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UNDERSTANDING AND ACCEPTING FUSION AS AN ALTERNATIVE ENERGY SOURCE 

D. A. Goerz . „ „ 
Lawrence Llvermore National Laboratory UCRL--3665/ 
Livermore, California 94550, U.S.A. DE88 004356 

ABSTRACT 

Fusion, the process, that powers our sun, has long promised to be a 
virtually inexhaustible source of energy for mankind. No other alternative 
energy source holds such bright promise, and none has ever presented such 
formidable scientific and engineering challenges. Serious research efforts 
have continued for over 30 years in an attempt to harness and control fusion 
here on earth. Scientists have made considerable progress in the last decade 
toward achieving the conditions required for fusion power, and recent 
experimental results and technological progress have made the scientific 
feasibility of fusion a virtual certainty. With this knowledge and 
confidence, the emphasis can row shift toward developing power plants that are 
practical and economical. Although the necessary technology is not in hand 
today, the extension to an energy producing system 1n 20 years is just as 
attainable as was putting a man on the moon. 

In the next few decade , the world's population will likely double while 
the demand for energy will nearly quadruple. Realistic projections show that 
within the next generation a significant fraction of our electric power must 
come from alternative energy sources. Increasing environmental concerns may 
further accelerate this timetable 1n which new energy sources must be 
introduced. The continued development of fusion systems to help meet the 
energy needs of the future will require greater public understanding and 
support of this technology. The fusion community must do more to make the 
public aware of the fact 'chat energy is a critical International issue ar.i 
that fusion Is a viable and necessary energy technology that will be safe and 
economical. 

1. INTRODUCTION 
Abundant and affordable energy 1s essential to a healthy and prosperous 

industrial society and is a critical factor in Improving the standard of 
living 1n developing countries. If civilization as we know it today is to 
continue, mankind must find a replacement for fossil fuels sometime well 
before the end of the next century. Although it appears that no energy crisis 
exists today, the warning signs are certainly evident. Approximately one-half 
of all the world's conventional oil reserves have been used up, and in the 
next few decades the remaining half will be quickly consumed. 011 production 
1n the U.S. has already begun to fall and dependence on foreign oil is 
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steadily growing. In the next 20 years, serious choices must be made. The 
options that we choose and when and how we make these decisions will 
profoundly impact the quality of life for our children and future generations. 

Although the prospect of successfully developing fusion energy systems 
seems much brighter now than a decade ago, completing the development of this 
technology will require a major commitment of scientific and technological 
resources. Such an investment seems wise, considering the tremendous payoff 
that fusion will bring to the world. 

2. THE LONG TERM ENERGY PICTURE 

To consider fusion in the appropriate context, we must first look at the 
world's energy situation. Figure 1 shows world population since the beginning 
of the Christian era, along with the corresponding growth rate [11. The 
population and growth rate were relatively stable until about the year 1500, 
when the modern population "explosion" began. By 1960, the growth rate stood 
at about 21, so the world's population was growing fast enough to double every 
35 years. Currently, the world population exceeds five billion people. 

Fortunately, the growth rate 1s beginning to decrease. If we suppose that 
the growth rate could decline to near zero, the world population would 
continue to grow, but would eventually level off. Depending on how quickly 
the growth rate drops in the next 100 years, the world population might reach 
10 to 15 billion people. Figure 2a shows the projection of world population 
resulting from the two scenarios of decreasing growth rate 1n Fig. lb; the 
final population is very sensitive to small changes 1n how the growth rate 
decreases. 

Now let us consider energy consumption. Figure 2b shows the annual per 
capita consumption of energy from fossil fuels, hydroelectric power, and 
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F1g. 1. (a) World population since the beginning of the Christian era. 
(b) World population growth rate. 
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Fig. 2. (a) World population projected to the year 2150. (b) United States 
and world per capita consumption of energy. 

nuclear power in the U.S. and In the entire world. The U.S. uses about six 
times as much energy per person as the rest of the world. The Impact of the 
second world war and the 1973-1980 rise 1n oil prices produced sharp declines 
in U.S. energy consumption. Figure 2b also shows the probable trends in U.S. 
and world per capita energy-consumption rates. In this figure, we assume that 
through conservation the U.S. can reduce Its per capita energy use to roughly 
the level typical of western Europe today and that world per capita energy 
consumption will also increase to that level. It seems reasonable to expect 
that third-world countries will be able to establish relatively modern 
industry 1n that time scale if they can b''1ng their population growth rates 
under control during the same time period. 

Combining the (scenario 1) population curve of Fig. 2a with the world's 
per capita energy-consumption rate of Fig. 2b yields the world energy 
consumption rate shown 1n Fig. 3. Figure 3 also shows one probable scenario 
for using the world's fossil and uranium reserves [1] and Indicates that only 
a small portion of the world's energy supply comss from renewable energy 
sources. The obvious conclusion from Fig. 3 1s that we must develop 
alternative energy sources. If we consider a prefsrable scenario that 
preserves fossil fuel reserves for petrochemical fead stocks for industrial 
and agricultural usage, the shortfall is greater and occurs sooner. There may 
be some disagreement about exactly when the shortfall will appear, but there 
can be no dispute that a replacement for fossil fuel energy must be available 
to carry the world through the 21st century. 

Aside from the Inevitability of exhausting our fossil fuel supplies, 
growing concern about the environment may make 1c highly desirable to rely on 
nonfossll fuel technologies before the middle of the 2ist century. Some of 
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Fig. 3. Projected annual world energy consumption rate and available world 
energy supplies. 

the problems with burning fossil fuels, such as "add rain," can be averted 
with better control of the combustion process or by subsequently cleaning up 
the emissions, but one problem cannot be avoided—the "greenhouse effect." 
It is believed that the buildup of of carbon dioxide in the atmosphere could 
trap enough heat to raise the temperature of the earth's surface a few degrees 
in the next century. This would produce dramatic changes in world climate. No 
such temperature increase has yet been observed, but the concentration of 
carbon dioxide in the atmosphere has steadily risen with the increased 
consumption of fossil fuels [2]. Current analysis suggests that the warming 
trend is beginning. Growing concern prompted Frank Press, President of the 
National Academy of Sciences, to state at a recent U.S. Senate hearing on 
global environment change: "We are indeed facing the prospect of not being 
able to use fossil fuels in the next century." 
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3. WHY FUSION ENERGY? 
If we are to en/ision a future world where the standard of living 

currently enjoyed in the industrial nations will be shared by the majority of 
the world's population, we have only three real energy options: 

• Expand the fission nuclear concept into the realm of breeder reactors, 
and develop truly effective safeguards and waste storage strategies. 

t Develop large-scale solar conversion plants both on earth and in space. 
a Develop fusion power—Imitate the energy source of our sun. 

Nuclear energy from uranium fsssion has b?cn seen as the logical 
alternative to fossil fuels in generating elect'icity. It is the most highly 
developed candidate at this time. However, the nuclear fission industry has 
been in a state of decline for more than a decade in most of the world [3]. 
In the U.S., the industry, although regulated by the government, resides in 
the private industrial sector and is strongly influenced by public opinion. 
Public objections have led to construction and "start-up" delays and to 
increased governmental regulations that have escalated costs and made fission 
less attractive. Accidents at Three Mile Island in the U.S. and at Chernobyl 
in the U.S.S.R. further alarmed the public and fed an escalating fear of 
nuclear power [4]. It is quite possible that public mistrust may prevent a 
resurgence of fission power in the 21st century. 

Passive solar energy used directly for heat or to generate electricity is 
ecologically benign and favorably looked on as a desirable energy source. 
However, the diffuse nature of solar energy will probably always limit its 
direct use to isolated or specialized applications. To provide for a 
significant portion of the world': energy needs would require the construction 
of large-scale networks of solar conversion systems on earth and in space. 
This would demand a massive scale-up of the production of photovoltaic 
materials and would also consume a sl2eable fraction of current global 
production of building materials. Although it is really not practical today, 
such a scenario is imaginable for the future; however, It would take a vast 
industrial base and would result In uncertain financial and environmental 
impacts. Even with a concerted global effort, the most optimistic estimates 
indicate that largo-scale solar facilities could only supply about 301 of the 
projected energy demand 50 years from now. 

Fusion has long been recognized as a way to provide an effectively 
limitless source of energy by duplicating, 1n miniature form here on earth, 
the process that occurs in the sun. The fuels for fusion are abundantly 
available in ordinary water, and the process has appealing safety and 
environmental features. The tremendous advantage of fusion can be seen by 
comparing the amount of fuel necessary to run a single 1000 megawatt power 
plant each year (Fig. 4). Fusion takes only a few hundred pounds of fuel, 
whereas a coal-fired plant would require 25,000 railcar loads of coal per 
year. In addition, transporting that much coal would constitute another large 
drain on our energy resources. No other alternative energy source holds the 
bright promise of fusion, and none has ever presented such formidable 
scientific and engineering challenges. 
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Coal 2,500,000 ton 250 trains 
(100 cars each) 
(160 lbs/sec) 

Oil 11,000,000 barrels 11 super tankers 
(15 gallons/sec) 

Fission 28 tons U 0 2 1.5 rail car load 
(150 lbs/day) 

Fusion 100 lb. D 
150 lb. T 
(from 340 lb. 
of lithium-6) 

1/2 ton pickup truck 

Fig. 4. Annual fuel requirements for a 1000-megavatt power plant. 

4. FUSION—SIMPLE TO UNDERSTAND, DIFFICULT TO MAKE HAPPEN 

Fusion occurs when pairs of heavy hydrogen atoms join, creating helium and 
giving off enercy. Fusion is a nuclear reaction, meaning It involves the 
nucleus of an atom. In a chemical reaction, as in the burning of any 
combustible material, only the particles that orbit the nucleus come into 
play. Fission, the controversial cousin of fusion, is also a nuclear 
reaction. In fission, a single large atom splits into a pair of smaller 
atoms, giving off energy. Fusion releases far more energy p,;r unit mass of 
fuel than fission or any type of chemical reaction. 

Although the fusion reaction can take place with a variety of atoms, the 
easiest pair to join are types of hydrogen known as deuterium (0) and tritium 
(T). To understand the DT fusion reaction, 11 is first necessary to 
understand how deuterium and tritium differ from ordinary hydrogen. The 
nucleus of ordinary hydrogen is a single particle with a positive electrical 
charge, called a proton. In deuterium, the proton 1s bound to another 
particle without an el metrical charge, called a neutron. Strong nuclear 
forces bind these particles together. In tritium, the nucleus consists of a 
proton and two neutrons. In each type of hydrogen atom, the nucleus is 
orbited by a single electron, which is negatively charged. 
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In the DT fusion reaction shown in Fig. 5, the deuterium and tritium 
nuclei fuse forming a helium nucleus (called an alpha particle) and a free 
neutron. The energy that is released appears in the form of kinetic energy, 
where the resulting particles move away from each other at high speeds. 

For deuterium and tritium nuclei to fuse, they must come very close to one 
another—to within a distance comparable to the radius of the nuclei. 
Normally, nuclei of Etoms bound together in a molecule are much farther 
apart—about 30,000 times the radius of the nuclei. To bring them closer 
together, the fuel mixture is heated so that its atoms begin to move rapidly. 
At a very high temperature, the atoms collide with such force that the 
orbiting electrons are knocked away, leaving positively charged nuclei that 
repel each other. It takes an even higher temperature to get the nuclei 
traveling toward each other with enough velocity to overcome the electrostatic 
repulsion so that they can collide and fuse. The temperature that is needed 
is roughly 100 million °C, six times hotter than the sun's core. 

It would not be possible to put anything this hot in a conventional 
container. Contact with any kind of material would immediately cool the fuel 
below the temperature needed for fusion to occur and would damage the 
container. Instead scientists have explored two very different approaches to 
confining the fuel. In the magnetic confinement approach, strong magnetic 
fields form a "bottle" to hold low density fuel for many seconds, long enough 
to fuse and release energy. In the inertial confinement approach, intense 
energy beams rapidly heat and compress a small capsule of fuel, creating a 
high enough density and temperature for the fuel to burn in a tiny fraction of 
a second, before the fuel can fly apart. 

Researchers have made considerable progress in the last decade in 
achieving the conditions required for fusion power. The graph in Fig. 6 shows 
the progress in Inertial Confinement Fusion (ICF) at Lawrence Livermore 
National Laboratory (LLNL), using solid-state lasers as the energy driver. 
Each increasingly powerful laser system has produced better results in terms 
of the product of temperature (T), density (n), and confinement-time (x). 

Fig. 5. The DT fusion reaction. 
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Fig. 6. ICF progress in achieving the conditions required for fusion power. 

The progress in magnetic confinement has been equally Impressive over the last 
decade [5]. ICF researchers expect the Laboratory High Gain Facility (LHGF), 
now being planned, to demonstrate that a small (<5 mm diameter) fuel capsule 
can release about 100 times more energy than the 10 megajoules used to drive 
the reaction. Once that is shown, the emphasis can shift to developing the 
necessary technologies to make it a repetitive process, whereby fuel pellets 
are injected into a reaction chamber and driven to ignition several times a 
second. 

5. ECONOMIC, SAFETY, AND ENVIRONMENTAL ASPECTS OF FUSION 
The attractiveness of fusion has always been that it uses an unlimited 

supply of cheap fuel and offers desirable safety and environmental features. 
It is still too early 1n the evolution of fusion technology to be fully 
convinced that fusion will become the clear choice for central-station power 
generation in the next century. However, it is quite possible that fusion 
technology can achieve the right combination of economic, environmental, and 
safety characteristics to make it attractive enough to displace previously 
satisfactory energy sources, such as coal and fission [6], 

Affordable cost is a necessary condition for any energy system. It is not 
enough that fusion works; it must do so at a cost that is attractive compared 
to other energy sources available in the same time frame. For fusion, the 
competing energy technologies will be advanced coal, second-generation 
fission, and large-scale solar collection. The issue of cost for a fusion 
power plant has been controversial. The fuel is very cheap, but the advanced 
technology required to create the conditions needed to burn the fuel drives up 
the cost of the plant. Recent analysis suggests, however, that magnetic fusion 



has the potent 1*! to achieve a cost of electricity comparable with present and 
future fission systems [61. A cost analysis of the leading reactor concept 
for inertial fusion [7] shows that the costs associated with it are 
competitive with coal-fired power plants and fission plants. 

The fusion process is a clean and inherently safe source of energy. Unlike 
fossil fuels, fusion produces energy without releasing hf.ir.ful by-products to 
the environment. The "ash" from the fusion process is helium, a harmless 
gas. Problems like "acid rain" and the "greenhouse effect" could be averted 
by relying on fusion energy. Because fusion Is not self-sustaining, there is 
no possibi'ity of a "runaway" or "meltdown" situation. Accidents like those 
at Chernobyl will be impossible in a fu<1on power plant. Unlike the fission 
reaction, which occurs spontaneously, fusion must be made to happen; anything 
that might go wrong only serves to stop the process. 

Radioactivity, radiation, and their possible threat to human health loom 
large in the public mind and are mostly misunderstood. It is not generally 
appreciated that coal-fired plants are producers of radioactive contaminants. 
These arise from uvsnium and thorium Impurities in the coal that enter the 
atmosphere as particulates, which are easily retainer: in the lungs, fusion 
power plants will, at least Initially, use tritium, a radioactive element. 
Tritium does not occur to any great extent naturally, but 1t can be 
manufactured within a fusion power plant to be used for fuel. Being 
radioactive, its nucleus exceeds the usual limits of stability, and eventually 
it will transform into helium, ejection an electron called a beta particle. 
Tritium is a rather short-liveci Isotope with a twelve year half-life, meaning 
that half of the remaining amount disappears every twelve years, turning into 
helium. In comparison, the gaseous and volatile radioactive product; in a 
fission reactor would be orders of magnitude greater [6], and the spert fuels 
from fission remain radioactive for thousands of years. 

The technology for handling tritium is very well developed, especially in 
Canada [8]. In the event of an accidental release, tritium could er.ter into 
biological systems in the form of tritiated water (HTO), but its retention in 
the human body is relatively short (about 10 days). Since tritium can be 
produced within the power plant, the potent'al hazard can be minimized by 
limiting the inventory on hand. An evaluation, by GA Technologies on the 
radiation hazard from tritium in the Cascade inertial fusion reactur concept, 
labeled that design "inherently safe" under current regulatory 
guidelines [9] Because the tritium inventory is so small, public safety 
would be assured, even in the wors* imaginable accident, such as an airplane 
crashing into the reactor. 

Although the DT fusion reaction produces no direct radioactive 
by-products, there will likely be some indirect ones. This comes about 
because the energy produced by f-sion appears in the form of energetic 
particles. As these speeding particles are slowed djv.'n and captured, their 
energy of .notion is turned into heat. In capturing this energy, some of the 
structural parts of the reaction chamber become slight^ activated during the 
lifetime of the plant. The type and amount of radioactive waste depends 
primarily on the choice of structural material;. With appropriate materials, 
fusion reactors can avoid producing the long-ii/ed, intense, end biologically 
active wastes Inherently produced by fission reactors, making the fusion 
wastes orders of magnitude less hazardous than fission wastes [6]. Some 
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fusion power plant designs under consideration have such a small amount of 
neutron-Induced activation that, after a 30-year lifetime, the reaction 
chamber would only have to be set aside for about 75 years before the 
materials could be reused 17]. 

6. ATTITUDES A80UT ENERGY AND FUSION 

Fusion research is now at a stage where public policy 1? formulated 
through discussjions and debates among relevant policy leaders and decision 
makers. As yet, there has been little public or media discussion of the 
current research or of fusion's technological or energy policy implications 
for thp future. Eventually, a broader spectrum of the public will become 
aware of fusion w1 ch its promises ,wd risks, and the attitudes of policy 
l?aders will strongly influence this public opinion [10]. 

Dr. Jon Miller, director of the Public Opinion Laboratory at Northern 
Illinois University, conducted a. national survey in 1986 to discover the 
attitudes of scisnce policy, environmental, and utility leaders on U.S. energy 
issues and fusion. Professional staff on the key science and technology 
coi.miftees of the U.S. Congress were also included. The survey was designed 
to determine the current knowledge and future expectations about energy 1n 
general and about fusion in particular. 

From a list of about 4,000 individuals, who are considered to be 
influential leaders, 843 were selected through random sampling. Telephone 
Interviews, averaging 25 minutes each, were conducted with each person. The 
find! survey included 508 science policy leaders, 89 utility leaders, 150 
environmental leaders, and 96 Congressional science staff. A profile of the 
"leadership indicates a highly educateJ group with a healthy diversity of 
backgrounds and with a strong record of professional achievement and 
recognition. 

When asked to volunteer what they thought were the most Important public 
policy issues involving science and technology, fewer than 10% of all 
respondents mentioned energy as a first or second priority. However, when 
a-ked specifically about the long-term supply of energy, 70% said that they 
believe it is a major problem. Although energy is pe'celved as a major 
problem, it is far from the top of the national science policy agenda. 

Miller also found that a substantial portion of those surveyed had a solid 
information base concerning energy technologies and that a majority of them 
share the following attitudes relevant to energy policy: 

t Planning should beyin now for the time when fessil fuels will be 
largely unavailable (94%). 

• Both government and industry should place high priority on eliminating 
acid rain (92%). 

9 All industrial nations should reduce their dependence on fossil fuels 
in the next 50 years (87%). 

• The U.S. must decrease its dependence on foreign energy source, (86%). 
10 



• Continued burning of fossil fuels will result 1n long-term 
envlronnmental damage (721). 

• Current benefits of nuclear power exceed Its risks <71t). 
• Commercial development of fusion offers the best long-term source of 

electrical energy (571). 
There was broad agreement among the respondents that nuclear power will be 

a major energy source 50 years from now (Fig. 7). Host of those who expect 
that we will be relying on nuclear power believe the technology will be based 
on fusion (F1g. 8). Those who disagree are divided on whether nuclear 
technology will be similar to today's fission reactors or will be based on new 
breeder reactors. 

The Issues concerning the safety of today's nuclear power plants was 
marked by sharp divisions; two thirds of the environmentalists think safety Is 
a serious problem, whereas only one-fourth of the utility leaders agree with 
this conclusion. About half of the science leaders consider the safety of 
today's nuclear power plants is a major problem. 

At least 701 of the science and utility leaders are confident that the 
benefits of nuclear power exceed Its risks. This view is sharsd by 771 of the 

Environmental Congressional 
leaders science staff 

Fig. 7. Attitudes about primary U.S. energy sources 50 years from now [Ref. 10]. 
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Fig. 8. Attitudes about nuclear power technology 50 years from now [Ref. 10]. 

Congressional science staff. However, environmental leaders are more 
skeptical—only half feel confident about the benefits. 

Although there is a strong predisposition in favor of fusion-based nuclear 
technologies, there is also a recognition that these technologies are unlikely 
to be available for commercial use in the next 20 years, and the primary 
window of opportunity will fall sometime in the next 20 and 50 years. 

7. THE FUTURE OF FUSION 
Fusion is one of our most promising long-term energy options. Recent 

scientific results and technological progress have virtually proven the 
scientific feasibility of fusion—a claim that could not have been made a 
decade ago C5]. Based on conceptual fusion reactor designs, it appears that 
economically competitive fusion systems are feasible, and the advantages of 
fusion are potentially large enough to significantly Increase the public's 
acceptance of fusion compared with competing energy technologies [6]. The 
remaining step from scientific feasibility to demonstration of a power 
producing plant is very large and will require an Intensive program of 
technological development that will ta« another 20 years. Considering that 
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it may take another 20 years or more to install this new energy technology 
into the commercial marketplace, it is crucial that the development occurs in 
a timely manner. 

Because the challenges associated with ftsion are so great and the 
timescale for its development is so long, government sponsorship of the 
program is essential. Government for the most part will have to continue to 
support the program until the demonstration of a working system. It may be 
unrealistic, though, to assume that, once the scientific and related 
technology data base is established, the stage will be set for private sector 
commercialization of fusion power systems. Industry in general will be more 
inclined to believe in the future need for—and advantages of—fusion if 
it has a hand in determining the course of the commercialization campaign 
[11]. Industry and government must make a conscious effort to nurture 
stronger industrial involvement. The utility companies cannot follow a "wait 
and see" attitude about fusion either. They will also need to become 
substantially more involved in fusion development; it is the only way they can 
be sure that fusion technology will be unhampered by problems similar to those 
plaguing fission technology today. If Industry participates early enough, 
they can have an affect on the R&D direction and avoid many problems. 

In the end, the marketplace, not the scientific community will choose the 
best long-term energy source. Until now, research and development has 
necessarily been focused on solving the scientific problems. Now, there is an 
increasing burden to produce a product that the public will be eac=r to 
accept; environmental and safety Issues will be a major factor in gaining 
their acceptance. The public perception of fusion will become Increasingly 
important in the development of this technology. It is quite possible that in 
the next decade energy issues will become a serious public concern. There is 
sure to be a growing debate about long-term energy sources: Including their 
advantages and their risks. The average lay person probably will not master 
the complex technical Issues associated with each potential energy source. 
Instead, influential leaders from the scientific, industrial, and 
environmental areas will play major roles in deciding which avenues to 
pursue. The scientific community needs to make a concerted effort to give 
clear and accurate information to these leaders, presenting a balanced 
treatment of the issues and helping to distinguish the real risks from the 
perceived risks. 

The public will be watching the decisions and directions these leaders 
take to create new, environmentally safe energy sources. Public involvement 
and support will also depend on clear and accurate information. Fusion already 
suffers in public opinion from an association with fisrion. A study by 
Battelle in 1981 found that there is a strong correlation between attitudes on 
fusion and fission [12]. Miller also found that even science policy leaders 
are somewhat fuzzy about how fusion differs from fission [10]. The fusion 
community has a responsibility to inform the public and provide the necessary 
perspective so that fusion can be understood as a viable and necessary energy 
technology that will be safe and economical. A planned and well-executed 
information program is needed to increase public awareness of energy as a 
critical national issue and to portray fusion energy 1n its proper context 
with all other energy technologies. A successful communication program, based 
on credible scientific evidence, would also help to increase basic scientific 
and energy literacy and help form the foundation for constructive change that 
comes from an informed and educated public. 
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