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ABSTRACT 
It has already been demonstrated that our economics and international relationship are impacted by an energy crisis. For the 

continuing prosperity of the human race, i new and viable energy source must be developed within the next century. It is 
evident that the cost will be high and will require a long term commitment to achieve this goal due to a high degree of 
technological and scientific knowlege. Energy from the controlled nuclear fusion is a safe, competitive, and environmentally 
attract <°e but has not yet been completely conquered. Magnetic fusion is one of the most difficult technological challenges. In 
modem magnetic fusion devices, temperatures that are significantly higher than the temperatures of the sun have been achieved 
routinely and the successful generation of tens of million watts as a result of scientific break-even is expected from the 
deuterium and tritiuci experiment within the next few yean. For the practical future fusion reactor, we need to develop reactor 
relevant materials and technologies. The international pioject called "International Thermonuclear Experimental Reactor 
(ITER)" will fulfill this need and the success of this project will provide the most attractive long-term energy source for 
mankind. 

1. Introduction 
An explosive growth of the world population 

accompanied with rapid urbanization accelerate the 
consumption rate of electricity. A continuing dependency 
on conventional fossil fuels increased the level of carbon 
dioxide which is the main cause of the global warming. 
Nuclear power from a fission reactor is certainly an 
attractive alternative. However the radiological hazard of 
nuclear waste is still an unsolved problem. In parallel with 
improving the nuclear waste disposal of the fission reactor, 
a new energy source that is safe, competitive, and 
environmentally attractive must be developed. Fusion is 
one of our most important options for generating primary 
electrical energy in the next century. 

Since we have known that both stars and the H-bomb 
derive their energy from the fusina of light atomic nuclei, 
controlled nuclear fusion is the energy source that has 
strongly captured the imagination of scientists. The 
requirements for accomplishing the controlled nuclear 
fusion are tremendous: a mixture of hydrogen isotope gases 
must be brought to a temperature of a few 100 million 
degree Celsius and It pt there long enough time to produce 

meaningful output power. Needless to say, the most i 
obvious way to try to achieve the break-even condition 
(input energy is equal to output energy) is the magnetic 

• confinement approach. The most successful approach to 
magnetic plasma confinement is called the 
Tokamak2 (toroidal magnetic chamber). The plasma is 
confined by the magnetic field away from the walls of the 
containment chamber. Most of the developed nations have 
been pursuing fusion for more than four decades. Around 
the world, many tokamaks were built but JET3 in Europe, 
JT-604 in Japan,, and TFTR5 in the United States are the 
largest and most powerful at present time. All three. 
tokamaks are operating near the break-even condition. The | 
major mission of the project ITER6 is operating a tokamak 
beyond the break-even condition and produce a usable 
output energy. The successful operation of ITER will 
clearly project the possibility of fusion energy as an 
ultimate energy source. 

2. Why we need a new energy source ? 
Clearly the general purpose energy source of our 

modem society is electricity. In general, the industrialized 
countries can supply their electricity by conservation and 
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improved efficiency without new construction of power 
stations for the next half century.7 However, newly 
developed and less developed countries have to increase the 
number of power stations significantly to improve their 
standard of living. Obviously these power stations are 
based on either a fossil fuels or fission reactors. An obvious 

; concern is fossil fuel's role8 as the leading energy source in 
global electricity production as well as a preeminent 
producer of greenhouse gases and atmospheric pollutants as 
shown in Fig. la and lb. As shown in these figures, the 
present level of pollutants may not be significant in a less 
developed countries but the rate of increase will be 
significant. In addition, fossil fuels are not equally 
distributed among the nations of the world. The uncertainty 
in energy supply that is caused by the large oil reserves in 
the Middle East and Russian Republic and the unstable 

| nature of these regions,' is the key element in the i 
formulation of the foreign policy of the each nations. The 
energy problem is no longer limited to the science and 
technology, and, therefore, the national economics and: 
international trade could be jeopardized. . | 

What is the alternative source ? There is no doubt about 
technical feasibility of solar energy but its economic,1 

feasibility is another matter. One should distinguish clearly' 
between two uses of solar power: die heating of houses and 
the production of all-purpose power on a large scale. There I 
are a variety of other schemes such as harnessing die wind i 
or the tide, burning garbage or agricultural wastes and 
tapping the earth's internal heat. Each of these approaches 
presents its own special difficulties, and at best each can 
make only a minor contribution toward the solution of the 
energy problem. 

Nuclear fission is an obvious choice to avoid the global 
wanning due to the greenhouse effects and atmospheric 
pollution problem by reducing the dependency on fossil 
fuels. However, the increased density of nuclear power 
stations may increase the probability of an unexpected 
accident. The frequency of the nuclear accident similar to 
the Chernobyl may not be high but the result of an accident 
can be devastating. Funhermois long term effects of: 
radiological hazards can not be underestimated. In fact the] 
most serious problem of nuclear energy is the disposal of! 
nuclear wastes. It may not be a big problem for the country i 
where the population density is low, such as United States 
because the long term storage area for die nuclear wastes. 
can be allocated easily. However countries like Korea and] 

Figure 1 l 
(a) Electricity consumption per capita (kWh) for major 
developing countries up to year 2025. (b) Carbon emissions 
(Mt C/yr) for major developing countries up to year 2025. 
Sources: J.Saihaye and A. Ketoff, "CO2 emissions for 
major developing countries: Better Understanding the Role i 
of Energy in the Long Term", The Energy Journal, Vol. 12, 
No. 1, January. 1990. Courtesy of R. Holt. 

Taiwan where the population density is high may face 
difficulty in finding a place to store the nuclear wastes for a 
long period of lime. Until the advent of a new safe energy 
source, it seems that we have no choice but continue to 
improve the safety aspects of the fission reactor. T;«! 
problem is that the engineering of any large, complex 
industrial plant lakes a long time, even after the principle of; 
design is well known. 



3. Magnetic Fusion j 
». The basic fuels of obtaining the controlled fusion power i 

are hydrogen isotopes similar to the contents of sun and 
other stars powered by nuclear fusion. An ideal and 
practical fusion reactor should be based on deuterium and 
deuterium (D-D) reaction because the deuterium is 
plentiful, occurring in a concentration of about one part of 
in five thousand of the hydrogen in water. However the 
cross-section of D-D reaction is too small to achieve a 
break-even condition in it present plasma condition. The 
most favorable reaction to demonstrate a break-even 
condition can be the deuterium and tritium (D-T) reaction 
given as 

D + T = ^ e (3.5 MeV) + n (14.1 MeV). 

One of the key problems has been that the rate of this 
reaction is high when the gas of D and T is very hot. For D-
T fusion, the temperature must be about 100,000,000 
degrees and of course, gravity can not be used to hold such i 
a hot plasma together. There are many other ways to 
achieve fusion energies other dun magnetic concept such 
as laser fusion and ion-beam fusion. These schemes are 
even further in the future than magnetic approach. The 
forces of electricity and magnetism are used to contain the 
not plasma. Since the early 1950s, physicists have pursued 
a variety of intricate magnetic geometries such as mirror 
configuration, pinch machine, and stellerator but failed to 
demonstrate the break-even condition. Great hopes have 
alternated with complete frustration due to the lack of 
understanding of energy confinement physics of fully 
ionized gases (plasma) in a magnetic geometry. As a result, 

I a significant progress has been made in plasma physics and 
the related technologies. 

The most successful approach' to magnetic plasma 
confinement is the tokamak configuration as shown in Fig. 
2. The idea of tokamak was invented by former Soviet 
scientists and the research has been spread to developed 
countries in Europe, former Soviet Union, United States, 

j and Japan. The toroidal magnetic field is generated by the! 
main coils surrounding the doant shape vacuum vessel. 
where the hot plasma is contained. Initially the plasma is 
heated by ohmic power (externally applied voltage and i 
driven current). To achieve the enormous temperature need 

,to fuse D and T, the plasma must be heated. Among the 
heating schemes, neutral beam and/or radio frequency at ] 
power levels of 10 to 40 million watts are promising to heat 
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Figure 2 
Schematic of the tokamak device (TFTR). A various 
important components are indicated. i 

such a large volume of plasma to nearly hundreds of 
million degrees. Both accumulated knowledge and 
advances in technology have enabled us to design and. 

i 
operate the present gigantic tokamak devices near the 
break-even condition. 

The progress made during last twenty years and! 
projections are illustrated in Fig. 3. Here, the achieved i 
fusion power in a various tokamak devices are shown as a 
function of years. In early 1986, the Tokamak Fusion Test 
Reactor (TFTR) at Princeton, USA, already demonstrated 
that deuterium (D*) gases can fie confined up to 0.2 
seconds at a temperature of 200 million degree Celsius and 
produced 50,000 W of fusion power. Since then TFTR has 
been preparing for the future deuterium and tritium (D-T) 
experiment to produce 10,000,000 W of fusion power in 
1994. Joint European Tokamak (JET) at Culham, England, 
showed the confinement time can be further extended up to 
1 second at a similar temperatures. Furthermore, D-T trace 
experiment' performed last year produced fusion power of 
1,000,000 W and enlightened a road map toward the break
even condition. JET is also preparing full D-T experiment 
•within few years. JT-60, Naka, Japan, also made a 
significant contributions in development of the fusion 
technology. ' 

Among other advantages, the safely 1 0 is the most 
important feature of fusion power plant. To specific about. 
safety, consider an accident occurring during operation by 
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Figure 3 
The progress of the magnetic fusion research. The achieved 
fusion power for each tokamak devices is shown as a 
function of.years. t 

an earthquake. Simply the plasma will be suddenly 
extinguished via a disruption triggered by power failure and 
the reaction will stop. Without external electrical and 
magnetic forces, the plasma can not be sustained in contrast 
to the melt-down of the fission reactor. The temperature of 
the structure drops and then remains at a constant level 
Since the tritium does not exist naturally and itself is 
radioactive, the first generation fusion reactor based on D-T 
reaction may introduce radiation problems. Considering the 
12 year decay time of Tritium, this problem may be 
insignificant compared to the radiation problems of a 
fission reactor. Surely continuing efforts will be made to 
accomplish the controlled D-D reaction in the future. The 
waste material from fusion can be disposed of by burial 
near the surface, rather than in deep geological sites. These 
advantages in safety and waste disposal are very 
significant They may be the result of intrinsic differences 
between fusion and fission. 

A successful large tokamakmay stiU remain as a dream 
for countries that can not support such large scale 
experimental program. This isjMgely due to the lack of 
many resources such as many highly trained workers, a 
well balanced technology base, and huge research funds. 
Even though the significant progress has been made in 
tokamak approach, the fundamental physics of energy 
confinement in this device and a search of other magnetic 
configurations must be pursued. 

4. Project ITER 
The tremendous progresses the fusion community made 

during last decade become a corner-stone in the design of a 
demo-fusion reactor as an intermediate step to build a 
practical fusion power station within next half century. At 
the Geneva summit of 1985, an international project called 
"International Thermonuclear Experimental Reactor 
(ITER)" was initiated to fulfill this need. The participants 
are European Community, Japan, Russian Republic, and 
United States, and this international endeavor is under the : 
auspices of the International Atomic Energy Agency 
(IAEA). The organization of ITER is also international. 
The ITER council chaired by. Russian Republic will; 
oversee the project and this council will appoint the! 
director. A joint central team will be established and three 
co-centers will conduct different work. The three co-centers 
and their functions are as follows: the project will be 
integrated at San Diego, CA, USA; all in-vessel. 
components are fabricated at Garching, Germany; and ex-, 
Vessel components are fabricated at Naka, Japan. The 
major mission of ITER is the development of a fusion 
engineering test reactor and the demonstration of the 
scientific and technological feasibility of the magnetic 
fusion. The following engineering design will be completed 
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Figure 4 
Schematic of the ITER toakamak is illustrated. A various i 
important components are indicated. 



within 5 years from 1992 and the projected cost is $ 1 I 
billion in '89$. The estimated construction cost of ITER is 
5 5 billion in '89$ but the construction is not committed by 

• all four parties yet i 

In 1987, four patties established the terms of reference 
for the collaboration. These are demonstration of ignition 
burn, long pulse (1000 seconds) operation, and 
establishment of physics data base for the future fusion 
reactor. The conceptual design -was started in the following • 
year and was completed in 1990. As shown in Fig. 4, the \ 
size of ITER is dictated by the empirical energy; 
confinement scaling developed during last decade or so. 
There are other factors like MHD stability to avoid 
disruptions, shielding thickness to protect coils, and coil 
stress limits. The basic design parameters of the ITER;. 
plasma are compared to that of JET as shown in Table 1. j 
The tokamak device consists of superconducting magnets,i 
stainless steel vacuum vessel, carbon protected stainless I 
steel as a first wall and divertor, lithium ceramic blankets to • 
feed tritium, and protection shielding. The major heating 
system will be a combination of high energy neutral beam 
{power of 75 MW at 1 MeV), lower hybrid (50 MW at. 
frequency of 5 GHz) and electron cyclotron waves (20 MW 
at frequency of 120 GKi). The projected fusion power that, 
ITER will produce is in the range of 1.000,000,000 W. If 
this project is successful. The fusion power station will be 
feasible for the following generation. In addition, a fruitful 
result from the international collaboration will open the 
door to the future "Big science" projects that might be a 
burden for a single country. j 

I Table 1 

ITER JET 
Fusion Power (MW) 1000.0 1.0-2.0 
Major Radius (m) 6.0 2.96 
Minor Radius (m) 2.15 1.25 
Plasma Current (MA) 22.0 2.6-4.8 
Volt- seccond (vS) 325.0 25.0-34.0 
Toroidal Field (T) 4.85 2.8-3.4 
Pulse Length (sec) 200.0 2C.0 

5. Conclusion I 
A search of new all purpose energy source for the 

future is an imminent problem for the entire human race.. 
An accelerating increase of environmental damage due to 

developing countries is no longer confined within each 
country and has become an international problem. A long 
term radiological danger of nuclear waste can be a serious 
problem for countries where the population density is high. 
Nuclear fusion certainly has a tremendous potential as a 
new energy source. The progress made during last decade 
in magnetic fusion via tokamak approach is astounding. 
Based on the empirical scientific knowledge and 
accumulated technology, the project ITER has already been 
launched as the first large scale international scientific 
collaboration. Hopefully, the success of this project will 
provide an ultimate solution of the energy problem for all 
mankind. 
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