Energy is the essential ingredient that fuels our lives as well as the life of our industries. Since the industrial revolution, we
have created energy mainly from fossil fuels such as coal, oil and natural gas. While we have enjoyed the benefits of these
fossil fuels, we now find ourselves paying the heavy price of depleted natural resources and environmental destruction.
Today science and industry are looking more and more to alternative energy sources that reduce the burden on the envi-
ronment, such as solar and wind power generation. Among these alternative energies, fusion power offers the potential to
be the ultimate sustainable energy source. Today at the Advanced Fusion Research Center of Kyushu University’s Research
Institute for Applied Mechanics researchers are using nuclear fusion reactors to recreate the same kind of nuclear fusion
reaction that naturally occurs on the Sun right here on earth. In this issue’s Technical Frontiers, Dr. Hideki Zushi, director
of the Advanced Fusion Research Center, talks about the scientific outlook for the future of fusion power generation.
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Profile: Dr. Hideki Zushi

Professor, Dr. Hideki Zushi was born in 1949, graduated Department of Nuclear Engineering, Graduate
school of Engineering Kyoto University in1977. He became research assistant of Heliotron Plasma
Physics Research Center in 1979. In 1990, he became an associate professor there, and he was
assigned to Graduate school of Engineering in Kyoto University, and then Graduate School of Energy
Science in 1996. He became a professor of Research Institute for applied Mechanics, Kyushu University
in 1997, then became a director of Advanced Fusion Research Center in 2003. From 2009 he is a
director. His research field: Fusion Science and Technology, Plasma Diagnostics, magnetic Plasma
Confinement. His subject: He promotes the QUEST project as a director. His interests cover current
drive using resonant interaction with plasma, nonlinearity of plasma as magnetic reconnection and
establishment of the control method of it, development of the advanced diagnostics related with plasma-
wall-interaction and establishment of the steady state operation of spherical tokamak.
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Nearly Half a Century of Fusion Reactor R&D

Kyushu University’s Research Institute for Applied
Mechanics embarked on basic research into the development
of nuclear fusion reactors in the latter part of the 1970’s. By
that time Japan had already learned its lesson about alternative
energy, the hard way. Following on the heels of two oil crises,
the national government launched a number of initiatives to
develop alternative energy sources that included solar, wind,
and nuclear power generation.

While the Japan Atomic Energy Agency (formerly the
Japan Atomic Energy Research Institute) had already began
fundamental research into nuclear fusion in the early 1960’s,
by the 1970’s developed countries around the world had
jumped on the bandwagon with projects designed for practical
applications of fusion power. Research work in Japan during
the 1970’s had grown to include the implementation of a large-
scale government-industry-academia project to build a huge
doughnut-shaped tokamak fusion test reactor called the JT-60
in Naka, Ibaraki Prefecture.

It was against this backdrop, that Kyushu University
launched its own nuclear fusion research program. Among
the different types of fusion reactors, including tokamak, heli-
cal and mirror, the tokamak reactor has come the closest to
achieving a sustained thermonuclear fusion reaction. With
faith in the power of the tokamak, research work at Kyushu
University is moving steadily ahead to overcome the hurdles
blocking the way to a future fueled by fusion power.

In 2005 we completed research work on the steady-state
operation of a tokamak reactor using the TRIAM-1M, a test
device employing superconducting coils. In the same year
we launched a research project using the QUEST (Q-shu
University Experiment with Steady-State Spherical Tokamak)
to confine and maintain high performance plasmas over long
periods of time. Before getting into the details of QUEST, let’s
look at how fusion reactions work.

Fusion of Tiny Nuclei Generates
Enormous Energy

Nuclear fusion is a process by which two atomic nuclei
join together, releasing a vast amount of energy as they fuse
with one another. Nuclear fusion reactions occur naturally
on the Sun and other stars and provide the energy that makes
these stars shine so brightly.

How is energy produced via a nuclear fusion reaction?
When multiple atomic nuclei, each with a very small mass,
join together to form a new nucleus, the mass (m) is con-
verted to energy (E). This process is explained beautifully by
Einstein’s formula, E = mc?, for the theory of relativity. The
slight reduction in mass that occurs after the fusion of two
nuclei results in the release of an enormous amount of energy.
Utilizing the energy from nuclear particles via nuclear fusion
as well as nuclear fission, which has already been employed in
nuclear power generation, is an extremely efficient way to con-
vert slight changes in mass into a huge amount of energy. The
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nuclear fusion of deuterium (an isotope of hydrogen whose
nucleus consists of one proton and one neutron) and tritium
(an isotope of hydrogen whose nucleus consists of one proton
and two neutrons) in a plasma state at a high temperature and
under extreme pressure will release a neutron, form helium
(two protons and two neutrons) and create an incredible burst
of energy.

While nuclear fission is fueled by scarce elements like
uranium, nuclear fusion uses deuterium and tritium. Since
deuterium is contained in seawater, there is a virtually endless
supply. Once nuclear fusion technology becomes practical,
it will provide a COz- and radioactive-waste-free solution to
today’s energy problems. It is the ultimate sustainable energy
source.

Magnetic Plasma Confinement Technology

I have explained how the same principle behind nuclear
fusion technology in which two nuclei collide and combine is
at work powering the Sun. The question for us was how to rec-
reate this kind of nuclear fusion reaction here on earth.

An atom contains negatively charged electrons and posi-
tively charged protons. Since the protons in each of the collid-
ing nuclei have the same positive charge, they repel each other.
They won’t collide with each other unless they are moving at
a super fast speed. A sustained nuclear fusion reaction requires
maintaining a magnetically confined plasma state at a high
temperature and density for a long period of time.

The force of gravity holds the Sun’s plasma together in
perfect balance. In order to create those same conditions on
the earth, we must use an electric or magnetic field to con-
fine and maintain plasma in a vacuum chamber in which our
nuclear fusion reactions will occur. The widely used tokamak
reactor type features a doughnut-shaped vacuum chamber.
Confining the plasma in a magnetic field over a long period of
time and controlling the interaction between the high perfor-
mance plasma and surrounding materials that can withstand
these conditions are the two biggest challenges in the develop-
ment of nuclear fusion reactors. This is where vacuum tech-
nology comes in to play a vitally important role.

Slow but Steady Path to Practical Application

A nuclear fusion reaction works essentially like an auto-
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mobile engine. A car engine will burn the gasoline inside it
when that gasoline is mixed with oxygen. The mixture of
gasoline and air is first compressed and then ignited by the
sparkplug to explode or combust. Finally the engine releases
exhaust gas and repeats this cycle all over, starting with the
mixing of gasoline with oxygen.

In a nuclear fusion reaction, deuterium and tritium are
brought into a high-temperature plasma state in which a
phenomenon similar to the ignition and combustion in a car
engine takes place. The phenomenon frees a neutron, forms
helium, and generates a massive amount of resulting energy,
which we can use to generate electric power. The helium must
be exhausted from burning plasma by a cryogenic pump or
turbo-molecular pump just like exhaust gas is released from a
car engine.

The unique feature of nuclear fusion is that it triggers a
chain reaction. The neutron produced as a result of the nuclear
fusion will be harnessed for power generation. When neutrons
hit the blanket inside the reactor, the blanket gets heated. The
heat energy is then collected by water flowing through the
blanket.

Once we learn how to confine plasmas and maintain them
over a long period of time, practical application of a nuclear
fusion reactor will be right around the corner. The current
technology is not there yet. There are a number of problems
that need to be solved such as plasma-wall interaction. We still
have a long way to go until we can put our fusion reactor to
practical use.

QUEST for new Horizons

While Kyushu University began fundamental research of
nuclear fusion reactors in 1978, it started conducting experi-
ments on the confinement of high-temperature plasma using
the TRIAM-1M, the world’s first tokamak with superconduct-
ing toroidal coils made of Nb3Sn (niobium tin), in 1986. The
goals of the TRIAM-1M project were set high. Those objec-
tives included: (1) to continuously operate a superconducting
high field tokamak with a 110,000 gauss magnetic field for a
period of 100 days or more; (2) to sustain a high temperature,
high plasma current for a long period of time by injecting a
high frequency wave; and (3) to study plasma-wall interaction
in a long-lasting plasma. In November 2003 the TRIAM-1M
successfully sustained a world record-long plasma discharge
that lasted over five hours. This achievement has made Kyushu
University a global leader in the research of nuclear fusion
reactors.

Upon completion of the TRIAM-1M project in 2005,
Kyushu University went on to explore new areas of nuclear
fusion research using the QUEST spherical tokamak. Since the
successful formation of the first plasma in June 2008, we have
been conducting fundamental experiments that continue to fuel
our research work.

While conventional tokamaks are doughnut-shaped, the
QUEST is spherical. We wanted to see if the relatively low-
cost spherical tokamak design would enable us to create a high
quality plasma in a low magnetic field. Unlike the convention-
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al doughnut shape, the QUEST’s spherical shape was actually
inspired by the outline of the Sun.

The QUEST project focuses on fundamental academic
research aimed at achieving a steady-state high-temperature,
high-density plasma. The primary objective of the project is to
find the most economically efficient way to form plasma and
examine steady-state sustainment of a plasma current through
particle recycling control, advanced plasma wall control, and
advanced plasma control in long-duration operations. Once
we clear all the obstacles, we are hoping to use the project
findings and data to facilitate the early realization of a practi-
cal nuclear fusion reactor through collaboration with inter-
national projects such as ITER (International Thermonuclear
Experimental Reactor).

The nuclear technology that gave birth to the atomic bomb
has cast a dark shadow over history. Today science is writing a
new chapter of history that makes peaceful use of this technol-
ogy to create an environmentally sustainable energy source
and a brighter future for everyone. One very ambitious under-
taking toward the realization of nuclear fusion power genera-
tion without any nuclear waste is the ITER. As a scientist, I
hope to help make this dream of an environmentally friendly
nuclear fusion reactor a reality as soon as possible.
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Phase 1 Phase 2 Phase 2 Final
(stable-state) (pulse) target

Maximum diameter 0.68m 0.64m
Minimum diameter 0.40m 0.36m
Aspect ratio 1.70 1.78
Vacuum chamber diameter 1.4m
Vacuum chamber height 2.8m
Magnetic field (T) 0.25 0.25 0.5 0.25
Current (MA) 0.02 0.1 0.3 0.5
Incident power (MW) 0.45 1 3 3
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