator part and the analyzer part). No
additional calculations are required. So, the direct method is a method with smaller
errors, although a measurement system, adapted to the saline environment is
needed, compared to the indirect method that uses the same system of measure-
ment in the air and in the saline environment.

Figure 3.
Illustration of the penetration of electromagnetic waves in a dielectric environment [41].
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3. Data collection in saline environment

In order to be able to collect the data from the saline environment, we will use
the system presented in Figure 1. An important problem is the design of the
antennas to work in the saline environment. The first problem, that arises, is the
determination of the antenna length for working in saline environment.

Calculation of antennas [8]:

La λ=2½ � ¼ c
2f

ffiffiffiffi
εr

p (22)

And it represents the antenna length in λ/2 [m] and c = 3 ∙ 108 m/s and f = the
resonance frequency of the antenna [Hz], εr = 5.981 + j0.0835, taking into account
the real part R εrð Þ ffi 6. Figure 4 shows the shape and dimensions of the antenna
determined by the above formula.

The antennas are made of Copper pipe with Φ = 6 mm and have the following
dimensions (Table 1.) for salt work.

A second problem that arises is the determination of the radiation resistance of
the antennas in saline environment. As shown in Figure 4, the antenna is a dipole
antenna in λ/2 and then the formula for calculating the radiation resistance is:

Rrad ¼ 0:19397
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ0

ε0 � εr

r
(23)

where: μ0 = 4π10�7 [N/m2] and ε0 = 8.859 � 10�12 [F/m].
Then the radiation resistance is about 29.853 Ω. Following the analysis of

Table 1, it is found that the antenna length is much smaller than λ and then we can
say that the antennas are of Hertzian type and the radiation resistance of the
antennas will be calculated with the formula:

Ra sare ¼ 2π
3

ffiffiffiffiffiffiffiffiffiffiffi
εr sare

p Z0
La

λ

� �2

(24)

Then, for salt work, a radiation resistance of about 13.5 Ω will be obtained. In
these conditions, it is necessary to adapt the radiation resistance of the antennas to
the characteristic impedance of the Anritsu MS2690A 50 Ω analyzer. For the

Figure 4.
Antenna dimensions.

f [MHz] 300 400 500 600 700 800 900 1000

La [m] 0.204 0.153 0.122 0.102 0.087 0.077 0.068 0.061

Table 1.
The dimensions of the transmitting and receiving antennas at different frequencies for working in saline
environment.
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frequencies f1 = 450 MHz and f2 = 750 MHz, La450MHz = 0.136 m and
La750MHz = 0.082 m were obtained and for the radiation resistance the following
values were obtained:

f 1 ¼ 450MHz¼)Ra sare 450MHz ¼ 1ffiffiffi
6

p ∙ 789:586 ∙
0, 136
0, 667

� �2

¼ 13:401Ω (25)

f 2 ¼ 750MHz¼)Ra sare 750MHz ¼ 1ffiffiffi
6

p ∙ 789:586 ∙
0, 082
0, 400

� �2

¼ 13:546Ω (26)

The frequency, at which the best propagation of electromagnetic waves, was
determined in saline environment (Cantacuzino Mine from Slănic Prahova), is
187.5 MHz. The noise level in saline environment (Mina Cantacuzino from Slănic
Prahova) is �115 dBm and at an impedance of 13.5 Ω, a noise level of 0.20662 μV is
obtained. Figure 5 shows the graph determined theoretically according to the dis-
tance of the variation of the radio frequency voltage level at the receiving antenna
level. An electromagnetic emission event of a neutrino with the energy of 1018 eV
that generated a Cherenkov cone in saline environment was taken into account in
this graph.

Analyzing the graph in Figure 5, we determine that for a neutrino with the
energy of 1018 eV that generated a Cherenkov cone in saline environment, a radio
frequency signal at the terminals of a receiving antenna comparable to the noise
level measured in saline environment will be produced as an effect at a distance of
50 m. So, for longer distances it is necessary that the energy of the neutrino be
greater than 1018 eV (1023 eV).

Thus, a “Hardware system for detecting cosmic radiation of electron neutron
type in salt” was designed [9]. This system is used to measure the level of attenua-
tion of the electromagnetic waves introduced by the saline environment. Also with
this system, the dielectric parameters of the saline environment can be determined
in order to create a map with the distribution of the attenuations introduced by the
saline environment. This system is, in fact, a radio detection station [5], SRmk where
m is equivalent to the Cartesian x coordinate, k is equivalent to the Cartesian y
coordinate, and n is equivalent to the Cartesian z coordinate. Each radio station will
include two antennas for horizontal polarization and two for vertical polarization,
one impedance adjustment circuit for each antenna, one adder for each polariza-
tion, one band pass filter to select the desired spectral components, five amplifiers
followed by one band pass filter (minus the last amplifier) with full chain amplifi-
cation from the first band pass filter to the 120 dB anti-alloy filter, an anti-alloy
filter, an analog-to-digital converter, a FIFO memory (first input – first output).

Figure 5.
The graph of the variation of the radio frequency voltage level at the receiving antenna level.
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There follows a local processing station SR with a Wireless transceiver and, at the
other end, another transceiver with a processing system to connect with the com-
puter system. The total amplification of 120 dB is required to bring a signal of
0.6 μV (20 m) at the level of 0.6 V that can be processed by CADm (analog-to digital
converter). It consists of the following blocks (Figure 6):

• AH1n and AH2n is the pair of antennas for horizontal polarization in the vertical
group n;

• AV1n and AV2n is the pair of antennas for vertical polarization in group n on the
vertical;

• CAH1n and CAH2n are the circuits for adapting the impedance of the antennas
with the horizontal polarization to the impedance of the 50 Ω cable;

• CAV1n and CAV2n are the circuits for adapting the impedance of the antennas
with the vertical polarization to the impedance of the 50 Ω cable;

•
P

Hn and
P

Vn are the sums of the signals coming from the antennas AH1n, AH2n

respectively AV1n, AV2n;

• FTB0m is the first band pass filter to select the desired spectral components;

• A1m, FTB1m – FTB4m, A5m represents the 100 dB amplification chain together
with FTB0m and FAAm;

• CADm is the converter from analog signal after amplification, to digital signal;

• FIFOm is the memory of the digital signal maintained as a buffer until the
arrival of the trigger signal from the P + Tx/Rx Wireless (transceiver) system;

• P + Tx/Rx Wireless is the local information processing system that includes the
hard and soft trigger circuit, the Tx/Rx Wireless transceiver and the receiving
broadcast antenna, which is used to improve the noise signal ratio and to
calibrate the system processing from PC computer.

Figure 6.
Block diagram of the system for receiving, local processing and wireless transmission of the measured data to the
computing system.
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For the correct analysis of the data it is necessary that the temporal relation and
the absolute value of the electric field be known, that is to say, all the instrumental
errors must be corrected before working with the involved physical quantities. This
implies a correction of the delays, which occur in the system, and a calibration of
the amplitude.

For the correction of these events it is necessary that a well-known signal be
present in all data and that it will provide us the necessary temporal information.
There is no need for an absolute time scale, as the measurements are not compared
to external events. For this reason, only the relative temporal delays between the
antennas should be known.

It is necessary to determine the attenuations introduced by the connection
cables.

We used two types of cables:

• type CFD400-E (blue) with a length of 5 m.

• type R-6763, O400 (black) with a length of 21 m.

The measured attenuations are presented in Table 2.
Following the measurements, the graph of variation of the power of a signal with

a constant level measured at a fixed point at a distance of 20 m from the emission
antenna was determined (Figure 7). The transmitting and receiving antennas were
introduced in saline at a depth of 1 m from level 0.

Following the analysis of this graph, it is deduced that the attenuation of the
electromagnetic waves is great for frequencies greater than 500 MHz, but it has a
variation of about 20 dBm for a spectrum of 600 MHz. These attenuations fall for
lengths of approximately 20 m. For the same signal levels introduced in the

f Cable CFD400-E Cable R-6763, O400

450 MHz �0.31 dBm �3.05 dBm

750 MHz �0.6 dBm �4.22 dBm

Table 2.
The attenuations measured on the connection cables used in the measurements in saline environment.

Figure 7.
The power received at a fixed point 20 m from the transmitting antenna for various frequencies emitted.
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broadcast antenna placed at a depth of 1 m from level 0 and received with an
identical antenna placed at the same depth, attenuations of about 50 m are obtained
for the frequency of 187.5 MHz.

At the output of the system, the signal is processed by CADm, which is made
with the RD-143 development board. It consists of an ADC083000 analog-to-digital
converter (CAN), an amplifier for improving the signal/noise ratio achieved with
the LMH6555 low-distortion differential amplifier, a tact signal generator, a Field
Programmable Gate Array (FPGA) block, a local processor, a PLL loop frequency
synthesizer, VCO oscillator made with LMX2531 LQ1500E, and a USB interface for
direct communication with the PC made with CY7C6801BA.

The analog-numeric converter ADC083000 produced by National Semiconduc-
tor is an 8-bit converter that has a working power consumption of 1.9 W at a supply
voltage of Vcc = 2.2 V, the maximum input signal on the Wine + and Wine� inputs
is 2.5 V and the maximum conversion rate is 3GSPS (3 gigabytes per second). The
resolution of the analog-numerical circuit, in this case, is:

Rez ¼ 1LSB ¼ Vmax

2n
¼ 2:5

28
¼ 9:8mV (27)

It also offers a bit error rate of the order of 10�18.
Following the laboratory tests, it was found that the actual number of bits used

by RD143 for quantization, around 187.5 MHz (the signal value from the CAN
input – analog-to-digital converter) is 7.3 bits, which means that the noise intro-
duced by the CAN is very small. In fact, this noise increases as the frequency of the
signal processed by CAN increases.

Another important feature, determined by laboratory measurements, of this
CAN is the low power consumption, reaching a consumption of 1.9 W at the
maximum sampling frequency (3 GHz). Moreover, a linear characteristic of the
power consumption, characteristic between 1.4 and 1.9 W. is observed. The signal
processed by RD143 is on a frequency of 187.5 MHz.

The dipole antenna of the system was found to pick up the radio signal generated
by the USRP (Universal Software Radio Peripheral). The signal reached in the signal
processing unit (e.g. laptop) is a distorted sinusoidal signal with the fundamental on
187.49 MHz and the amplitude 66.23db (the input signal was �50 dB), which means
an amplification of 116.23 dB (a close amplification of the theoretical one) (Figure 8).

Figure 8.
The signal at the input of the RD143 digital processing system.
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The attenuations measured on the connection cables used in the measurements in saline environment.

Figure 7.
The power received at a fixed point 20 m from the transmitting antenna for various frequencies emitted.

120

Nuclear Power Plants - Processes in the Nuclear Fuel Cycle

broadcast antenna placed at a depth of 1 m from level 0 and received with an
identical antenna placed at the same depth, attenuations of about 50 m are obtained
for the frequency of 187.5 MHz.

At the output of the system, the signal is processed by CADm, which is made
with the RD-143 development board. It consists of an ADC083000 analog-to-digital
converter (CAN), an amplifier for improving the signal/noise ratio achieved with
the LMH6555 low-distortion differential amplifier, a tact signal generator, a Field
Programmable Gate Array (FPGA) block, a local processor, a PLL loop frequency
synthesizer, VCO oscillator made with LMX2531 LQ1500E, and a USB interface for
direct communication with the PC made with CY7C6801BA.

The analog-numeric converter ADC083000 produced by National Semiconduc-
tor is an 8-bit converter that has a working power consumption of 1.9 W at a supply
voltage of Vcc = 2.2 V, the maximum input signal on the Wine + and Wine� inputs
is 2.5 V and the maximum conversion rate is 3GSPS (3 gigabytes per second). The
resolution of the analog-numerical circuit, in this case, is:

Rez ¼ 1LSB ¼ Vmax

2n
¼ 2:5

28
¼ 9:8mV (27)

It also offers a bit error rate of the order of 10�18.
Following the laboratory tests, it was found that the actual number of bits used

by RD143 for quantization, around 187.5 MHz (the signal value from the CAN
input – analog-to-digital converter) is 7.3 bits, which means that the noise intro-
duced by the CAN is very small. In fact, this noise increases as the frequency of the
signal processed by CAN increases.

Another important feature, determined by laboratory measurements, of this
CAN is the low power consumption, reaching a consumption of 1.9 W at the
maximum sampling frequency (3 GHz). Moreover, a linear characteristic of the
power consumption, characteristic between 1.4 and 1.9 W. is observed. The signal
processed by RD143 is on a frequency of 187.5 MHz.

The dipole antenna of the system was found to pick up the radio signal generated
by the USRP (Universal Software Radio Peripheral). The signal reached in the signal
processing unit (e.g. laptop) is a distorted sinusoidal signal with the fundamental on
187.49 MHz and the amplitude 66.23db (the input signal was �50 dB), which means
an amplification of 116.23 dB (a close amplification of the theoretical one) (Figure 8).

Figure 8.
The signal at the input of the RD143 digital processing system.
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Distortions due to the existence of 3rd and 4th harmonics offer a distortion
factor of 10%. The receiver design was performed for saline environment, medium
with relative permeability different from that of the air. This could be one of the
causes of a fairly large distortion factor. Figure 9 shows the spectrum of the radio
signal generated by the USRP and processed with the proposed experimental model.

4. Methods for determination and detection of Cherenkov cone in saline
environment

Following the studies and articles published so far, it can be deduced that
in order to make a Cherenkov detector in saline environment, many detecting
elements and correspondingly many holes in saline environment, many chains
of amplifiers (to bring the level detected by the workable TTL level detection
(transistor-transistor logic), to compensate for losses on connection cables, etc.),
many radio stations (SRmk) etc. Under these conditions, an optimization of the
number of detection elements of a Cherenkov detector in saline environment and
implicitly of all corresponding component elements is required.

To optimize a Cherenkov detector, it is necessary to carry out a study in order to
achieve the objective. Following the study it was concluded that the optimization of
a Cherenkov detector in saline environment is necessary in order to determine the
optimal positions by placing the detection elements for to obtain the maximum
information. Thus, it is necessary to know the attenuation of electromagnetic waves
in saline environment. This aspect involves a large number of measurements in the
volume of the entire salt block in which the future Cherenkov detector will be
placed. Because of the attenuation of the electromagnetic waves (the product of the
interaction of a neutron with sufficiently high energy with a saline environment
that generates the Cherenkov cone) is given by the dielectric permittivity of the
saline environment, it is necessary to create a map with the distribution of the
dielectric parameters of the saline environment. Knowing this map will determine
the optimal positions of the detection elements and their number as well.

In these conditions, two patents have been proposed, which deal with the
methods of determining the Cherenkov detector inside and outside the volume of
the Cherenkov detector [10, 11].

Figure 9.
The system shown in Figure 6 at the laboratory level.
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4.1 Inside the volume of the Cherenkov detector

Determination of the Cherenkov cone inside the volume of the Cherenkov
detector involves the design of a method to optimize the Cherenkov detector of
electromagnetic radiation in the saline environment by determining the optimal
points of placement of the detection elements and the Cherenkov detector in the
saline environment, in order to minimize the number of measurement points and
number of electromagnetic radiation sensing elements generated to reduce costs
and simplify the measurement chain.

The first problem that occurs is the creation of a map with the distribution of the
dielectric parameters of the saline environment. For this, a sufficiently large num-
ber of measurements of the dielectric parameters of the saline environment will be
executed in order to interpolate and extrapolate the measurement results.

The problem solved by the optimization method of the Cherenkov detector of
electromagnetic radiation in the saline environment removes the disadvantages of
the Cherenkov detectors in the saline environment that have been proposed so far.

Thus the method minimizes the number of detection elements and implicitly of
the measurement chain, being also an economical and much faster method, charac-
terized in the fact that it determines the optimal points of placement of the detec-
tion elements for the determined volume of the Cherenkov detector in saline
environment through iterations.

An iteration formula is used to obtain the optimal volume of the future Cheren-
kov detector placed in saline environment:

Lc3i ¼ p iþ α i� 1ð Þ½ � (28)

where α, i∈N ∗ , p ϵ R and p, α, i>0; Lc3i represents the length of the side of the
cube with iteration i; i represents the number of the iteration; α represents a
coefficient that is dependent on the attenuation length of the electromagnetic waves
through saline environment and adjusts to whole values; p represents the iteration
step and it is between 20 m ÷ 500 m.

This results in a Cherenkov detector consisting of at least two or more cube-
shaped detectors in the cube and it also determines the optimal position of the future
Cherenkov electromagnetic radiation detector in saline environment (Figure 10).

Figure 10.
An example of optimal placement of the detection elements of a Cherenkov detector for two iterations.
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Distortions due to the existence of 3rd and 4th harmonics offer a distortion
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with relative permeability different from that of the air. This could be one of the
causes of a fairly large distortion factor. Figure 9 shows the spectrum of the radio
signal generated by the USRP and processed with the proposed experimental model.
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in order to make a Cherenkov detector in saline environment, many detecting
elements and correspondingly many holes in saline environment, many chains
of amplifiers (to bring the level detected by the workable TTL level detection
(transistor-transistor logic), to compensate for losses on connection cables, etc.),
many radio stations (SRmk) etc. Under these conditions, an optimization of the
number of detection elements of a Cherenkov detector in saline environment and
implicitly of all corresponding component elements is required.

To optimize a Cherenkov detector, it is necessary to carry out a study in order to
achieve the objective. Following the study it was concluded that the optimization of
a Cherenkov detector in saline environment is necessary in order to determine the
optimal positions by placing the detection elements for to obtain the maximum
information. Thus, it is necessary to know the attenuation of electromagnetic waves
in saline environment. This aspect involves a large number of measurements in the
volume of the entire salt block in which the future Cherenkov detector will be
placed. Because of the attenuation of the electromagnetic waves (the product of the
interaction of a neutron with sufficiently high energy with a saline environment
that generates the Cherenkov cone) is given by the dielectric permittivity of the
saline environment, it is necessary to create a map with the distribution of the
dielectric parameters of the saline environment. Knowing this map will determine
the optimal positions of the detection elements and their number as well.

In these conditions, two patents have been proposed, which deal with the
methods of determining the Cherenkov detector inside and outside the volume of
the Cherenkov detector [10, 11].
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4.1 Inside the volume of the Cherenkov detector

Determination of the Cherenkov cone inside the volume of the Cherenkov
detector involves the design of a method to optimize the Cherenkov detector of
electromagnetic radiation in the saline environment by determining the optimal
points of placement of the detection elements and the Cherenkov detector in the
saline environment, in order to minimize the number of measurement points and
number of electromagnetic radiation sensing elements generated to reduce costs
and simplify the measurement chain.

The first problem that occurs is the creation of a map with the distribution of the
dielectric parameters of the saline environment. For this, a sufficiently large num-
ber of measurements of the dielectric parameters of the saline environment will be
executed in order to interpolate and extrapolate the measurement results.

The problem solved by the optimization method of the Cherenkov detector of
electromagnetic radiation in the saline environment removes the disadvantages of
the Cherenkov detectors in the saline environment that have been proposed so far.

Thus the method minimizes the number of detection elements and implicitly of
the measurement chain, being also an economical and much faster method, charac-
terized in the fact that it determines the optimal points of placement of the detec-
tion elements for the determined volume of the Cherenkov detector in saline
environment through iterations.

An iteration formula is used to obtain the optimal volume of the future Cheren-
kov detector placed in saline environment:

Lc3i ¼ p iþ α i� 1ð Þ½ � (28)

where α, i∈N ∗ , p ϵ R and p, α, i>0; Lc3i represents the length of the side of the
cube with iteration i; i represents the number of the iteration; α represents a
coefficient that is dependent on the attenuation length of the electromagnetic waves
through saline environment and adjusts to whole values; p represents the iteration
step and it is between 20 m ÷ 500 m.

This results in a Cherenkov detector consisting of at least two or more cube-
shaped detectors in the cube and it also determines the optimal position of the future
Cherenkov electromagnetic radiation detector in saline environment (Figure 10).

Figure 10.
An example of optimal placement of the detection elements of a Cherenkov detector for two iterations.
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The method of optimization of the Cherenkov detector of electromagnetic radia-
tion in the saline environment has, as first stage, the determination of the imprint of
the saline environment, in which the future Cherenkov detector is placed, which is
realized by measurements in order to determine the dielectric parameters of the
environment and its attenuation length at the frequency of work set (187.5 MHz). In
order to reach the first stage, measurements will be made to determine the propaga-
tion of the electromagnetic waves at different points of the volume of the environ-
ment in a vertical and horizontal plane [8, 31] and function of the measurement
results, the measurements can be resumed or multiplied for to determine entirely the
real distribution of the environmental attenuation for the propagation of the electro-
magnetic waves. These measurements will be performed using antennas whose elec-
trical parameters (directivity characteristic, radiation resistance, loss resistance,
antenna efficiency, front-to-rear ratio) are very well known to work in saline envi-
ronment. These measurements will be performed horizontally and vertically, storing
the data in a database, which from their processing they will lead to drawing a map
with the distribution of the attenuation lengths of the electromagnetic waves. The
second step consists in configuring the electrical parameters of the detection elements
at this frequency (187.5 MHz), by determining the directivity characteristics, radia-
tion resistance, loss resistance, efficiency and front-to-back ratio, for the horizontal
and vertical plane. This data will be stored in another database, which represents the
information regarding the detection elements of the Cherenkov detector. The deter-
mination of the electrical parameters of the detection elements of the Cherenkov
detector will be carried out by resuming or multiplying the measurements so that the
actual values of the electrical parameters for the detection elements can be deter-
mined as accurately as possible. The two databases (the environmental footprint and
the electrical parameters of the detection elements) and the use of a dedicated
software will determine the optimal placement points of the detection elements for
the volume determined by each iteration. Thus, the minimum number of iterations
can be determined to optimize the Cherenkov detector.

This method has the following advantages:

• Determination of the optimal positioning of the Cherenkov detector in the total
volume of the saline environment;

• Determination of the optimal placement points of the detection elements for
the volume determined by each iteration;

• Minimization of the number of detection elements and the measuring chain,
which implies very low labor and material prices compared to the known
methods and minimization of the number of wells necessary for the detector;

• Software processing time is short compared to other methods;

• Determination of Cherenkov Cone under real conditions.

This method determines the positions of the optimum measurement points,
which lead to the minimization of the number of measurements, the number of
electromagnetic radiation detection elements and implicitly of the measurement
chain and it also determines the optimal position of the future Cherenkov detector
in the total volume of the saline environment. All these aspects lead to cost reduc-
tion. In order to determine the Cherenkov cone in saline environment, the method
requires the use of a dedicated software that uses a database containing the foot-
print of the saline environment for which a cosmic radiation detector is desired.
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4.2 Outside the volume of the Cherenkov detector

The determination of the Cherenkov cone of electromagnetic radiation in the
saline environment outside the volume of the Cherenkov detector is determined by
placing at optimum points some detection elements outside its volume in all the x,
y, z and positive and negative directions knowing the attenuation fingerprint in the
electromagnetic wave field of the saline environment in order to determine the
possible Cherenkov Cones that could form outside the detector volume depending
on the energy determined by the detection elements in the vicinity of the detector.

So far, no method for the determination of a Cherenkov Cone outside the
detector volume is known, even though some of the energy emitted by the cone
reaches the detector elements of the detector.

This method determines the Cherenkov cone regardless of the position in which
it is generated outside the detector volume, being an economical and predictable
method, because outside the detector there are a minimum number of detection
elements placed in optimal positions determined by their placement surfaces
(planes) and obtained by using the formula:

Lcex3i ¼ p 1þ i αþ 1ð Þ½ � (29)

where: α, i∈N ∗ , p ϵ R şi p, α, i >0; Lcex3i represents the length of the side of the
cube delimited by the planes outside the volume of the Cherenkov detector; i
represents the number of the iteration; α represents a coefficient that is dependent
on the attenuation length of the electromagnetic waves through saline environment
and it adjusts to whole values; p represents the iteration step and it is between
20 ÷ 500 m and it is chosen larger than the iteration step of the Cherenkov cone
determination resulted inside the Cherenkov detector volume (Figure 11).

Figure 11.
An example of determination of the spatial positions of the placement plans of the detection elements external to
the volume of the Cherenkov detector for a higher iteration of the determination of the volume of the Cherenkov
detector in saline environment.
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The method of optimization of the Cherenkov detector of electromagnetic radia-
tion in the saline environment has, as first stage, the determination of the imprint of
the saline environment, in which the future Cherenkov detector is placed, which is
realized by measurements in order to determine the dielectric parameters of the
environment and its attenuation length at the frequency of work set (187.5 MHz). In
order to reach the first stage, measurements will be made to determine the propaga-
tion of the electromagnetic waves at different points of the volume of the environ-
ment in a vertical and horizontal plane [8, 31] and function of the measurement
results, the measurements can be resumed or multiplied for to determine entirely the
real distribution of the environmental attenuation for the propagation of the electro-
magnetic waves. These measurements will be performed using antennas whose elec-
trical parameters (directivity characteristic, radiation resistance, loss resistance,
antenna efficiency, front-to-rear ratio) are very well known to work in saline envi-
ronment. These measurements will be performed horizontally and vertically, storing
the data in a database, which from their processing they will lead to drawing a map
with the distribution of the attenuation lengths of the electromagnetic waves. The
second step consists in configuring the electrical parameters of the detection elements
at this frequency (187.5 MHz), by determining the directivity characteristics, radia-
tion resistance, loss resistance, efficiency and front-to-back ratio, for the horizontal
and vertical plane. This data will be stored in another database, which represents the
information regarding the detection elements of the Cherenkov detector. The deter-
mination of the electrical parameters of the detection elements of the Cherenkov
detector will be carried out by resuming or multiplying the measurements so that the
actual values of the electrical parameters for the detection elements can be deter-
mined as accurately as possible. The two databases (the environmental footprint and
the electrical parameters of the detection elements) and the use of a dedicated
software will determine the optimal placement points of the detection elements for
the volume determined by each iteration. Thus, the minimum number of iterations
can be determined to optimize the Cherenkov detector.

This method has the following advantages:

• Determination of the optimal positioning of the Cherenkov detector in the total
volume of the saline environment;

• Determination of the optimal placement points of the detection elements for
the volume determined by each iteration;

• Minimization of the number of detection elements and the measuring chain,
which implies very low labor and material prices compared to the known
methods and minimization of the number of wells necessary for the detector;

• Software processing time is short compared to other methods;

• Determination of Cherenkov Cone under real conditions.

This method determines the positions of the optimum measurement points,
which lead to the minimization of the number of measurements, the number of
electromagnetic radiation detection elements and implicitly of the measurement
chain and it also determines the optimal position of the future Cherenkov detector
in the total volume of the saline environment. All these aspects lead to cost reduc-
tion. In order to determine the Cherenkov cone in saline environment, the method
requires the use of a dedicated software that uses a database containing the foot-
print of the saline environment for which a cosmic radiation detector is desired.
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4.2 Outside the volume of the Cherenkov detector

The determination of the Cherenkov cone of electromagnetic radiation in the
saline environment outside the volume of the Cherenkov detector is determined by
placing at optimum points some detection elements outside its volume in all the x,
y, z and positive and negative directions knowing the attenuation fingerprint in the
electromagnetic wave field of the saline environment in order to determine the
possible Cherenkov Cones that could form outside the detector volume depending
on the energy determined by the detection elements in the vicinity of the detector.

So far, no method for the determination of a Cherenkov Cone outside the
detector volume is known, even though some of the energy emitted by the cone
reaches the detector elements of the detector.

This method determines the Cherenkov cone regardless of the position in which
it is generated outside the detector volume, being an economical and predictable
method, because outside the detector there are a minimum number of detection
elements placed in optimal positions determined by their placement surfaces
(planes) and obtained by using the formula:

Lcex3i ¼ p 1þ i αþ 1ð Þ½ � (29)

where: α, i∈N ∗ , p ϵ R şi p, α, i >0; Lcex3i represents the length of the side of the
cube delimited by the planes outside the volume of the Cherenkov detector; i
represents the number of the iteration; α represents a coefficient that is dependent
on the attenuation length of the electromagnetic waves through saline environment
and it adjusts to whole values; p represents the iteration step and it is between
20 ÷ 500 m and it is chosen larger than the iteration step of the Cherenkov cone
determination resulted inside the Cherenkov detector volume (Figure 11).

Figure 11.
An example of determination of the spatial positions of the placement plans of the detection elements external to
the volume of the Cherenkov detector for a higher iteration of the determination of the volume of the Cherenkov
detector in saline environment.
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The method is based on the determination of the attenuation fingerprint of the
saline environment (the map of the spatial distribution of the electromagnetic waves
attenuation in the saline environment) in the field of the electromagnetic waves and
it leads to the increased probability to determine the generation of the Cherenkov
Cone from outside the detector volume by determining the energy levels measured
by the external detection elements providing that they are higher than the energy
levels measured by the detection elements inside the Cherenkov detector.

The determination of the Cherenkov cone in saline environment outside the
volume of the Cherenkov detector consists in determining the optimal position of
placement of the external detection elements, using a dedicated software.

For this, a minimum number of detection elements are placed outside the
detector volume, which have very well established positions on the external sur-
faces of the detector, calculated by a higher iteration ratio than the detector volume
calculation in all positive, negative x, y, z directions (Eq. (29)).

Then the attenuation of the saline environment (the map/fingerprint of the
attenuation of the electromagnetic waves in the saline environment) will be calcu-
lated in the field of the electromagnetic waves [5, 8, 10, 31] as a result of measure-
ments made outside the Cherenkov detector volume. In order to determine the
Cherenkov cone outside the Cherenkov detector volume, the energy levels given by
the sensing elements located outside the detector volume will be measured and if
the energy measured by the external sensing elements is greater than the energy
measured by the internal elements of the Cherenkov detector, then it is decided that
a real Cherenkov cone outside the volume of the Cherenkov detector was generated.
Thus we obtain the position in space of the Cherenkov Cone generated outside the
detector in real situations using the dedicated software.

The method has the following advantages:

• determination of the Cherenkov cone generated outside the Cherenkov
detector volume;

• determination of the optimal positioning of the detection elements outside the
volume of the Cherenkov detector in the saline environment by using a
dedicated software;

• it establishes the plans (surfaces) for placing the detection elements outside the
Cherenkov detector volume obtained by an iteration higher than the detector
volume determination;

• it minimizes the number of external detection elements and it optimizes the
measurement chain, which implies very low labour and material prices and it
minimizes the number of wells required outside the detector;

• it minimizes the data processing time with the help of the dedicated software;

• it determines the Cherenkov cone generated outside the detector under real
conditions;

• this method can be used for any type of environment as long as the environmental
mitigation footprint in the field in which the Cherenkov detector works in the
respective environment does not change during the determination period.

The application of the method for the determination of the Cherenkov cone in
saline environment outside the volume of the Cherenkov detector requires three
steps prior to the method.
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The first step consists in determining the dielectric parameters of the saline
environment in which the detection elements from outside the volume of the
Cherenkov detector are to be located and it represents precisely the footprint of the
respective saline environment.

In the second stage, for the working frequency of the detection elements in the
saline environment (187.5 MHz), the directivity characteristics, the radiation resis-
tance, the loss resistance, the efficiency, and the front-to-back ratio are determined.

The third stage consists in processing the real data obtained when a Cherenkov
cone is generated as a result of an interaction of cosmic radiation of the neutron
nature with the saline environment in which the whole system (the Cherenkov
detector and its external sensing elements) is located together with the two data-
bases from the previous stages and depending on the energy levels measured by the
external and internal elements the spatial position, in which the Cherenkov Cone
was generated, is deduced. If the energy measured by the external sensing elements
is greater than the energy measured by the internal elements then the Cherenkov
Cone was generated outside the detector volume.

5. Conclusions

The information, “decoded” from the analysis of the electromagnetic energy
generated by the Cherenkov cone (which is in a directly determined relation by the
energy of the neutrino, which produced the Cherenkov phenomenon), are trans-
mitted by the nuclear phenomena (fusion, fission, nuclear diffusion), which took
place in the Universe at astronomic distanced (much larger than the detection
possibilities known so far). This information brings an important contribution to
the knowledge of the Universe.

The determination of the Cherenkov cone in salt spray (in salt spray the neutri-
nos with energies of the order 1012 ÷ 1023 eV are determined, which represent
phenomena in the Universe that are generated by solar, galaxies, quasars, pulsars
etc. systems), implies the implementation of a system, which measures the distri-
bution of the density of the environment dielectric permittivity, which occurs in
order to reduce the electromagnetic waves generated following the interaction
between the environment with a neutrino. Thus a map, of the distribution of the
“attenuation lengths” of the electromagnetic waves in the environment in which the
measurement were done, is carried out.

The maximum distance between the detection elements placed in salt spray at
Slănic Prahova is given by the noise level, which was measured here (�115 dBm)
and it is of 50 m (0.2 μV, the graph from Figure 5). The detection of this level
requires amplifications of about 129.5 dB on the frequency 187.5 Mhz
(120 dB + 9.5 dB or an amplification of 3� 106) in order to bring the signal at digital
processing level with a DAC system (digital-analog converter). Thus we deduce that
the attenuation length of the saline spray determines the placement points of the
detection elements of a Cherenkov detector.

In order to minimize the costs of implementation of a Cherenkov detector for
the determination and detection of the Cherenkov cone in saline spray (and in other
environments where a map of the distribution of the spatial density of the dielectric
permittivity in the volume of the entire environment, can be carried out), we need
two stages: - the implementation of the map of the spatial density distribution of the
dielectric permittivity in the volume of the entire salt spray and the determination
of the optimum number of detection elements of the future Cherenkov detector and
their optimum spatial placement position. In this regards, two methods for the
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The method is based on the determination of the attenuation fingerprint of the
saline environment (the map of the spatial distribution of the electromagnetic waves
attenuation in the saline environment) in the field of the electromagnetic waves and
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Cone from outside the detector volume by determining the energy levels measured
by the external detection elements providing that they are higher than the energy
levels measured by the detection elements inside the Cherenkov detector.
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ments made outside the Cherenkov detector volume. In order to determine the
Cherenkov cone outside the Cherenkov detector volume, the energy levels given by
the sensing elements located outside the detector volume will be measured and if
the energy measured by the external sensing elements is greater than the energy
measured by the internal elements of the Cherenkov detector, then it is decided that
a real Cherenkov cone outside the volume of the Cherenkov detector was generated.
Thus we obtain the position in space of the Cherenkov Cone generated outside the
detector in real situations using the dedicated software.

The method has the following advantages:

• determination of the Cherenkov cone generated outside the Cherenkov
detector volume;

• determination of the optimal positioning of the detection elements outside the
volume of the Cherenkov detector in the saline environment by using a
dedicated software;

• it establishes the plans (surfaces) for placing the detection elements outside the
Cherenkov detector volume obtained by an iteration higher than the detector
volume determination;

• it minimizes the number of external detection elements and it optimizes the
measurement chain, which implies very low labour and material prices and it
minimizes the number of wells required outside the detector;

• it minimizes the data processing time with the help of the dedicated software;

• it determines the Cherenkov cone generated outside the detector under real
conditions;

• this method can be used for any type of environment as long as the environmental
mitigation footprint in the field in which the Cherenkov detector works in the
respective environment does not change during the determination period.

The application of the method for the determination of the Cherenkov cone in
saline environment outside the volume of the Cherenkov detector requires three
steps prior to the method.
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The first step consists in determining the dielectric parameters of the saline
environment in which the detection elements from outside the volume of the
Cherenkov detector are to be located and it represents precisely the footprint of the
respective saline environment.

In the second stage, for the working frequency of the detection elements in the
saline environment (187.5 MHz), the directivity characteristics, the radiation resis-
tance, the loss resistance, the efficiency, and the front-to-back ratio are determined.

The third stage consists in processing the real data obtained when a Cherenkov
cone is generated as a result of an interaction of cosmic radiation of the neutron
nature with the saline environment in which the whole system (the Cherenkov
detector and its external sensing elements) is located together with the two data-
bases from the previous stages and depending on the energy levels measured by the
external and internal elements the spatial position, in which the Cherenkov Cone
was generated, is deduced. If the energy measured by the external sensing elements
is greater than the energy measured by the internal elements then the Cherenkov
Cone was generated outside the detector volume.

5. Conclusions

The information, “decoded” from the analysis of the electromagnetic energy
generated by the Cherenkov cone (which is in a directly determined relation by the
energy of the neutrino, which produced the Cherenkov phenomenon), are trans-
mitted by the nuclear phenomena (fusion, fission, nuclear diffusion), which took
place in the Universe at astronomic distanced (much larger than the detection
possibilities known so far). This information brings an important contribution to
the knowledge of the Universe.

The determination of the Cherenkov cone in salt spray (in salt spray the neutri-
nos with energies of the order 1012 ÷ 1023 eV are determined, which represent
phenomena in the Universe that are generated by solar, galaxies, quasars, pulsars
etc. systems), implies the implementation of a system, which measures the distri-
bution of the density of the environment dielectric permittivity, which occurs in
order to reduce the electromagnetic waves generated following the interaction
between the environment with a neutrino. Thus a map, of the distribution of the
“attenuation lengths” of the electromagnetic waves in the environment in which the
measurement were done, is carried out.

The maximum distance between the detection elements placed in salt spray at
Slănic Prahova is given by the noise level, which was measured here (�115 dBm)
and it is of 50 m (0.2 μV, the graph from Figure 5). The detection of this level
requires amplifications of about 129.5 dB on the frequency 187.5 Mhz
(120 dB + 9.5 dB or an amplification of 3� 106) in order to bring the signal at digital
processing level with a DAC system (digital-analog converter). Thus we deduce that
the attenuation length of the saline spray determines the placement points of the
detection elements of a Cherenkov detector.

In order to minimize the costs of implementation of a Cherenkov detector for
the determination and detection of the Cherenkov cone in saline spray (and in other
environments where a map of the distribution of the spatial density of the dielectric
permittivity in the volume of the entire environment, can be carried out), we need
two stages: - the implementation of the map of the spatial density distribution of the
dielectric permittivity in the volume of the entire salt spray and the determination
of the optimum number of detection elements of the future Cherenkov detector and
their optimum spatial placement position. In this regards, two methods for the

127

Optimization of Cosmic Radiation Detection in Saline Environment
DOI: http://dx.doi.org/10.5772/intechopen.91156



determination and detection of the Cherenkov cone in salt spray are noticed: -
inside and outside the volume of the detector.

The Cherenkov cone in salt spray is generated following the interaction of a
UHE neutrino (Ultra High Energy, 1012 ÷ 1023 eV) with the saline environment. The
detection of the information generated by the Cherenkov cone in salt spray implies
knowing the energy, the direction, and the direction of travel of the neutrino, which
interacted with this environment. The generation of UHE neutrinos may be due to
some nuclear-related phenomena, which have a very high energy and give these
neutrinos energies equivalent to the phenomena and provide information about
these violent phenomena in the Universe. Thus, we can determine the nuclear
phenomena in the Universe.

Acknowledgements

This work has been carried out on the Core Programme of the Romanian Minis-
try of Education and Research, National Authority for Scientific Research, PN-19-18
(18N/08. 02. 2019).

Notes/thanks/other declarations

We thank the Professors from the Faculty of Electronics, Telecommunications,
and Information Technology at the Polytechnic University of Bucharest, Romania:
Octavian Fratu, Alina Mihaela Bădescu, Alexandru Vulpe, and Răzvan Crăciunescu
for the support and the materials made available.

Author details

Valeriu Savu, Mădălin Ion Rusu* and Dan Savastru
National Institute of Research and Development for Optoelectronics INOE 2000,
Magurele, Romania

*Address all correspondence to: madalin@inoe.ro

© 2020TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

128

Nuclear Power Plants - Processes in the Nuclear Fuel Cycle

References

[1] Hess VF. Convection phenomena in
ionized gas-ion winds. Physikalishce
Zeitschrift. 1912;1912:1084-1091

[2] Engel R, Sekel D, Stanev T. Neutrinos
from propagation of ultra-high energy
protons. Physics Review. 2001;D64:
093010

[3] Bădescu A. Radio technologies used
in cosmic particle detection [Doctor
Thesis]. Romania: The Polytechnic
University of Bucharest; 2011

[4] Carroll B, Ostlie D. An introduction
to modern astrophysics. In: Pearson,
editor. San Francisco: Addison-Wesley;
2007. p. 18

[5] Savu V. Contributions to the
selection and processing of radio pulses
produced by cosmic radiations in the
specific conditions of an observer built
in a saline environment [Doctor Thesis].
Romania: The Polytechnic University of
Bucharest; 2014

[6] Bogdan I. Antene şi propagare. Iaşi:
Casa Venus; 2007

[7] Available from: http://www.et.upt.
ro/admin/tmpfile/fileP1290448926file
4ceab01e0c149.pdf

[8] Savu V, Marghescu I, Fratu O,
Halunga S, Bădescu A. Antenna design
for electromagnetic waves propagation
studies through the salt ore. UPB
Scientific Bulletin, Series C. 2013;75(2):
143-156

[9] Valeriu S, Octavian F, Răzvan-
Eusebiu C, Viorica HS, Răzvan-
Alexandru V, Carmen V. Hardware
system for detecting cosmic radiation of
electron neutron type in salt. Patent
application A/00959/05.12.2016

[10] Valeriu S, Ion RM, Roxana S, Dan S.
Method of optimization of the
Cherenkov detector of electromagnetic

radiation in saline environment. Patent
application A/00404/07.06.2018

[11] Ion RM, Valeriu S, Dan S. Method of
determining the Cherenkov cone in
saline environment outside the volume
of the Cherenkov detector. Patent
application A/00354/12.06.2019

[12] Chiba M, Kamijo T, Yasuda O,
Chikashige Y, Kon T, Takeoka Y, et al.
Salt neutrino detector for ultrahigh-
energy neutrinos. Physics of Atomic
Nuclei. 2004;67(11):2050-2053

[13] Chiba M, Kamijo T, Kawaki M,
Athar H, InuzukaM, IkedaM, et al. study
of salt neutrino detector. AIP Conference
Proceedings. 2001;579:204-221

[14] Connolly A. The radio Cerenkov
technique for ultra-high energy
neutrino detection. Nuclear Instruments
and Methods in Physics Research
Section A. 2008;595:260-263

[15] Available from: http://slideplayer.
com/slide/7242558/

[16] Frichter G, Ralston J, McKay D.
On radio detection of ultra high energy
neutrinos in the Antarctic ice. Physical
Review D. 1996;53:1684

[17] Provorov A, Zheleznykh I.
Radiowave method of high energy
neutrino detection: Calculation of the
expected event rate. Astroparticle
Physics. 1995;4(1)

[18] Gandhi R, Quigg C, Reno M,
Sarcevic I. Neutrino interactions at
ultrahigh energies. Physical Review D.
2006;58:093009

[19] Sjoberg D. Determination of
propagation constants and material data
from waveguide measurements.
Progress In Electromagnetics
Research B. 2009;12:163-182

129

Optimization of Cosmic Radiation Detection in Saline Environment
DOI: http://dx.doi.org/10.5772/intechopen.91156



determination and detection of the Cherenkov cone in salt spray are noticed: -
inside and outside the volume of the detector.

The Cherenkov cone in salt spray is generated following the interaction of a
UHE neutrino (Ultra High Energy, 1012 ÷ 1023 eV) with the saline environment. The
detection of the information generated by the Cherenkov cone in salt spray implies
knowing the energy, the direction, and the direction of travel of the neutrino, which
interacted with this environment. The generation of UHE neutrinos may be due to
some nuclear-related phenomena, which have a very high energy and give these
neutrinos energies equivalent to the phenomena and provide information about
these violent phenomena in the Universe. Thus, we can determine the nuclear
phenomena in the Universe.

Acknowledgements

This work has been carried out on the Core Programme of the Romanian Minis-
try of Education and Research, National Authority for Scientific Research, PN-19-18
(18N/08. 02. 2019).

Notes/thanks/other declarations

We thank the Professors from the Faculty of Electronics, Telecommunications,
and Information Technology at the Polytechnic University of Bucharest, Romania:
Octavian Fratu, Alina Mihaela Bădescu, Alexandru Vulpe, and Răzvan Crăciunescu
for the support and the materials made available.

Author details

Valeriu Savu, Mădălin Ion Rusu* and Dan Savastru
National Institute of Research and Development for Optoelectronics INOE 2000,
Magurele, Romania

*Address all correspondence to: madalin@inoe.ro

© 2020TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

128

Nuclear Power Plants - Processes in the Nuclear Fuel Cycle

References

[1] Hess VF. Convection phenomena in
ionized gas-ion winds. Physikalishce
Zeitschrift. 1912;1912:1084-1091

[2] Engel R, Sekel D, Stanev T. Neutrinos
from propagation of ultra-high energy
protons. Physics Review. 2001;D64:
093010

[3] Bădescu A. Radio technologies used
in cosmic particle detection [Doctor
Thesis]. Romania: The Polytechnic
University of Bucharest; 2011

[4] Carroll B, Ostlie D. An introduction
to modern astrophysics. In: Pearson,
editor. San Francisco: Addison-Wesley;
2007. p. 18

[5] Savu V. Contributions to the
selection and processing of radio pulses
produced by cosmic radiations in the
specific conditions of an observer built
in a saline environment [Doctor Thesis].
Romania: The Polytechnic University of
Bucharest; 2014

[6] Bogdan I. Antene şi propagare. Iaşi:
Casa Venus; 2007

[7] Available from: http://www.et.upt.
ro/admin/tmpfile/fileP1290448926file
4ceab01e0c149.pdf

[8] Savu V, Marghescu I, Fratu O,
Halunga S, Bădescu A. Antenna design
for electromagnetic waves propagation
studies through the salt ore. UPB
Scientific Bulletin, Series C. 2013;75(2):
143-156

[9] Valeriu S, Octavian F, Răzvan-
Eusebiu C, Viorica HS, Răzvan-
Alexandru V, Carmen V. Hardware
system for detecting cosmic radiation of
electron neutron type in salt. Patent
application A/00959/05.12.2016

[10] Valeriu S, Ion RM, Roxana S, Dan S.
Method of optimization of the
Cherenkov detector of electromagnetic

radiation in saline environment. Patent
application A/00404/07.06.2018

[11] Ion RM, Valeriu S, Dan S. Method of
determining the Cherenkov cone in
saline environment outside the volume
of the Cherenkov detector. Patent
application A/00354/12.06.2019

[12] Chiba M, Kamijo T, Yasuda O,
Chikashige Y, Kon T, Takeoka Y, et al.
Salt neutrino detector for ultrahigh-
energy neutrinos. Physics of Atomic
Nuclei. 2004;67(11):2050-2053

[13] Chiba M, Kamijo T, Kawaki M,
Athar H, InuzukaM, IkedaM, et al. study
of salt neutrino detector. AIP Conference
Proceedings. 2001;579:204-221

[14] Connolly A. The radio Cerenkov
technique for ultra-high energy
neutrino detection. Nuclear Instruments
and Methods in Physics Research
Section A. 2008;595:260-263

[15] Available from: http://slideplayer.
com/slide/7242558/

[16] Frichter G, Ralston J, McKay D.
On radio detection of ultra high energy
neutrinos in the Antarctic ice. Physical
Review D. 1996;53:1684

[17] Provorov A, Zheleznykh I.
Radiowave method of high energy
neutrino detection: Calculation of the
expected event rate. Astroparticle
Physics. 1995;4(1)

[18] Gandhi R, Quigg C, Reno M,
Sarcevic I. Neutrino interactions at
ultrahigh energies. Physical Review D.
2006;58:093009

[19] Sjoberg D. Determination of
propagation constants and material data
from waveguide measurements.
Progress In Electromagnetics
Research B. 2009;12:163-182

129

Optimization of Cosmic Radiation Detection in Saline Environment
DOI: http://dx.doi.org/10.5772/intechopen.91156



[20] Hill DA. Fields of horizontal
currents located above the earth. IEEE
Transactions on Geoscience and Remote
Sensing. 1989;GE-26(6)

[21] Saltzberg D, Gorham P, Walz D,
et al. Observation of the Askaryan
effect: Coherent microwave emission
from change asymmetry in high energy
particle cascades. Physical Review
Letters. 2001;86:2802-2803

[22] Dagkesamanskii RD, Matveev VA,
Zheleznykh IM. Prospects of radio
detection of extremely high energy
neutrinos bombarding the Moon.
Nuclear Instruments and Methods in
Physics Research A. 2010. In press

[23] Gorham PW et al. Experimental
limit on the cosmic diffuse ultrahigh-
energy neutrino flux. Physical Review
Letters. 2004;93:041101

[24] Gorham PW et al. Accelerator
measurements of the Askaryan effect in
rock salt: A roadmap toward Teraton
underground neutrino detectors.
Physiological Reviews. 2005;D72:
023002

[25] Gorham PW et al. Observations of
the Askaryan effect in ice. Physical
Review Letters. 2007;99:171101

[26] Askaryan GA. Radiation of volume
and surface compression waves during
impingement of a nonrelativistic
electron stream at the surface of a dense
medium. Soviet physics - Technical
physics. 1959;4(2):234-235

[27] Luo C, Ibanescu M, Johnson SG,
Joannopoulos JD. Cerenkov radiation in
photonic crystals. Science. 2003;299:
368-371

[28] Coleman SR, Glashow SL. Cosmic ray
and neutrino tests of special relativity.
Physics Letters B. 1997;405:249

[29] Zloshchastiev KG. Vacuum
Cherenkov effect in logarithmic

nonlinear quantum theory. Physics
Letters A. 2010;375:2305-2308

[30] Badescu AM et al. Radio technique
for investigating high energy cosmic
neutrinos. Romanian Reports in Physics.
2012;64(1):281-293

[31] Savu V, Fratu O, Rusu MI,
Savastru D, Tenciu D, Vulpe A, et al.
Determination of the electromagnetic
wave propagation for the detection of
the Cherenkov radiation cone in salt
environment. UPB Scientific Bulletin,
Series A: Applied Mathematics and
Physics. 2018;80(1):251-260

[32] IEEE Standard Definitions of Terms
for Antennas, IEEE Std 145-1993
(Revision of IEEE Std 145-1983)

[33] Available from: http://www.scritube.
com/stiinta/fizica/ECUATIILE-
LUI-MAXWELL-PROPAGAR24262.php

[34] Unterberger R. Radar and sonar
probing of salt. In: International
Symposium on Salts. Hamburg:
Northern Ohio Geological Society; 1978

[35] Gorham P, Saltzberg D, Odian A,
Williams D, Besson D, Frichter G, et al.
Measurements of the suitability of large
rock salt formations for radio detection
of high energy neutrinos. Nuclear
Instruments and Methods in Physics
Research. 2002;A490:476-491

[36] Brancus I. s.a, Raport ştiinţific şi
tehnic, IFIN-HH etapa 2, Pregătiri
teoretice pentru detecția radiației
cosmice în subteran, Proiect DETCOS
nr. 82-104/2008

[37] Șteț D. Ecrane electromagnetice,
Curs 5 (1/2). Universitatea tehnică din
Cluj Napoca. Cluj-Napoca, Romania:
U.T. Press; 2011

[38] Available from: http://www.scritube.
com/stiinta/fizica/Propagarea-undelor-
electromagn42125.php

130

Nuclear Power Plants - Processes in the Nuclear Fuel Cycle

[39] Crețu TI. Fizică - Curs Universitar.
București: Editura Tehnică; 1996

[40] Annan A, Davis JL, Gendzwill D.
Radar sounding in potash mines,
Saskatchewan, Canada. Geophysics.
1988;53:1556-1564

[41] Available from: http://media0.wgz.
ro/files/media0:4b51f7d6af096.pdf.upl/
ET5b-%20Incalzirea%

131

Optimization of Cosmic Radiation Detection in Saline Environment
DOI: http://dx.doi.org/10.5772/intechopen.91156



[20] Hill DA. Fields of horizontal
currents located above the earth. IEEE
Transactions on Geoscience and Remote
Sensing. 1989;GE-26(6)

[21] Saltzberg D, Gorham P, Walz D,
et al. Observation of the Askaryan
effect: Coherent microwave emission
from change asymmetry in high energy
particle cascades. Physical Review
Letters. 2001;86:2802-2803

[22] Dagkesamanskii RD, Matveev VA,
Zheleznykh IM. Prospects of radio
detection of extremely high energy
neutrinos bombarding the Moon.
Nuclear Instruments and Methods in
Physics Research A. 2010. In press

[23] Gorham PW et al. Experimental
limit on the cosmic diffuse ultrahigh-
energy neutrino flux. Physical Review
Letters. 2004;93:041101

[24] Gorham PW et al. Accelerator
measurements of the Askaryan effect in
rock salt: A roadmap toward Teraton
underground neutrino detectors.
Physiological Reviews. 2005;D72:
023002

[25] Gorham PW et al. Observations of
the Askaryan effect in ice. Physical
Review Letters. 2007;99:171101

[26] Askaryan GA. Radiation of volume
and surface compression waves during
impingement of a nonrelativistic
electron stream at the surface of a dense
medium. Soviet physics - Technical
physics. 1959;4(2):234-235

[27] Luo C, Ibanescu M, Johnson SG,
Joannopoulos JD. Cerenkov radiation in
photonic crystals. Science. 2003;299:
368-371

[28] Coleman SR, Glashow SL. Cosmic ray
and neutrino tests of special relativity.
Physics Letters B. 1997;405:249

[29] Zloshchastiev KG. Vacuum
Cherenkov effect in logarithmic

nonlinear quantum theory. Physics
Letters A. 2010;375:2305-2308

[30] Badescu AM et al. Radio technique
for investigating high energy cosmic
neutrinos. Romanian Reports in Physics.
2012;64(1):281-293

[31] Savu V, Fratu O, Rusu MI,
Savastru D, Tenciu D, Vulpe A, et al.
Determination of the electromagnetic
wave propagation for the detection of
the Cherenkov radiation cone in salt
environment. UPB Scientific Bulletin,
Series A: Applied Mathematics and
Physics. 2018;80(1):251-260

[32] IEEE Standard Definitions of Terms
for Antennas, IEEE Std 145-1993
(Revision of IEEE Std 145-1983)

[33] Available from: http://www.scritube.
com/stiinta/fizica/ECUATIILE-
LUI-MAXWELL-PROPAGAR24262.php

[34] Unterberger R. Radar and sonar
probing of salt. In: International
Symposium on Salts. Hamburg:
Northern Ohio Geological Society; 1978

[35] Gorham P, Saltzberg D, Odian A,
Williams D, Besson D, Frichter G, et al.
Measurements of the suitability of large
rock salt formations for radio detection
of high energy neutrinos. Nuclear
Instruments and Methods in Physics
Research. 2002;A490:476-491

[36] Brancus I. s.a, Raport ştiinţific şi
tehnic, IFIN-HH etapa 2, Pregătiri
teoretice pentru detecția radiației
cosmice în subteran, Proiect DETCOS
nr. 82-104/2008

[37] Șteț D. Ecrane electromagnetice,
Curs 5 (1/2). Universitatea tehnică din
Cluj Napoca. Cluj-Napoca, Romania:
U.T. Press; 2011

[38] Available from: http://www.scritube.
com/stiinta/fizica/Propagarea-undelor-
electromagn42125.php

130

Nuclear Power Plants - Processes in the Nuclear Fuel Cycle

[39] Crețu TI. Fizică - Curs Universitar.
București: Editura Tehnică; 1996

[40] Annan A, Davis JL, Gendzwill D.
Radar sounding in potash mines,
Saskatchewan, Canada. Geophysics.
1988;53:1556-1564

[41] Available from: http://media0.wgz.
ro/files/media0:4b51f7d6af096.pdf.upl/
ET5b-%20Incalzirea%

131

Optimization of Cosmic Radiation Detection in Saline Environment
DOI: http://dx.doi.org/10.5772/intechopen.91156



Chapter 8

Sensitivity and Uncertainty
Quantification of Neutronic
Integral Data Using ENDF/B-VII.1
and JENDL-4.0 Evaluations
Mustapha Makhloul, H. Boukhal,T. El Bardouni, E. Chakir,
M. Kaddour and S. Elouahdani

Abstract

Many integral neutronic parameters such as the effective multiplication factors
(keff) are based on neutron reactions with matter through cross sections. However,
these cross sections present uncertainties, of origin multiple, which reduce the
safety margin of nuclear installations. In order to minimize these risks, a sensitivity
analysis is necessary to indicate the rate of change of a reactor performance
parameter compared to variations in cross sections. Thus, several critical bench-
marks were taken from the International Handbook of Evaluated Criticality Safety
Benchmark Experiments (IHECSBE), and their sensitivities and covariance matrix
of the desired cross section were processed by MCNP6 and NJOY codes, respec-
tively, in ENDF/B-VII.1 and JENDL-4.0 evaluations. The results obtained show that
the 44 energy groups give the most varied sensitivity profiles than those given by
others (15 and 33). In addition, we observed large uncertainties on the keff due to
the H-1 and O-16 cross-sectional uncertainties (�200–1000 pcm) in ENDF/B -VII.1
and the U-235 cross section in JENDL-4.0; however, keff’s uncertainties due to the
cross-sectional uncertainties of the U-238 are very small.

Keywords: keff, sensitivity, covariance matrix, uncertainty, MCNP6.1, NJOY,
multigroup cross section

1. Introduction

Prediction of integral nuclear parameters requires a reliable nuclear database
such as microscopic nuclear parameters, cross sections, covariance matrices, etc.
Many previous works [1, 2] have proved that the capture cross section of the
uranium 235 has an important effect on the criticality calculations [3, 4]. For
example, the relative uncertainty of keff in BFS core due to the 235U capture cross-
sectional uncertainty is near 202 pcm [5].

In present study, the uncertainty prediction in the multiplication factors is based
on the ENDF/B-VII.1 and JENDL-4.0 evaluations where MCNP6 [6] Monte Carlo
code is used for the sensitivity and keff calculations and the NJOY99 [7] is applied to
calculate the covariances in three energy group structures (15, 33 and 44) for the
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most abundant isotopes in the studied benchmarks (235U, 238U, 1H, and 16O). All
benchmarks were taken from IHECSBE [8].

2. Study approach

2.1 Multigroup structure

In this article, the effect of the multigroup energy of neutrons on the sensitivity
of multiplication factors was studied for three cases (15, 33, and 44 groups). The
covariances for many cross sections are often presented in the evaluated data
libraries (ENDF/B-VII.1 and JENDL-4.0). All files were processed by the NJOY99
code to calculate the multigroup of interest cross sections in the ENDF-6 format.
The modules RECONR and BROADR were used before to reconstruct the cross
sections (MF = 3) at room temperature 300°K. The GROUPR module was used to
generate the desired data in the grouped-wise format gendf for the three presenta-
tions (15, 33, and 44 groups) to retain the characteristic structure in the cross
sections between 10�5 eV and 20 MeV. The energetic structures were generated
from the fine-group library for resonance nuclides, with different weight flux
functions: fission Maxwellian (10 MeV–70 keV), 1/E (70 keV–0.125 eV), and ther-
mal Maxwellian (0.125–10�5 eV). Tables 1–3 below present the three energy group
structures.

Figures below illustrate the comparison of the pointwise and multigroup
representations for the 235.238U cross sections (Figures 1 and 2).

Figures above present that the pointwise and multigroup cross sections are very
close in the two evaluations ENDF/B-VII.1 and JENDL-4.0.

2.2 Covariance data of cross sections

It is necessary to process the multigroup covariance matrices for each energy
group structure (15, 33, and 44). Thus, an appropriate input file for nuclear code
NJOY was prepared using several modules as ERROR, GROUPER, and COVR
[11–13] to process the ENDF file (MF = 33) and generate the multigroup covariance
matrices for the desired cross sections. The following figures show a comparison of
these covariance matrices in the two evaluations studied using the structures of 15,
33, and 44 energy groups.

Figure 3 shows the uncertainty and covariance for the 235U elastic cross section
in the energy region from 10�5 eV to 20 MeV. In this figure, we can see that the

Group number Energy range (eV) Group number Energy range (eV)

1 1.0000E-05 9 2.4800E+04

2 1.1000E-01 10 6.7400E+04

3 5.4000E-01 11 1.8300E+05

4 4.0000E+00 12 4.9800E+05

5 2.2600E+01 13 1.3500E+06

6 4.5400E+02 14 2.2300E+06

7 2.0400E+03 15 6.0700E+06

8 9.1200E+03 16 1.9600E+07

Table 1.
15 Neutron energy group structure [9].
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lowest uncertainty is given by the 44-group structure where around the energy
10 keV, the uncertainty is �4% in the ENDF/B-VII.1 and � 9.5% in JENDL-4.0. In
addition, negative correlations are observed in JENDL-4.0.

According to Figure 4, the maximum uncertainties in the fission cross sections
of the 235U in the energy less than 10 eV are, respectively, �7.5% and �1% in
JENDL-4.0 and ENDF/B-VII.1 for 15 and 33 groups; however, in the 44-group
structure, one can see that this maximum is �15% around the energy 3 eV. In the
energy interval [10 eV; 20 MeV], these uncertainties are very close to 1% for the
two evaluations in 33- and 44-group structures, while for the 15-group structure,

Group
number

Upper energy
(eV)

Group
number

Upper energy
(eV)

Group
number

Upper energy
(eV)

1 1.0000E-01 12 4.5400E+02 23 1.1100E+05

2 5.4000E-01 13 7.4900E+02 24 1.8300E+05

3 4.0000E+00 14 1.2300E+03 25 3.0200E+05

4 8.3200E+00 15 2.0300E+03 26 4.9800E+05

5 1.3700E+01 16 3.3500E+03 27 8.2100E+05

6 2.2600E+01 17 5.5300E+03 28 1.3500E+06

7 4.0200E+01 18 9.1200E+03 29 2.2300E+06

8 6.7900E+01 19 1.5000E+04 30 3.6800E+06

9 9.1700E+01 20 2.4800E+04 31 6.0700E+06

10 1.4900E+02 21 4.0900E+04 32 1.0000E+07

Table 2.
33 Neutron energy group structure [10].

Group
number

Upper energy
(eV)

Group
number

Upper energy
(eV)

Group
number

Upper energy
(eV)

1 1.0000E-05 16 3.2500E-01 31 3.0000E+03

2 3.0000E-03 17 3.5000E-01 32 1.7000E+04

3 7.5000E-03 18 3.7500E-01 33 2.5000E+04

4 1.0000E-02 19 4.0000E-01 34 1.0000E+05

5 2.5300E-02 20 6.2500E-01 35 4.0000E+05

6 3.0000E-02 21 1.0000E+00 36 9.0000E+05

7 4.0000E-02 22 1.7700E+00 37 1.4000E+06

8 5.0000E-02 23 3.0000E+00 38 1.8500E+06

9 7.0000E-02 24 4.7500E+00 39 2.3540E+06

10 1.0000E-01 25 6.0000E+00 40 2.4790E+06

11 1.5000E-01 26 8.1000E+00 41 3.0000E+06

12 2.0000E-01 27 1.0000E+01 42 4.8000E+06

13 2.2500E-01 28 3.0000E+01 43 6.4340E+06

14 2.5000E-01 29 1.0000E+02 44 8.1873E+06

15 2.7500E-01 30 5.5000E+02 45 2.0000E+07

Table 3.
44 Neutron energy group structure [10].
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most abundant isotopes in the studied benchmarks (235U, 238U, 1H, and 16O). All
benchmarks were taken from IHECSBE [8].

2. Study approach

2.1 Multigroup structure

In this article, the effect of the multigroup energy of neutrons on the sensitivity
of multiplication factors was studied for three cases (15, 33, and 44 groups). The
covariances for many cross sections are often presented in the evaluated data
libraries (ENDF/B-VII.1 and JENDL-4.0). All files were processed by the NJOY99
code to calculate the multigroup of interest cross sections in the ENDF-6 format.
The modules RECONR and BROADR were used before to reconstruct the cross
sections (MF = 3) at room temperature 300°K. The GROUPR module was used to
generate the desired data in the grouped-wise format gendf for the three presenta-
tions (15, 33, and 44 groups) to retain the characteristic structure in the cross
sections between 10�5 eV and 20 MeV. The energetic structures were generated
from the fine-group library for resonance nuclides, with different weight flux
functions: fission Maxwellian (10 MeV–70 keV), 1/E (70 keV–0.125 eV), and ther-
mal Maxwellian (0.125–10�5 eV). Tables 1–3 below present the three energy group
structures.

Figures below illustrate the comparison of the pointwise and multigroup
representations for the 235.238U cross sections (Figures 1 and 2).

Figures above present that the pointwise and multigroup cross sections are very
close in the two evaluations ENDF/B-VII.1 and JENDL-4.0.

2.2 Covariance data of cross sections

It is necessary to process the multigroup covariance matrices for each energy
group structure (15, 33, and 44). Thus, an appropriate input file for nuclear code
NJOY was prepared using several modules as ERROR, GROUPER, and COVR
[11–13] to process the ENDF file (MF = 33) and generate the multigroup covariance
matrices for the desired cross sections. The following figures show a comparison of
these covariance matrices in the two evaluations studied using the structures of 15,
33, and 44 energy groups.

Figure 3 shows the uncertainty and covariance for the 235U elastic cross section
in the energy region from 10�5 eV to 20 MeV. In this figure, we can see that the

Group number Energy range (eV) Group number Energy range (eV)

1 1.0000E-05 9 2.4800E+04

2 1.1000E-01 10 6.7400E+04

3 5.4000E-01 11 1.8300E+05

4 4.0000E+00 12 4.9800E+05

5 2.2600E+01 13 1.3500E+06

6 4.5400E+02 14 2.2300E+06

7 2.0400E+03 15 6.0700E+06

8 9.1200E+03 16 1.9600E+07

Table 1.
15 Neutron energy group structure [9].
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lowest uncertainty is given by the 44-group structure where around the energy
10 keV, the uncertainty is �4% in the ENDF/B-VII.1 and � 9.5% in JENDL-4.0. In
addition, negative correlations are observed in JENDL-4.0.

According to Figure 4, the maximum uncertainties in the fission cross sections
of the 235U in the energy less than 10 eV are, respectively, �7.5% and �1% in
JENDL-4.0 and ENDF/B-VII.1 for 15 and 33 groups; however, in the 44-group
structure, one can see that this maximum is �15% around the energy 3 eV. In the
energy interval [10 eV; 20 MeV], these uncertainties are very close to 1% for the
two evaluations in 33- and 44-group structures, while for the 15-group structure,
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the uncertainties in JENDL-4.0 are higher than those in ENDF/B-VII.1. Also,
negative correlations appeared in JENDL-4.0.

2.3 Sensitivity-uncertainty theory

Sensitivity coefficients represent the percentage effect on some nuclear system
response (e.g., multiplication factor keff) due to a percentage change in an input
parameter such as cross section (capture, fission, elastic, inelastic, etc.). The sensi-
tivity of keff (noted simply k) to a multigroup cross section σx:g, for an energy group
g, is defined according to [14] by Eq. (1), where the first order of the perturbation
theory is used [15–17]:

Sx:g ¼
σx:g
k

∂k
∂σx:g

(1)

Figure 1.
The pointwise and multigroup (15, 33, and 44) capture cross section for the 235U.
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These coefficients are supposed to be constant in the first order of perturbation
theory, so the sensitivity matrix S (Eq. (2)) is also constant [18–20]:

Sk ¼ σi
k j

∂k j

∂σj

� �
i ¼ 1:2:… :n and j ¼ 1:2:… :m (2)

where m is the number of critical systems considered and n is the number of
energy groups (n = 15, 33, and 44).

The sensitivity matrix coefficients have been calculated using MCNP6.1 code
using KSEN card.

The integral quantities calculated with a reference cross section set σ are denoted
by k. The integral quantities k’ calculated with a cross section set σ0, which deviates
by δσ from σ, have the following relation with k:

k0 ¼ k 1þ S:δσð Þ (3)

Figure 2.
The pointwise and multigroup (15, 33, and 44) elastic cross section for the 238U.
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The covariance of k’/k is given by

Vk ¼ Sσ0 � Sσð Þ Sσ0 � Sσð Þt

Vk ¼ S T � T0ð Þ T � T0ð ÞtSt

Vk ¼ SMSt (4)

where t stands for the transpose of the matrix S.
The square root of the diagonal term Vii of Vk is the standard deviation in the

integral quantity ki. Thus, the prior nuclear data uncertainty of k can be obtained in
matrix expression form by the so-called sandwich rule [20, 21]:

Δkð Þ2 ¼ SMSt (5)

The non-diagonal term Vij i 6¼ jð Þ gives the degree of correlation between the
errors of ki and k j. The element rij of the correlation matrix is obtained by dividing
the element Vij by the products of standard deviation Vii and Vjj:

rij ¼
Vijffiffiffiffiffiffiffiffiffiffiffiffi
ViiVjj

p (6)

Figure 3.
Uncertainty and covariance for the 235 U elastic cross section using 15, 33, and 44 structure energy groups in
ENDF/B-VII.1 and JENDL-4.0 evaluations.
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A common practice in uncertainty calculations is the relative sensitivity coefficients
provided from the sensitivity analysis. Therefore, the relative matrices are used as

Δk=kð Þ2 ¼ GPGt (7)

where G is the relative sensitivity matrix and P is the relative covariance matrix
of the interest cross section.

Eq. (7) mathematically links the uncertainty of the integral data and the uncer-
tainties of the cross sections through the associated sensitivity coefficients. Thus, a
high sensitivity and an uncertain cross section generate a large uncertainty in k.

3. Results and discussion

3.1 Description of benchmark systems

In this work, 25 HEU-SOL-THERM thermal experiments, 4 HEU-MET-INTER
intermediate experiments, and 21 HEU-MET-FAST fast experiments are studied.
The calculated, experimental keff and their uncertainties for each benchmark are

Figure 4.
Uncertainty and covariance for the 235U fission cross section using 15, 33, and 44 energy group structures in
ENDF/B-VII.1 and JENDL-4.0 evaluations.
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Benchmarks k.exp std.exp k.cal (ENDF/B-VII.1) std.cal k.cal (JENDL-4.0) std.cal

Hst001.001 1.0004 0.0060 0.99815 0.00005 0.99952 0.00005

Hst001.002 1.0021 0.0072 0.99722 0.00006 0.99927 0.00006

Hst001.003 1.0003 0.0035 1.00155 0.00005 1.00296 0.00005

Hst001.004 1.0008 0.0053 0.99815 0.00005 1.00048 0.00005

Hst001.005 1.0001 0.0049 0.99874 0.00005 0.99949 0.00005

Hst001.006 1.0002 0.0046 1.00196 0.00005 1.00283 0.00005

Hst001.007 1.0008 0.0040 0.99781 0.00005 0.99910 0.00005

Hst001.008 0.9998 0.0038 0.99797 0.00005 0.99930 0.00005

Hst001.009 1.0008 0.0054 0.99412 0.00006 0.99633 0.00006

Hst001.010 0.9993 0.0054 0.99241 0.00005 0.99338 0.00005

Hst009.001 0.9990 0.0043 0.99695 0.00005 1.00096 0.00005

Hst009.002 1.0000 0.0039 0.99686 0.00005 1.00034 0.00005

Hst009.003 1.0000 0.0036 0.99556 0.00005 0.99830 0.00005

Hst009.004 0.9986 0.0035 0.98894 0.00005 0.99112 0.00005

Hst009.010 1.0000 0.0057 0.99745 0.00005 1.00153 0.00005

Hst010.001 1.0000 0.0029 0.99453 0.00005 0.99633 0.00005

Hst010.002 1.0000 0.0018 0.99496 0.00005 0.99678 0.00005

Hst010.003 1.0000 0.0029 0.99247 0.00005 0.99237 0.00005

Hst010.004 0.9992 0.0029 0.99052 0.00005 0.99994 0.00004

Hst011.001 1.0000 0.0023 0.99859 0.00004 0.99773 0.00003

Hst011.002 1.0000 0.0023 0.99866 0.00004 0.99602 0.00004

Hst012.001 0.9999 0.0058 0.99723 0.00003 0.99745 0.00004

Hst013.001 1.0012 0.0026 0.99868 0.00003 1.00569 0.00005

Hst028.001 1.0000 0.0023 0.99642 0.00005 0.99580 0.00004

Hst035.007 1.0000 0.0035 1.00467 0.00005 0.99938 0.00004

Hmi006.001 0.9977 0.0008 0.99297 0.00004 1.00151 0.00004

Hmi006.002 1.0001 0.0008 0.99682 0.00004 1.00315 0.00004

Hmi006.003 1.0015 0.0009 1.00082 0.00004 0.99751 0.00003

Hmi006.004 1.0016 0.0008 1.00732 0.00004 0.99025 0.00003

Hmf001.001 1.0004 0.0024 0.99976 0.00003 0.98929 0.00003

Hmf003.001 1.0000 0.0050 0.99501 0.00003 0.99386 0.00003

Hmf003.002 1.0000 0.0050 0.99436 0.00003 0.99208 0.00003

Hmf003.003 1.0000 0.0050 0.99918 0.00003 0.99638 0.00003

Hmf003.004 1.0000 0.0050 0.99721 0.00003 1.00187 0.00003

Hmf003.005 1.0000 0.0030 1.00146 0.00003 1.00190 0.00003

Hmf003.008 1.0000 0.0030 1.00214 0.00003 1.00515 0.00003

Hmf003.009 1.0000 0.0050 1.00244 0.00003 1.00960 0.00003

hmf003.010 1.0000 0.0050 1.00505 0.00003 0.99315 0.00003

Hmf003.011 1.0000 0.0030 1.00886 0.00003 0.99656 0.00004

Hmf008.001 0.9989 0.0016 0.99577 0.00003 0.99518 0.00003
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summarized in Table 4. All calculations were performed using 100,000 neutrons
per cycle, 150 inactive cycles, and 4000 active cycles to minimize statistical uncer-
tainty (�5 pcm).

3.2 Total sensitivity evaluation

The total sensitivity calculations were performed in order to identify the most
important cross sections for neutron-induced reactions in critical experiments sum-
marized in Table 4. The total integrated sensitivities obtained using the ENDF/B-
VII.1 and JENDL-4.0 evaluations are presented in Tables 5 and 6. We can see from

Benchmarks k.exp std.exp k.cal (ENDF/B-VII.1) std.cal k.cal (JENDL-4.0) std.cal

Hmf011.001 0.9989 0.0015 0.99887 0.00004 0.99265 0.00003

Hmf012.001 0.9992 0.0018 0.99810 0.00003 0.99236 0.00003

Hmf014.001 0.9989 0.0017 0.99774 0.00003 0.99684 0.00003

Hmf015.001 0.9996 0.0017 0.99447 0.00003 0.99774 0.00003

Hmf018.002 1.0000 0.0014 0.99946 0.00003 0.99337 0.00003

Hmf020.002 1.0000 0.0028 1.00057 0.00003 0.99416 0.00003

Hmf021.002 1.0000 0.0024 0.99750 0.00003 1.00132 0.00004

Hmf022.002 1.0000 0.0021 0.99746 0.0003 0.99782 0.00003

Hmf026.011 0.9982 0.0042 1.00312 0.00004 1.00647 0.00005

Hmf028.001 1.0000 0.0030 1.00286 0.00003 1.00745 0.00005

Table 4.
Keff benchmark cases and their statistical uncertainties (1σ).

Hst001.001 Hst001.006 Hst035.007

Isotope ENDF/B-VII.1 JENDL-4.0 ENDF/B-VII.1 JENDL-4.0 ENDF/B-VII.1 JENDL-4.0

U-234 -2.7926E-03 -2.6083E-03 -2.0123E-03 -1.8550E-03 -2.3645E-03 -2.4621E-03

U-235 1.0503E-01 1.1931E-01 2.2592E-01 2.2535E-01 1.3115E-01 1.3959E-01

U-236 -2.9683E-04 -4.2700E-04 -5.0385E-05 -1.6201E-04 -2.3107E-04 -2.4627E-04

U-238 -2.7572E-03 -3.3237E-03 -1.1858E-03 -1.3662E-03 -6.4877E-03 -5.4229E-03

H-1 5.5723E-01 5.4111E-01 3.4059E-01 3.4260E-01 3.9636E-01 4.0646E-01

O-16 1.3385E-01 1.3190E-01 1.1264E-01 1.1672E-01 9.0869E-02 9.3703E-02

N-14 -2.8936E-03 -6.3375E-04 -2.9080E-03 -5.5300E-03 -3.6365E-03 -5.4211E-03

Table 5.
Total integrated sensitivity for thermal benchmark (%%).

Hmf001.001 Hmf003.001

Isotope ENDF/B-VII.1 JENDL-4.0 ENDF/B-VII.1 JENDL-4.0

U-234 5.1587E-03 7.4997E-03 1.4957E-03 1.9720E-03

U-235 8.0536E-01 8.0423E-01 1.4577E-01 1.5009E-01

U-238 1.7438E-02 1.7762E-02 4.2719E-02 4.1731E-02

Table 6.
Total integrated sensitivity for fast benchmark (%%).
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Hmf003.008 1.0000 0.0030 1.00214 0.00003 1.00515 0.00003

Hmf003.009 1.0000 0.0050 1.00244 0.00003 1.00960 0.00003

hmf003.010 1.0000 0.0050 1.00505 0.00003 0.99315 0.00003

Hmf003.011 1.0000 0.0030 1.00886 0.00003 0.99656 0.00004

Hmf008.001 0.9989 0.0016 0.99577 0.00003 0.99518 0.00003
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summarized in Table 4. All calculations were performed using 100,000 neutrons
per cycle, 150 inactive cycles, and 4000 active cycles to minimize statistical uncer-
tainty (�5 pcm).

3.2 Total sensitivity evaluation

The total sensitivity calculations were performed in order to identify the most
important cross sections for neutron-induced reactions in critical experiments sum-
marized in Table 4. The total integrated sensitivities obtained using the ENDF/B-
VII.1 and JENDL-4.0 evaluations are presented in Tables 5 and 6. We can see from

Benchmarks k.exp std.exp k.cal (ENDF/B-VII.1) std.cal k.cal (JENDL-4.0) std.cal

Hmf011.001 0.9989 0.0015 0.99887 0.00004 0.99265 0.00003

Hmf012.001 0.9992 0.0018 0.99810 0.00003 0.99236 0.00003

Hmf014.001 0.9989 0.0017 0.99774 0.00003 0.99684 0.00003

Hmf015.001 0.9996 0.0017 0.99447 0.00003 0.99774 0.00003

Hmf018.002 1.0000 0.0014 0.99946 0.00003 0.99337 0.00003

Hmf020.002 1.0000 0.0028 1.00057 0.00003 0.99416 0.00003

Hmf021.002 1.0000 0.0024 0.99750 0.00003 1.00132 0.00004

Hmf022.002 1.0000 0.0021 0.99746 0.0003 0.99782 0.00003

Hmf026.011 0.9982 0.0042 1.00312 0.00004 1.00647 0.00005

Hmf028.001 1.0000 0.0030 1.00286 0.00003 1.00745 0.00005

Table 4.
Keff benchmark cases and their statistical uncertainties (1σ).

Hst001.001 Hst001.006 Hst035.007

Isotope ENDF/B-VII.1 JENDL-4.0 ENDF/B-VII.1 JENDL-4.0 ENDF/B-VII.1 JENDL-4.0

U-234 -2.7926E-03 -2.6083E-03 -2.0123E-03 -1.8550E-03 -2.3645E-03 -2.4621E-03

U-235 1.0503E-01 1.1931E-01 2.2592E-01 2.2535E-01 1.3115E-01 1.3959E-01

U-236 -2.9683E-04 -4.2700E-04 -5.0385E-05 -1.6201E-04 -2.3107E-04 -2.4627E-04

U-238 -2.7572E-03 -3.3237E-03 -1.1858E-03 -1.3662E-03 -6.4877E-03 -5.4229E-03

H-1 5.5723E-01 5.4111E-01 3.4059E-01 3.4260E-01 3.9636E-01 4.0646E-01

O-16 1.3385E-01 1.3190E-01 1.1264E-01 1.1672E-01 9.0869E-02 9.3703E-02

N-14 -2.8936E-03 -6.3375E-04 -2.9080E-03 -5.5300E-03 -3.6365E-03 -5.4211E-03

Table 5.
Total integrated sensitivity for thermal benchmark (%%).

Hmf001.001 Hmf003.001

Isotope ENDF/B-VII.1 JENDL-4.0 ENDF/B-VII.1 JENDL-4.0

U-234 5.1587E-03 7.4997E-03 1.4957E-03 1.9720E-03

U-235 8.0536E-01 8.0423E-01 1.4577E-01 1.5009E-01

U-238 1.7438E-02 1.7762E-02 4.2719E-02 4.1731E-02

Table 6.
Total integrated sensitivity for fast benchmark (%%).
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these tables that the total integrated sensitivity obtained with the two nuclear evalu-
ations is almost the same; in addition, the sensitivities of U-234, U-236, and N-14 are
very low compared to the others. Thus, for the quantification of sensitivity and
uncertainty, only U-235, U-238, H-1, and O-16 are taken into account.

Figure 6.
Sensitivity profiles of 235U capture cross section for thermal benchmarks with 33 energy groups—ENDF/B-
VII.1 and JENDL-4.0.

Figure 7.
Sensitivity profiles of 235U capture cross section for thermal benchmarks with 44 energy groups—ENDF/B-
VII.1 and JENDL-4.0.

Figure 5.
Sensitivity profiles of 235U capture cross section for thermal benchmarks with 15 energy groups—ENDF/B-
VII.1 and JENDL-4.0.
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3.3 Sensitivities of keff with respect to multigroup cross section

In this study, the sensitivity coefficients obtained with the two libraries
ENDF/B-VII.1 and JENDL-4.0 are evaluated using MCNP6.1 code in three

Figure 8.
Sensitivity profiles of 235U fission cross section for thermal benchmarks with 15 energy groups—ENDF/B-VII.1
and JENDL-4.0.

Figure 9.
Sensitivity profiles of 235U fission cross section for thermal benchmarks with 33 energy groups—ENDF/B-VII.1
and JENDL-4.0.

Figure 10.
Sensitivity profiles of 235U fission cross section for thermal benchmarks with 44 energy groups—ENDF/B-VII.1
and JENDL-4.0.
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multigroup structures (15, 33, and 44). Given the large number of cross sections for
each energy group, the sensitivities of certain cross sections are only presented.

3.3.1 Sensitivity for the 235U cross section

The results obtained are presented in the figures below for the 235U cross sec-
tions (Figures 5–10).

Figure 11.
Sensitivity profiles of the 238U capture cross section with 15 energy groups—ENDF/B-VII.1 and JENDL-4.0.

Figure 12.
Sensitivity profiles of the 238U capture cross section with 33 energy groups—ENDF/B-VII.1 and JENDL-4.0.

Figure 13.
Sensitivity profiles of the 238U capture cross section with 44 energy groups—ENDF/B-VII.1 and JENDL-4.0.
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From these figures, it can be seen that the 44-group structure of energy gives
very varied sensitivity profiles depending on the neutron energy; moreover, this
group structure gives sensitivities slightly lower than those given by the structures
of 15 and 33 groups. Consequently, it can be said that the precision of the sensitivity
increases for the structure containing the largest number of energy groups. Thus,
low uncertainties on nuclear data are expected with this structure (44 groups) in
the two evaluations (ENDF/B-VII.1 and JENDL-4.0).

Figure 14.
Sensitivity profiles of the 238U elastic cross section with 15 energy groups—ENDF/B-VII.1 and JENDL-4.0.

Figure 15.
Sensitivity profiles of the 238U elastic cross section with 33 energy groups—ENDF and JENDL-4.0.

Figure 16.
Sensitivity profiles of the 238U elastic cross section with 44 energy groups—ENDF and JENDL-4.0.
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3.3.2 Sensitivity for the 238U cross section

The sensitivities of the multiplication factors for the 238U cross sections are
shown in the figures below (Figures 11–16).

These figures show that thermal and intermediate critical experiment designs
demonstrate low sensitivity to the capture and elastic cross sections of the 238U at

Figure 18.
Sensitivity profiles of the 1H elastic cross section with 33 energy groups—ENDF/B-VII.1 and JENDL-4.0.

Figure 19.
Sensitivity profiles of the 1H elastic cross section with 44 energy groups—ENDF/B-VII.1 and JENDL-4.0.

Figure 17.
Sensitivity profiles of the 1H elastic cross section with 15 energy groups—ENDF/B-VII.1 and JENDL-4.0.

146

Nuclear Power Plants - Processes in the Nuclear Fuel Cycle

high energies and a significant sensitivity at thermal and resonance energies. How-
ever, the fast critical experiments demonstrate, at high energies, high levels of
sensitivity to the capture and elastic cross sections of the 238U. Also, the structure of
the 44 energy groups gives very varied sensitivity profiles compared to those given
by structures 15 and 33.

Figure 20.
Sensitivity profiles of the 16O elastic cross section with 15 energy groups—ENDF/B-VII.1 and JENDL-4.0.

Figure 21.
Sensitivity profiles of the 16O elastic cross section with 33 energy groups—ENDF/B-VII.1 and JENDL-4.0.

Figure 22.
Sensitivity profiles of the 16O elastic cross section with 44 energy groups—ENDF/B-VII.1 and JENDL-4.0.
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3.3.3 Sensitivity for 1H and 16O cross sections

The sensitivities of the keff’s with respect to the cross sections of 1H and 16O are
presented in the figures below (Figures 17–22).

The figures above show that all thermal critical benchmarks demonstrate low
sensitivity to the 1H and 16O elastic cross sections for low resonance energies and
significant sensitivity for high energies. In addition, the structure of the 44 energy
groups gives very varied sensitivity profiles compared to those given by the 15- and
33-group structures. Also, the sensitivities given by ENDF/B-VII.1 are slightly lower
than those given by JENDL-4.0.

Figure 23.
Δk/k (pcm) prediction due to the uncertainties in 235U capture cross sections with 44 energy groups for thermal
benchmarks—ENDF/B-VII.1 and JENDL-4.0.

Figure 24.
Δk/k (pcm) prediction due to the uncertainties in 235U capture cross sections with 44 energy groups for fast
benchmarks—ENDF/B-VII.1 and JENDL-4.0.
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In the following, all the results concerning only the structure of the group of 44
neutrons and presented for both ENDF/B-VII.1 and JENDL-4.0.

3.4 Nuclear data uncertainty prediction of keff

The nuclear data uncertainties of keff are calculated using Eq. (7), and the pre-
dictions of Δk=k due to the uncertainty of the 235U cross sections are presented in
the figures below (Figures 23–26).

Figure 25.
Δk/k (pcm) prediction due to the uncertainties in 235U elastic cross sections with 44 energy groups for thermal
benchmarks—ENDF/B-VII.1 and JENDL-4.0.

Figure 26.
Δk/k (pcm) prediction due to the uncertainties in 235U elastic cross sections with 44 energy groups for fast
benchmarks—ENDF/B-VII.1 and JENDL-4.0.
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Thermal
benchmarks

Δkeff/keff-(%)
ENDF/B-VII.1

Δkeff/keff-(%)
JENDL-4.0

Fast
benchmarks

Δkeff/keff-(%)
ENDF/B-VII.1

Δkeff/keff-(%)
JENDL-4.0

Hst001.001 0.962 1.564 Hmi006.001 0.617 0.389

Hst001.002 0.931 1.214 Hmi006.002 0.800 0.274

Hst001.003 0.963 1.566 Hmi006.003 0.628 0.143

Hst001.004 0.934 1.200 Hmi006.004 0.827 0.159

Hst001.005 1.021 2.219 Hmf001.001 0.439 0.063

Hst001.006 1.011 2.160 Hmf003.001 0.442 0.057

Hst001.007 0.965 1.609 Hmf003.002 0.490 0.075

Hst001.008 0.963 1.587 Hmf003.003 0.492 0.083

Hst001.009 0.940 1.227 Hmf003.004 0.598 0.129

Hst001.010 0.995 2.104 Hmf003.005 0.446 0.053

Hst009.001 0.918 1.051 Hmf003.008 0.702 0.189

Hst009.002 0.929 1.122 Hmf003.009 0.667 0.159

Hst009.003 0.947 1.281 hmf003.010 0.603 0.141

Hst009.004 0.980 1.471 Hmf003.011 0.543 0.096

Hst009.010 0.917 1.065 Hmf008.001 0.648 0.221

Hst010.001 1.004 1.785 Hmf011.001 0.505 0.999

Hst010.002 1.009 1.820 Hmf012.001 0.458 0.086

Hst010.003 1.004 1.800 Hmf014.001 0.462 0.070

Hst010.004 1.010 1.747 Hmf015.001 0.463 0.084

Hst011.001 1.069 2.295 Hmf018.002 0.437 0.057

Hst011.002 1.074 2.306 Hmf020.002 0.447 0.244

Hst012.001 1.274 3.150 Hmf021.002 0.423 0.035

Hst013.001 1.281 3.237 Hmf022.002 0.421 0.035

Hst028.001 1.007 2.066 Hmf026.011 0.505 1.326

Hst035.007 0.880 1.682 Hmf028.001 0.489 0.075

Table 7.
Total uncertainty of keff (%).

Figure 27.
Correlation between thermal benchmarks due to the uncertainties in 235U capture cross sections. (a) ENDF/B-VII.1
(b) JENDL-4.0.
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We can see from these figures that, in general, the relative uncertainties of keff
using ENDF/B-VII.1 are less than those using JENDL-4.0. For example, these
uncertainties due to the 235U capture cross section are �250 pcm, and in the elastic
cross section case, they are �15 pcm for thermal benchmarks and 100–400 pcm for
fast benchmarks. Concerning the predictions Δk=k due to the uncertainty of the
238U cross sections, they are all very small except for the elastic and inelastic cross
sections.

The total uncertainties of the effective multiplication factors due to U-235,
U-238, H-1, and O-16 are summarized in Table 7.

Table 7 shows that for thermal benchmarks, the relative uncertainties of keff
with the ENDF/B-VII.1 are lower than those with JENDL-4.0. However, for fast
benchmarks, these uncertainties are greater with the JENDL-4.0 evaluation.

3.5 Correlation between benchmark errors

The degree of correlation between benchmarks errors is calculated using Eq. (6);
the results obtained are presented in the figures below.

Figures 27 and 28 show that the correlations between the benchmarks using
ENDFB-VII.1 are lower than those using JENDL-4.0. Thus, a close similarity
between several experiences is noted.

4. Conclusions

The multigroup effect on the sensitivities of keff with respect to cross sections
U-235, U-238, H-1, and O-16 is studied using 15, 33, and 44 energy groups. We
found that the structure of the 44 groups gives the most varied sensitivity profiles in
the two evaluations ENDF/B-VII.1 and JENDL-4.0, allowing a better investigation
of the uncertainties of the nuclear data.

The results obtained show that the keff sensitivity profiles are approximately the
same for the two nuclear evaluations ENDF/B-VII.1 and JENDL-4.0. However, the
covariances of the cross sections are different between the two evaluations, which is
why differences between the uncertainties of the nuclear data are observed between
these evaluations. For example, the total uncertainties in the thermal benchmark
Hst001.001 are, respectively, 0.962 and 1.564% with ENDF/B-VII.1 and JENDL-
4.0, and for the fast benchmark Hmf.001.001, these uncertainties are 0.439 and

Figure 28.
Correlation between fast benchmarks due to the uncertainties in 1H and 16O capture and elastic cross sections.
(a) ENDF/B-VII.1 (b) JENDL-4.0.
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We can see from these figures that, in general, the relative uncertainties of keff
using ENDF/B-VII.1 are less than those using JENDL-4.0. For example, these
uncertainties due to the 235U capture cross section are �250 pcm, and in the elastic
cross section case, they are �15 pcm for thermal benchmarks and 100–400 pcm for
fast benchmarks. Concerning the predictions Δk=k due to the uncertainty of the
238U cross sections, they are all very small except for the elastic and inelastic cross
sections.

The total uncertainties of the effective multiplication factors due to U-235,
U-238, H-1, and O-16 are summarized in Table 7.

Table 7 shows that for thermal benchmarks, the relative uncertainties of keff
with the ENDF/B-VII.1 are lower than those with JENDL-4.0. However, for fast
benchmarks, these uncertainties are greater with the JENDL-4.0 evaluation.

3.5 Correlation between benchmark errors

The degree of correlation between benchmarks errors is calculated using Eq. (6);
the results obtained are presented in the figures below.

Figures 27 and 28 show that the correlations between the benchmarks using
ENDFB-VII.1 are lower than those using JENDL-4.0. Thus, a close similarity
between several experiences is noted.

4. Conclusions

The multigroup effect on the sensitivities of keff with respect to cross sections
U-235, U-238, H-1, and O-16 is studied using 15, 33, and 44 energy groups. We
found that the structure of the 44 groups gives the most varied sensitivity profiles in
the two evaluations ENDF/B-VII.1 and JENDL-4.0, allowing a better investigation
of the uncertainties of the nuclear data.

The results obtained show that the keff sensitivity profiles are approximately the
same for the two nuclear evaluations ENDF/B-VII.1 and JENDL-4.0. However, the
covariances of the cross sections are different between the two evaluations, which is
why differences between the uncertainties of the nuclear data are observed between
these evaluations. For example, the total uncertainties in the thermal benchmark
Hst001.001 are, respectively, 0.962 and 1.564% with ENDF/B-VII.1 and JENDL-
4.0, and for the fast benchmark Hmf.001.001, these uncertainties are 0.439 and

Figure 28.
Correlation between fast benchmarks due to the uncertainties in 1H and 16O capture and elastic cross sections.
(a) ENDF/B-VII.1 (b) JENDL-4.0.

151

Sensitivity and Uncertainty Quantification of Neutronic Integral Data Using ENDF/B-VII.1…
DOI: http://dx.doi.org/10.5772/intechopen.92779



0.063% with ENDF/B -VII.1 and JENDL-4.0, respectively. These differences are
mainly due to the high covariances in JENDL-4.0 compared to those in ENDF/B-
VII.1, in particular for the elastic cross section of the U-235 and of the fission for the
U-238.

These results demonstrated that the covariances of most neutron reactions with
the nuclei studied in this work require more investigation and re-estimation.
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