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Chapter 6.
Revolution in nuclear power plants: From uranium to thorium

Adoption of thorium nuclear fuel will make it possible to phase out the use
of plutonium, which has many safety- and nuclear proliferation-related
problems. It will also produce a more rational nuclear fuel cycle.

Utilization of thorium
The element thorium is probably not familiar to the general public.
The atomic number of thorium (Th) is 90, which is smaller by two than uranium

at 92. Protactinium (Pa), with an atomic number of 91, is an unstable radioactive
element and no longer exists on earth because it has already disintegrated.
Thorium is the second-heaviest naturally existing element next to uranium. It is
far easier to obtain than uranium and converts into U-233 by neutron absorption.
Because there is no possibility of fission energy utilization with lighter elements,
thorium is an important resource for the world.

Twenty years ago, this fact was known to nuclear energy experts around the
world. The Japanese Liberal Democratic Party organized a non-partisan “Thorium
Use Promotion Round-table of 100 Members” in 1981, where the author’s group,
“Academic Association for Thorium Energy,” announced a new plan for thorium
utilization. At that time, The “Academic Association for Thorium Energy” was
chaired by Seiji Kaya. Because of an abrupt rise in Cold War tensions and the
anti-nuclear movement, thorium was forgotten. Now it is never mentioned, even in
nuclear energy textbooks. This could be interpreted as evidence of the curtailed
support for scientific inquiry.

If Flibe, described in the previous chapter, is used as nuclear fuel, it is desirable
for the reactor to be designed as a thermal neutron reactor. Flibe is composed of
light elements and helps neutron moderation. Thorium would be most
advantageously used as nuclear fuel in a thermal neutron reactor using Flibe. A
new type of reactor will be investigated in this chapter.

Thorium resources
Thorium has many advantages. First, it exists in abundance and is not unevenly

distributed. Uranium resources are very unevenly distributed. Only ten percent of
the world’s uranium resources have been confirmed in Asia, the world’s largest
continent. Information about Siberia is not known. Because uranium dissolves well
in water, the resources probably dissolved in seawater.

Geological deposits of thorium, on the other hand, are three to four times as large
as uranium. Although thorium has been explored less than uranium, confirmed
thorium deposits already amount to two million tons (almost the same as uranium),
as shown in Table 6.1. Although thorium resources are widely distributed and it is
difficult to find countries without it, Japan unfortunately has none at all. However,
even if it were used for 100 years all over the world, the total amount of thorium
used would be two million tons (Chapter 8). Thorium is cheap, and some countries
would surely sell it to Japan. The resource situation of thorium is quite different
from uranium, whose supply is monopolized and increasingly limited. One and
one-half million tons of uranium resources have already been mined.
Moreover, only 0.5 milligrams of thorium can be dissolved in one cubic meter of
seawater (one-seventh as much as uranium at 3.5 milligrams). Thorium exists
mostly in the form of sand on seashores and does not dissolve readily in seawater.
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The most important thorium-containing mineral is monazite. This is a phosphate
of rare-earth metallic elements, as shown in Figure 2.2. Monazite is a complicated
mineral containing from 1% to 18% of thoria (ThO2) and up to 1% of urania (UO2).
Rare-earth metallic elements are indispensable in today’s high-tech electronic
industries. Residues of monazite contain a large quantity of thorium after the
separation of rare-earth elements.

Monazite has a high specific density of about 5, and has been deposited in
riverbeds or seashores as black sand (heavy sand) from years of weathering. The
deposit zones include India, Brazil, Australia, Sri Lanka, Indonesia, Madagascar,
Malaysia, South Africa, Canada, the U.S., the Republic of Korea, and Egypt.
Twenty years ago, one of the largest deposits in the world was discovered in
western Turkey (inland). Unlike uranium, thorium occurs abundantly in Asia.

For example, more than 300,000 tons of thorium have been confirmed on half of
the Indian coast. The most famous is the coast of Travancol in southwest India,
where layers of heavy sand range from 30 centimeters to 1 meter thick. Although
there are regions where the natural radiological dosage is several hundred times as
high as the normal value, reduced life expectancy or health abnormalities have not
been confirmed. The people benefit economically from the mining of titanium and
iron sand. Because these materials are mined from surface deposits (without deep
excavation), the global environment is not affected. This contrasts with uranium
mines that release confined radioactive gas. Moreover, even if a deposit becomes
exhausted, a strong wind from one night’s monsoon revitalizes the heavy sand
deposit. Our requirement of 2 million tons of thorium could be supplied from the
seashores of India alone.

Thorium and artificial uranium 233
Natural thorium (Th) is composed of atoms with mass number 232. Traces of

Th-230, which accompany natural thorium, are usually found in concentrations of
only one-hundred-thousandth.

Natural thorium (Th-232) cannot be used directly as fuel because it is not
fissionable. It is converted into fissionable U-233 by adsorption of even a single
neutron. This is similar to U-238, the major constituent of natural uranium, which
is converted into an artificial fissionable nuclide Pu-239 by neutron absorption. The
original Th-232 and U-238 are called “fertile” materials, as illustrated in Figure 6.1.
It is important that the mass of the fertile material Th-232 is six nucleons lighter
than U-238, another fertile material. In order to be converted into Pu-239, or
heavier transuranic elements such as americium (Am) or curium (Cm), Th-232
must absorb seven or more neutrons. The probability of such a sequence of events
is negligible.

It is advantageous that thorium is unrelated to other transuranic elements,
whose long lives and strong radioactivity make them more suitable for atomic
bombs. This advantage can be applied in reverse. If transuranic elements are
mixed and burnt in a thorium nuclear reactor, they will gradually disappear
without being reproduced. Thus, the thorium reactor can act as an incinerator of
transuranic elements, such as plutonium (described in Chapter 10).

The thorium-uranium (Th-U) nuclear fuel cycle uses natural thorium. This
contrasts with the uranium-plutonium (U-Pu) nuclear fuel cycle, which uses
natural uranium, as shown in Figure 6.2.

The two fuels are amazingly similar. However, their differences relate to their
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behavior with thermal neutrons. Th-232 absorbs thermal neutrons twice as well as
U-238 and is converted into U-233. After absorbing a neutron, U-233 fissions with
a probability of 90%. In contrast, Pu-239 (produced from U-238) causes fission with
a probability of only about 60%. After absorbing two additional neutrons, Pu-239
converts into Pu-241—a fissionable nuclide. These two nuclides (Pu-239 and
Pu-241) constitute the major part of plutonium fuel. Although U-235, described
soon, is similarly produced from U-233, this is not so important by comparison with
Pu-241.

Another major difference between the Th-U and U-Pu cycles is the half-life of the
beta decay (electron emission) of its intermediate product protactinium (Pa) 233.
The half-life of protactinium (27 days) is 12 times its counterpart, neptunium (Np)
239. If Pa-233 stays in the reactor for a long time, it is converted into Pa-234 by
neutron absorption, and the amount of Pa-233 to be converted into U-233 decreases,
resulting in a loss. Therefore, in an actual reactor, Pa-233 would be kept out of the
reactor for several weeks after chemical separation and returned after the complete
conversion into U-233 by beta decay. This is also effective for preventing decreased
reaction efficiency (reactivity). However, this point is not relevant to our new
reactor concept with a low-neutron-density in the reactor core, proposed in Chapter
7, not requiring any separation of Pa-233, which produces the bomb material U-233.
This is a big advantage to improve the nuclear proliferation resistance.

Let us summarize the reaction process of thorium shown in Figure 6.3. The
neutrons generated by the fission of U-233 collide with graphite (carbon nuclei) and
slow down. At least one neutron is absorbed by another U-233 to induce the next
fission, and some of the rest are absorbed by Th-232 to reproduce U-233. These
nuclear chain reactions occur in the core of the graphite-moderated molten-salt
reactor with thorium fuel proposed in the following chapters.

Highly gamma radioactive uranium 232
Although not directly related to reactor design, there is an important

phenomenon in handling thorium nuclear fuel. A small amount of U-232 always
accompanies U-233 as a by-product. This U-232 continues to make alpha decays
(discharge of alpha rays = generation of a helium nucleus), each with a half-life of
72 years, finally producing thallium (Tl) 208. The energy of the gamma rays
emitted from Tl-208 is as high as 2.6 MeV (10 to 20 times higher than the ordinary
gamma ray) and is not easy to shield. Its radioactivity becomes high after a year,
reaches the maximum value after ten years, and begins to decrease only after 100
years.

This phenomenon causes serious difficulties when thorium is used as a "solid
nuclear fuel." Shielding this gamma ray in fuel manufacturing is much more
difficult than U-235, and the costs of chemical processing, re-fabrication, and
transportation become high. This was why thorium utilization did not grow in the
past. (Some thoria are being used in Indian heavy-water power stations without
reprocessing)

However, the situation is different with a liquid fuel. As a liquid, the molten-salt
fuel can be handled remotely for concentration control and transportation. This
eliminates shielding difficulties. Moreover, the strong gamma ray can be utilized
for theft surveillance and detection of the nuclear material. This is helpful in
preventing terrorism. As explained in Chapter 10, it is least suited for military use.
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Its properties are excellent.
When one of the authors visited the Molten-Salt Reactor Experiment (MSRE) at

ORNL in 1968, he saw a small photograph as he was walking through a passage by
the reactor control room. In the photograph, Alvin Weinberg, the director, and
Murray Rosenthal, the leader of the Molten-Salt Reactor Program, were raising
their glasses in a toast with Glenn Seaborg, the chairman of the U.S. Atomic
Energy Commission. When he asked, "Why are they making a toast?” The
nonchalant answer was, "They are celebrating the success, a week ago, of the
world’s first operation of a nuclear reactor using U-233 as fuel”. (U-235 was loaded
as fuel in the initial stage of MSRE, and separated all for restart by U-233.).
Because Seaborg was among the most eminent nuclear chemists of the world and
the discoverer (1943) of the fissile material U-233, he would have been very happy
with that success. It should be added that the nuclear fuel salt U-233 operated for
the first time had been stored for 30 years till today.

The concentration of U-232 remaining in the uranium was about 0.02% (220
ppm). In the case of the small molten-salt power generation reactor FUJI proposed
in the following chapters, the U-232 is estimated to be about 550 ppm, 2.5 times as
high as the MSRE fuel.

Because the uranium in these nuclear fuels contains other uranium isotopes, at
least 10 kilograms of uranium is needed to make an atomic bomb. A person
standing within 50 centimeters of this uranium would be exposed to a lethal dose of
radiation in several hours. A shield would require a lead plate 25 cm thick or a
concrete wall one-meter thick. Shielding requirements present handling and
transportation problems for terrorists.

If terrorists considered making a bomb, the uranium would be detected because
of the current heightened security procedures.

Effective utilization and annihilation of plutonium
In the case of plutonium fuel produced from U-238, everything is reversed. First,

the strength of the gamma ray from Pu-239 is weak. Although many alpha rays are
emitted from plutonium, it is actually a large helium nucleus, which can be
shielded with a sheet of paper, unlike gamma rays (electromagnetic waves) or beta
rays (electron beams). Hidden from view, plutonium can be easily carried in a
pocket without being detected. Thus, plutonium is an ideal target for terrorists and
a serious problem for society.

U.S. law prohibits extracting plutonium from spent nuclear fuel through
chemical processing. Instead, it is promoting a plan to keep the spent fuel in an
underground rock layer (Yucca Mountain, Nevada). However, this concept has
problems. The late Glenn Seaborg, ex-chairman of USAEC, warned that "such a
storage will become a ‘plutonium mine’ after 500 years because the radioactivity
level will be reduced by five orders of magnitude, rendering it very easy to take out
only plutonium." Thus, this solution should be re-examined.

First, Pu-239 (and Pu-241) is a precious energy source (and a neutron source)
that easily induces fission. Therefore, storing and wasting it shows a lack of
awareness, in the author's opinion.

The Japanese government is also having trouble with plutonium treatment and
is trying to convert it into uranium-plutonium mixed oxide (MOX) nuclear fuel
(Japan does not have a MOX manufacturing plant yet). The MOX will be burnt in
LWR power plants. This would amount to the deliberate depletion of a precious
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stock of fissile material. In addition, because only half the loaded plutonium can be
burnt in a single LWR burnup cycle, the processes of dismantling fuel assemblies,
reprocessing, re-fabrication, and burning must be repeated, resulting in poor
economics. Because many countries all over the world suspect that Japan is going
to use plutonium to make atomic bombs, MOX may be required as a political
gesture to show Japan’s attitude against nuclear armament. However, MOX
promotion entails plutonium dispersion among nuclear power plants throughout
Japan. It will raise power costs and needlessly increase expenses. Plutonium
should be more efficiently consumed.

It is better to incinerate plutonium by putting it into thorium-cycle reactors,
especially of the molten-salt type. Probably, there will be no other way. If
plutonium is burnt in existing uranium-cycle reactors, new plutonium is produced
from U-238 (about half that of the plutonium burnt in the reactor). However, if a
thorium-cycle reactor uses solid nuclear fuel, only about half of the plutonium
loaded initially is burnt in one burnup cycle. Furthermore, the high radioactivity of

U-232 (byproduct of U-233) makes the ensuing chemical processing and solid-fuel
re-fabrication almost impossible. If a thorium-cycle molten-salt reactor is used, all
the dissolved plutonium can be burnt without any loss. (This will be discussed in
detail in Chapter 10)

This thorium molten-salt reactor will be the most effective and concrete measure
for the abolition of nuclear weapons, which is part of the national policy of Japan.
Only after the complete abolition of nuclear weapons can a true peaceful use of
nuclear energy begin all over the world, in the author’s opinion.

New global management of “spent nuclear fuel”
Spent nuclear fuel is accumulating all over the world, and many countries are

having trouble solving the problem of its chemical treatment. The existing chemical
processing method (the Purex method with organic-solvent extraction) is very
expensive and has many problems. Because the Purex method was developed as a
military technology for obtaining pure plutonium, economics was secondary. Water
and organic solvent, materials containing abundant hydrogen, are used in the
processing plant. The abundance of hydrogen causes plant to be meticulously
subdivided to avoid severe criticality accidents. The system is surprisingly
complicated.

Plants of this kind, developed and improved for military use, are operating only
in the UK, France, and Russia. Japan has consigned spent fuel reprocessing to the
UK and France. It is appropriating a huge investment of ¥2,200 billion to build the
same kind of plant with foreign technology at Rokkasho-Mura in Aomori Prefecture.
Because this plant can accommodate spent fuels from only 30 of the
1000-MWe-class nuclear power plants, another plant will soon be required. The U.S.
and Germany have abandoned reprocessing, and the plants in the UK, France, and
Russia can process only a fraction of the spent nuclear fuels accumulating all over
the world.

How, then, should the reprocessing be performed? With like-minded colleagues
around the world, the authors have long recommended that the fluorination
molten-salt chemical-processing method should be adopted. France laid the
foundation for this method. The former Soviet Union, with the cooperation of
France and the former Czechoslovakia, nearly completed it by about 1988. The
original intention of this method was to reprocess the spent oxide fuels of fast
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breeder reactors. In this method, the spent oxide fuels are pulverized and made to
react instantaneously in fluorine gas (called a “flame reaction” because of the
high-temperature combustion). The generated gaseous uranium and plutonium
fluorides are separated, while the fission products dissolved in the molten-salt are
processed. Finally, oxide nuclear fuels for fast reactors are re-fabricated.

The fluorination flame reactor technology used as the basis of this method has
been put into practical use on a large scale at Pierrelatte in southern France to
produce uranium hexafluoride gas for uranium enrichment from uranium oxide.
The former Soviet Union called it the "FREGATE" project, but abandoned it at 70%
completion, when investment could not be continued.

It is not necessary to follow the exact footsteps of this project. The fission
products that are not chemically obstructive can be left in the molten-salt, and
reproduction of solid oxide fuel form is unnecessary. This eliminates the need for
subsequent processes, such as oxide fuel-pellet production, which requires strict
purity control, and the manufacture of the fuel-assembly. If Flibe (lithium fluoride
and beryllium fluoride), thorium fluoride, and similar substances are added to the
molten-salt while allowing the fluorides of various fission products to contaminate
the salt, then a molten-salt nuclear fuel containing plutonium can be easily
prepared. Plutonium and other nuclear wastes retained in the salt gradually
disappear owing to neutron absorption reactions and radioactive decay while the
molten-salt reactor is operated.

In other words, by eliminating the process of solid nuclear fuel reproduction from
the original FREGATE process and aiming only at supplying molten-salt nuclear
fuel, the resulting process becomes surprisingly simple. Further, the solid spent
nuclear fuel around the world can be processed economically. The best and most
economical solution is to utilize the FREGATE process all over the world to prepare
plutonium-containing molten-salt and burn it in the thorium molten-salt reactor.

This chapter started with the explanation of the abundance of thorium and its
use as the fuel of the molten-salt nuclear reactor. Reference was also made to the
processing of spent nuclear fuel. Next, let us turn to the main part of the reactor
system.
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