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ELECTRIC POWER FROM ORBIT
A Critique of a Satellite Power System

by Dale R. Corson
The idea is simple and attractive. A
number of huge satellites would move
in orbit high above the Earth in continuous sunlight, collecting solar energy, concentrating it, and transmitting it by microwaves night and day to
Earth-based receivers. At these collection points, the energy would be converted to 60-cycle electricity and fed
into power-distribution networks.
A realization of the idea would not
be simple, however. In fact, it would
be without parallel in human experience in the design, construction, and
operation of systems of any sort. A
hypothetical Satellite Power System
(SPS), as it has been postulated by the
Department of Energy (DOE) and the
National Aeronautics and Space Administration (NASA), would cost at
least $100 billion over a period of at
least twenty years before any useful
demonstration of the system could be
achieved. It would require at least
thirty more years and many more billions of dollars—about the equivalent
of the 1980 gross national product—to
bring the system to its full capacity of
300 gigawatts, equal to about half the

This article is based on a recent report,
with the same title, prepared by the
Committee on Satellite Power Systems
of the National Research Council of the
National Academy of Sciences—a
committee headed by Cornell's Dale R.
Corson. The committee was organized
in 1979 to make a critical appraisal of a
comprehensive study that was being
conducted by the Department of Energy
(DOE) and the National Aeronautics
and Space Administration (NASA). The
committee work was supported by the
National Science Foundation as well as
by DOE and NASA. Its report was
published in 1981 by the National
Academy Press, Washington, D.C.
The members of the review committee
were chosen ' for their special competences with regard for appropriate balance." Members included specialists in
economics, sociology, international
law, medicine, biology, and environmental science, as well as experts in the
relevant areas of technology. As chairman, Corson brought to the project his
extensive experience as a physicist,
consultant, professor, engineering
dean, and university president.

present electrical generating capacity
of the United States. Why, then, do we
entertain the concept at all?
The answer is that the world must
develop new sources of energy. Two of
the most convenient sources, oil and
natural gas, are being depleted rapidly.
Uranium holds longer-range possibilities, but nuclear power is under
increasing political restraint and its future is uncertain. Hydroelectricity has
limited growth potential because suitable sites are unavailable.* The prospects for coal lie under the shadow of
atmospheric pollution by carbon
dioxide. And the potential of fusion
power is still unproved.
Most projections show total demand
for energy, particularly electricity, increasing in the United States during
the next fifty years; some projections
of the world's requirements for nuclear

* Editor's note: However, see the article by
Simpson Linke, in this issue, for a discussion of how suitable hydro sites could be
made available using a system of microwave transmission via orbiting satellite.
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Figure I
Geosynchronous
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capacity alone run as high as 3,000
gigawatts (3,000 billion watts) by the
year 2030. The hypothetical SPS
would provide a reliable, substantial,
and continuous supply of the highest
quality energy, derived from an inexhaustible source.
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A FEASIBILITY STUDY OF
A SATELLITE POWER SYSTEM
In this article I will outline the main
conclusions of a special National Research Council committee, which I
headed, that was asked to assess the
feasibility of the postulated SPS. Our
charge was to identify critical scientific
and technical issues affecting the SPS
concept, including the feasibility of
using the moon and the asteroids as
sources of construction materials; to
identify gaps in the DOE/NASA assessment program; and to examine the
results of that program. We focused on
the postulated SPS, known as the reference system, but we recognized that
any system deployed twenty-five or
fifty years from now would certainly
be different from one currently envisaged, and therefore we did not restrict

Figure I. The reference satellite power
system (not to scale). The system would
comprise sixty power satellites in geosynchronous Earth orbit 36,000 kilometers
(km} above the equator, and receivers (rectennas) at certain places on Earth's surface. The satellites, which would be in
nearly continuous sunlight, would collect
solar energy and beam it to Earth as
microwaves, rejecting waste heat to space.
The rectennas would convert the microwaves to baseload electricity for distribution through power grids. (Adapted from
DOE material, 1980).

our judgments to the reference system
alone. We projected advances in
technology and sought to identify features likely to be critical in future systems derived from current concepts,
remembering that entirely new concepts cannot be ruled out.
We undertook our task in a number
of different ways. We familiarized ourselves with the SPS concept and related issues through briefings by experts in DOE, NASA, and elsewhere.
We examined published reports of
work accomplished during and upon
completion of the DOE/NASA proj-

ect. We conducted our own studies of
critical issues, calling on experts not
included in the DOE study. We obtained advice from professional organizations, employed consultants,
and organized study groups and workshops. Finally, we prepared our report, which we hope will be useful not
only to the sponsors of the study, but
to those who must make decisions
about the direction and pace of United
States technology, and to the public.
WHAT A PARTICULAR SPS
MIGHT BE LIKE
The reference system postulated by
NASA would comprise sixty power
satellites, each in geosynchronous
Earth orbit at an altitude of 36,000
kilometers above the equator and each
continuously beaming 5 gigawatts
(5,000 megawatts) of power to its own
receiving antenna on Earth (see Figure
1). The transmission would be interrupted only occasionally for brief
periods when the satellite was eclipsed
by Earth. Seen from below, the satellites would look something like stars,
but they would be brighter than Venus

Figure 2
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Figure 2. The reference satellite. Each
satellite would be 10 km long, half as wide,
and about a half km thick and would weigh
50,000 metric tons. Each would be precisely controlled to maintain its orientation
and orbital position. The surface, which
would constantly face the sun, would be
covered with a ' blanket'' of solar cells that
would intercept radiation and convert it,
using the photovoltaic effect, into direct
electric current. The current would be conducted to an array of approximately one
hundred thousand klystron tubes that
would transform it into electromagneticwaves at the microwave frequency of 2,450
megahertz. The microwaves would then be
beamed continuously to a rectenna by a
transmitting antenna having a diameter of
about I km. (Adapted form DOE material,
1980.)
Figure 3. The reference rectenna. At each
of the receiving sites the microwaves would
be converted into electric power at a frequency of 60 hertz, and supplied to a conventional electric power network. Each
rectenna would be elliptical in shape,
roughly 10 km wide and 13 km long, and
would have an output of 5 gigawatts. It
would be composed of some 10 billion
half-wave dipoles, each about 6 centimeters long, placed equidistant from each
other on panels tilted toward the satellite,
and supported by a frame. Because of the
large areas of the antenna and the receiver,
the microwave beam would have a low
power density.
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Microwave transmitting antenna
Radiating surface

Figure 3
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and sometimes brighter than the full
moon.
The satellites (see Figure 2) would
be by far the largest structures ever
placed in space. Each would be comparable in area to the island of Manhattan: 10 kilometers long and 5 wide.
Each would be 0.5 kilometer deep and
would weigh roughly 50,000 metric
tons. Each receiving antenna, or rectenna (see Figure 3) would be elliptical
in shape, about 13 kilometers long and
10 wide.
Construction of the rectennas is as-
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sumed to be a straightforward matter:
the technology that would be used is
conventional, although it has never
been used on this scale. Construction
of the satellites and supporting orbital
bases would be much more complex,
however (see Figure 4). A staging base
would be assembled in low Earth orbit
(LEO) at an altitude of a few hundred
kilometers, and used for the construction of cargo vessels that would carry
materials to geosynchronous Earth
orbit (GEO) for a construction base
there. (The staging base would remain

in LEO as a logistics center, transshipment terminal, and maintenance
station.) Each of the sixty power satellites would then be assembled at the
construction base in GEO. Lightweight, triangular beam sections of
aluminum or some composite material
would be assembled into trusses, to
which would be attached a blanket of
photovoltaic cells. Each satellite
would be equipped as well with an
antenna bearing an array of approximately one hundred thousand klystron
tubes, each transmitting about 70

Figure 4. Construction of the SPS system.
Huge reusable launch vehicles (HLLVs),
ten to fifteen times the size of the current
space shuttle, would take people and
hardware to the low Earth orbit (LEO)
base, where fuel and materials would be
stored and the first stage of construction
would take place. From the LEO base,
personnel orbital transfer vehicles
(POTVs) and electric orbital transfer vehicles (EOTVs) would take people and cargo
to geosynchronous Earth orbit (GEO). The
satellites would be assembled at the GEO
construction base. The sketch is not to
scale, of course: LEO is several hundred
km above Earth's surface and GEO is
23,000. (Adapted from a sketch that first
appeared in New Scientist, London, in
1980.)

kilowatts at a frequency of 2,450
megahertz; and it would have a control
system for maintaining the proper
orientation and position in orbit. After
construction, each satellite would be
moved from the GEO construction
base to its final orbital position.
The construction of the SPS satellites would require the development of
a complex system of space transportation, both for materials and for space
workers. The first stage of transportation, from Earth to LEO, would require the development of a reusable

"/£ would be the largest technological
enterprise in the history of the world/'

heavy-lift launch vehicle (HLLV), capable of carrying about 400 metric tons
of material (it would have some thirteen times the capacity of the current
space shuttle). Over a period of thirty
years, a fleet of forty to fifty HLLVs
would make more than ten thousand
flights, an average of more than one
launch per day, and carry a total of
about four million metric tons of
materials.
A second-stage orbital transfer vehicle (EOTV) with ion propulsion
would be developed for carrying materials from LEO to GEO. It would be
more than a kilometer square and 0.5
kilometer thick and would be capable
of carrying four thousand metric tons
of cargo in a slow but efficient trip that
would last six months. The surface of
the EOTV would be covered with solar
cells to collect energy to power the
vehicle's electric ion engines.
Construction of the entire reference
SPS would require about twenty
thousand space workers, of whom
about fifteen hundred would be in
space at any one time. These workers
would be transported to LEO in a

special module inside an HLLV or in a
separate personnel launch vehicle
(PLV). In addition, a personnel orbital
transfer vehicle (POTV), equipped
with a chemical propulsion system,
would provide fast transit through the
Van Allen radiation belts. While in
GEO, workers would spend most of
their time within heavily shielded enclosures designed to protect them from
the ionizing radiation of space. In these
enclosures they would operate the
mechanized and robotic equipment
that would perform most of the construction work. Other smaller vehicles
would be needed to transport workers
between the GEO base and the power
satellites.
The reference system plan calls for
the construction of two SPS satellites
per year beginning in 2000. Meeting
this schedule would mean that by the
year 2000 both the LEO and the GEO
construction bases would have to be in
place; that a fleet of HLLVs, EOTVs,
POTVs, and possibly PLVs would
have been constructed; and that at
least several thousand space workers
would have been trained.

CHALLENGES AND QUESTIONS
IN SPS DEVELOPMENT
Any nation or group of nations that
embarked on the venture of building
and deploying an SPS would confront
scientific, technological, economic,
environmental, and sociopolitical
questions, many of which would have
to be resolved before construction began. And even if all the major questions were satisfactorily answered, it
would still be necessary to determine
whether an SPS would be an advantageous choice as a source of electrical
power in comparison with other advanced technologies.
The scientific and technological
challenges are perhaps the most striking. First of all, it would be necessary
to develop and build at least two types
of spacecraft: the HLLV, which would
be far larger and capable of carrying far
heavier loads than any spacecraft, including the space shuttle, that has been
developed so far, and the EOTV,
which would represent an entirely new
departure in space vehicles. Even
more formidable is the prospect of
building the huge satellites them- 6
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selves. They would have to be built in
space, and each would require an onboard control system to keep it stable
during construction and operation.
NASA has not built structures of any
size in space, and the robotic and
mechanized equipment that has been
proposed for automated construction
is completely undeveloped. Further, it
has yet to be determined just which
materials and manufacturing processes would achieve acceptable results in the construction and operation
of the satellites. "Space qualified"
photovoltaic cells for the "solar blanket" present particularly challenging
problems.
The economic challenge is even
greater: an SPS would be the most
expensive technological venture ever
attempted. An investment of at least
$100 billion and a period of about
twenty years without any financial return is estimated by NASA for research, development, and production
of the first operating reference system
satellite and recenna. DOE estimated
that the total cost of the reference
system over a thirty-year period would
be about $1,300 billion (in 1980-year
dollars), and our committee viewed the
DOE estimate as much too optimistic.
For comparison, we can consider that
as of 1980 the replacement cost of the
entire United States electric generating capacity of about 600 gigawatts is
estimated as about $600 billion.
Environmental problems, including
the possible effects on human beings
and their activities, are another source
of concern. For example, certain types
of radio communications and all of the
conventional methods of astronomical
observation would be affected. Also,

the SPS might interfere with the operation of other kinds of satellites using
the limited geosynchronous orbit. A
critical issue is the possible effects of
ionizing radiation on people working in
space, and unknown factors, such as
the effect of low-level, long-term
microwave radiation on people near
rectenna sites might be problems.
Other possibly harmful effects include
alterations in the atmosphere caused
by exhaust emissions from HLLVs;
these effects might include weather
modification and changes in the chemical composition of the air.
Another potential problem area is
the web of international and domestic
sociopolitical considerations that
would complicate an attempt to build
and deploy an SPS. For example, potential interference with other types of
satellites would pose international
problems of sharing the orbit and the
microwave spectrum. An SPS might
also raise international military issues
and domestic political ones, such as
the adoption of guidelines for public
health measures and the siting of rectennas. Finally, there is the possibility
that a project as large, technologically
intensive, expensive, centralized, and
unprecedented as an SPS might raise,
in the population at large, unspecified
fears about its consequences or general doubts about its wisdom.
The challenge of other advanced
methods of producing electricity is an
additional factor in the prospects for an
SPS. During the coming decades, the
countries of the world will be making
decisions about the mix of electrical
energy sources they will rely on over
the long term—that is, beyond the next
forty years. Some may rely heavily on

breeder reactors, while others may opt
for expanded use of solar energy in its
various forms. Coal will probably remain a major source of electricity over
the next century or longer, and there
will be enhanced efforts to prove that
fusion can become an economic source
of energy. The best we can do is to
make educated guesses about the future of the various known methods of
generating electric power, and to qualify those guesses with suggestions
about the exploration of barely known
or not-yet-invented technologies.
DOES OUR FUTURE
HOLD AN SPS?
There are many uncertainties concerning the availability of large-scale
sources of energy for electricity beyond the early part of the next century.
It appears reasonable, however, that if
constraints are placed on the use of
coal or uranium (in conventional or
breeder reactors) and if a practical
thermonuclear fusion reactor is not
achieved, an SPS could become an
attractive option for deployment in the
next century. It would be an immense

undertaking, however, surpassing in
magnitude such previous programs as
the Panama Canal, World War II shipbuilding, the Tennessee Valley Authority, the Manhattan Project, the
federal highway system, commercial
nuclear power, and Apollo. It would be
the largest technological enterprise in
the history of the world.
Under what circumstances might an
SPS become realistic? We can conjecture that over the next few decades a
more advanced system concept might
develop, taking advantage of anticipated technological progress in lowcost space transportation, in lightweight ' "gossamer" structures, in
robotic space construction, in lowcost, high-performance photovoltaic
cells, and in wireless power transmission. Even a technically promising system, however, would have to meet the
tests of social, political, and economic
acceptability, and its implementation
would require long and sustained support from the government and the public. (The $40-billion Apollo program
was supported by Congress and the
people, but it had the advantage, not
possible for an SPS, of progressing
through a step-wise series of demonstrated successes.) In addition, the
global implications are so complex and
far-reaching that a unilateral approach
appears to be impractical.
In the opinion of our committee, it is
doubtful that any administration or any
Congress would or should commit the
country to a program that has so many
uncertainties and that would so severely strain the manpower, capital,
and natural resources of the nation.
Although we made a careful review of
the various technological aspects (in-

cluding the use of extraterrestrial resources), we recommended that no
funds be committed for the development of an SPS during the next decade.
We did recommend, however, that
projections be reviewed periodically
and that research in areas relevant to
an SPS be pursued vigorously.
Our energy concerns appear certain
to grow over the next half century and
bold solutions will likely be needed,
but will the government and the public
sustain a concerted fifty-year or even a
twenty-year effort? We do not know.
Fusion research has had steady and
relatively large-scale support (although the funding, now approaching a
half-billion dollars a year, is only a
fraction of what would be required for
the SPS). On the other hand, the ups
and downs in research and development support since Sputnik twentyfive years ago leave questions about
large-scale, concerted, unswerving
commitment to any radical technological project. A growing energy problem
may require such commitment and I
hope we will be wise enough to respond effectively.
fore joining the Cornell Department of
Physics in 1946, he participated in the
design and construction of a cyclotron at
Berkeley, served as a radar specialist at the
Dale R. Corson was dean of Cornells
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the University'sprovost and then president
worked at the Los Alamos Scientific Labo(from 1969 to 1977). At the University he is ratory during World War II. As a Cornell
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GLOBAL HYDROELECTRIC POWER
VIA REFLECTOR SATELLITES

by Simpson Linke
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Hydroelectric power is a highly desirable source of energy: renewable,
clean, and abundant. Its main drawback has been that the world's huge
unutilized supplies of water power are
mostly in geographically remote locations. If only there were a way to
transmit hundreds of gigawatts of
hydro power thousands of miles, over
jungles and oceans, to the places it is
needed, a significant part of the
world's energy problem could be
solved.
Actually, there is a way. It requires a
combination of existing technology in
hydroelectric power generation with a
new system for transmission. A crucial
element is the exciting prospect of
converting low-frequency hydroelectric power into microwaves, beaming it
to passive satellite mirrors in geosynchronous orbit, and reflecting it to
selected spots on Earth where it would
be converted back to electricity.
This new transmission concept was
suggested recently for global transmission of solar power, but the proposed
technology could also be applied to
large-scale hydroelectric power. Since

much of the world's undeveloped
hydro power is located in countries
with little or no present need for large
quantities of electric energy, the creation of a global energy network could
supply the United States and other
energy-hungry industrialized nations
with large amounts of power. At the
same time, it would lead to great social
and economic benefits for the generating countries.
RATIONALE FOR EXPANDED
HYDRO-POWER DEVELOPMENT
The standard arguments for the development of prospective hydroelectric
power sites center on renewability and
cleanliness. Of course, the production
of hydro power can also have undesirable characteristics: it might require
the flooding of large areas of possibly
arable land, the relocation of homesteads and entire villages, the creation
of enormous structures that could give
esthetic offense, and, on occasion, the
loss of historical or archeological sites.
Major disruptions of the natural ecology of a region and possible danger to
aquatic life cannot be ignored. Modern

design and careful attention to environmental concerns can alleviate
many of these difficulties, however,
and hydro-power installations can
bring valuable net benefits in the form
of flood control, new industry, and
recreational facilities. Very large units
may possibly be inserted into remote
and still undeveloped regions without
serious problems, provided that adequate attention is given to physical,
environmental, and social interests of
the area.
Assuming that these constraints are
in effect, hydroelectric power plants
can operate beneficially over lifetimes
of fifty years or so. New units would
provide additional electric energy or,
as replacements for present generating
plants, they would introduce substantial "savings" of fossil or nuclear fuel.
Because the average efficiency of
hydro generation is 90 percent and that
of the most modern steam plants only
40 percent at best, the generation of
each unit of hydro power would effectively replace 2.25 units of fossil fuel.
Nuclear plants generally have even
lower efficiencies; the production of

Right: One of the world's major undeveloped hydro sites is Iguacu Falls, on the
border between Brazil and Argentina.
These horseshoe-shaped falls are nearly
two and one-half miles wide (four times the
width of Niagara) and have an average
flow of 62,000 cubic feet per second.
Negotiations to build a hydroelectric plant
have been underway since 1967.

OF*

Right below: Canadian hydro has been
partially tapped, but could provide excess
power to the United States. This dam,
Manic 2 on the Manicouagan River, is part
of the Hydro-Quebec system.

one unit of hydro power would save as
much as 2.6 units of nuclear fuel.
(Transmission losses are neglected in
both comparisons.)
In view of the rising price and ultimate scarcity of oil, the increasing cost
of fossil-fuel plants, and the developmental and environmental costs of
coal, it is not surprising that worldwide installation of hydro resources
expanded from 291 giga watts (GW) in
1970 to 408 GW in 1978 (as cited in the
United Nations Energy Statistics
Yearbook of 1981), an increase of
about 40 percent for the period. An
important point, though, is that this
increase in global hydro capacity occurred because of the need to supply
internal demands of the countries involved. For the most part, large-scale
export of hydro power to world energy
markets was not a major factor.
POTENTIAL GLOBAL
HYDRO POWER RESOURCES
The projected hydroelectric generating capacity for a specific region is
based on statistical studies of annual
stream-flow data collected over as
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many years as possible. Typical patterns of wet years and dry years are
incorporated into the studies to establish the average flow conditions that
determine base generating capability.
Turbine and generating capacities are
chosen so that operation over a typical
year will provide an average output
that is compatible with the average
stream-flow conditions.
Estimates of total global hydroelectric capacity are more difficult to obtain, since many of the sites with the
greatest potential are also located in
relatively undeveloped countries for
which consistent stream-flow data are
unavailable. Projections of total capacity have been made, however, on the
basis of annual rainfall and snowfall
and average continental elevation
above sea level, modified by suitable
geographical, topographical, ecological, societal, and economic constraints. Extensive studies and the corresponding results are reported in the
World Energy Conference Survey and
Energy Resources for 1974. The data in
this reference volume have been accepted by several recent authors as the
definitive estimates of global hydro
potential.
Two assessments, designated as G95
and Gav, are presented in the Survey in
terms of the length of time that the
generated capacity can be expected to
be on line. G95 refers to global capacity
that could be available for approximately 95 percent of each year and is
estimated to be 6 percent of the calculated total capacity; this results in a
conservative figure of about 850 GW.
Similarly, Gav refers to global capacity
that could be available for an average
11 of approximately 50 percent of each

Table 1
GLOBAL HYDROELECTRIC RESOURCES
Region

Potential
Capacity
inGW*

Installed Capacityt

GW

Percent of
Potential

Percent of
World Total

Africa

437

13

3

3

Asia (except China and USSR)

354

43

12

11

Peoples Republic of China

330
288

5
11

4

South America

15
32

USSR

269

50

19

12

Europe (except USSR)

215
187

132

61

32

69

37

17

143
37

44

31
27

11

10

2,260

408

18

100

USA
North America (Except USA)
Oceania
WORLD TOTAL

""Estimated as C av . Source: World Energy Conference,
1974.

8

2

Survey of Resources,

iData for 1978. Sources: United Nations Energy Yearbook, 1981, Encyclopedia
Britannica Book of the Year, 1981; and D. Crabbe and R. McBride, The World
Energy Book, 1978.

year, is estimated to be 16 percent of
the calculated total capacity, and results in a conservative figure of about
2,260 GW. It is possible, of course,
that these estimates could be increased
in the future when specific on-site calculations, based on actual stream-flow
data, are made. The 1974 studies,
however, imply that when all reasonable constraints are considered, at
least this much capacity could be installed eventually.
Table I contains projected hydrocapacity data for the world divided

into nine major regions. It is interesting
to observe that in 1978 only 18 percent
of the estimated potential global capacity was installed and operating. Furthermore, Asia, Africa, China, and
South America, which collectively
have 62 percent of the estimated world
Gav hydro potential, have only 7 percent of this capacity installed and
operating. Even with substantial internal development considered, these regions, alone, have the capability of
supplying world energy markets with a
Gav of 1,000 GW. Taking geographical

Table II.
NATIONS WITH THE LARGEST
HYDROELECTRIC RESERVES
Nation

Potential
Capacity
inGW*

Installed
Capacity
inGWt

China

330

15

USSR

50

USA

269
187

Zaire

132

69
2

Canada

95

40

Brazil

90

Burma

75

24
<1

India

70

Malagasy

64

9
<1

Colombia

50

3

Japan

50

29

&Laos
Argentina

48

—

48

12

Norway

30

17

Cameroon

23

<1

Pakistan

20

2

Sweden

20

13

Mexico

20

6

Vietnam

^Estimated as C av (available on the
average for half of each year).
Source: World Energy Conference,
Survey of Energy Resources, 1974.
iData for 1978. Sources: United Nations 1979 Yearbook of World Energy Statistics, 1981; and Encyclopedia Britannica Book of the Year,
1981.

and climatic diversity into account, it
is not unreasonable to project a G95 of
500 GW available for export from these
areas for many years to come.
There is no question that the development of these resources would have
a significant impact upon the world's
electric energy supply, provided that
adequate energy-transmission channels can be achieved. The listing in
Table II of nations with the largest
hydro potential illustrates the geographical diversity of the global resources and indicates the essential dif-

ficulty of transmitting the energy to the
major load centers of the world.
POSSIBLE SOURCES OF
HYDRO POWER FOR THE U.S.
From the earliest days of electricity
use in this country, water power has
been a significant component of our
electric-power production facilities,
and it continues to be. Unhappily, our
principal hydro sites have already been
developed. Considerable effort is now
being given to the development of
low-head hydro and the rehabilitation 12

Left: At Cornell this renovated hydroelectric plant is again in operation after being
shut down for a decade. The powerhouse,
built in 1904, is located about a third of a
mile downstream from the intake at Bee be
Lake on campus. The plant now generates
about 6.5 million kilowatt hours a year,
several percent of the University's total
requirement. (Professor Linke served as a
consultant for periodic studies of the feasibility of reactivation.)
An additional new plant is being considered for Ithaca Falls, at the foot of the
gorge more than 400 feet below Beebe
Lake. It would make use of a 200-foot-long

tunnel, blasted through rock, that carried
water to mills near the falls more than one
hundred fifty years ago. The tunnel was
proposed and designed by Ezra Cornell,
founder of the University, who was then, at
age twenty-three, the manager of the mills.

of abandoned facilities such as the old
hydroelectric plant in Fall Creek
Gorge on the Cornell campus. While
there are hundreds of such sites
throughout the country, they are
mostly in the l-to-10 megawatt (MW)
range, and many would not be costeffective. At most we could expect
them to contribute an increase of 5 to
10 percent to our present 575 GW
of multi-source generation capacity
(1 GW= 1,000 MW). A further limitation is that plants of the 1-GW class
are anticipated for important future
contributions to our electric-energy
supply, and there are very few hydro
sites remaining in the contiguous United States that have sufficient potential
for the installation of units of this
magnitude.
For large-scale development of hydroelectric power as a meaningful energy alternative in this country, we
must find sources outside our national
boundaries. Estimates based on Gav
reveal that the yet undeveloped global
hydro resources have a potential capacity equal to about four times the
13 installed generating capability of the

United States. The equivalent amount
of electric energy would be about five
times the present annual United States
production from all sources. This
statement may be placed in perspective by calculating the amount of fossil
fuel that would be required for steamplant generation of the equivalent electric energy. The answer is startling,
being of the order of 30 million barrels
of oil per day* — about twice the
estimated rate of consumption in the
United States at present. Even more
startling is the realization that this
hydro energy would come from renewable sources.

Right: New equipment in the gorge plant
includes two turbines. Renovation and automation cost $1,250,000, but will be profitable: in accordance with the National
Energy Act of 1978, the electricity can be
sold to the local utility at a higher rate than
Cornell pays for its supply.

HVDC TRANSMISSION
AS A FIRST STEP
Hydroelectric power conversion is a
long-established art, one that does not
require years of additional research
and development to achieve highly
*This estimate is based on a hydro supply
of 2,260 GW available for 4,000 hours a
year and assumes a conservative 2-to-l
ratio of fossil fuel to hydro-energy equivalent, including transmission losses.

efficient and practical working components. Consequently, the major obstacle to initiating the geopolitical, environmental, financial, and engineering
steps necessary for immediate promotion of a given site, however remote, is
the efficient transfer of energy over the
long distances between the resource
and a suitable market.
Although techniques for power
transmission between continents are
still in the very early stages of investigation, modern, high-voltage-directcurrent (HVDC) transmission lines
capable of transporting several
gigawatts for one or two thousand
miles overland are a well-understood
and practical reality today. A reasonable first step in the utilization of global
hydro potential is to proceed toward
early development of those sites that
can employ these HVDC channels to
the best advantage. Generally, these
resources will be located in areas adjacent to well-developed regions. Exploration, evaluation, and design of
facilities for the remote sites that exist
in the less-developed nations can be
undertaken while the necessary re-

search on intercontinental transmission is being conducted.
In the near term, the best way for the
United States to obtain hydro power
from other countries would be to seek
excess capacity from Canada and
Mexico. Table II indicates that about
70 GW remain to be developed in these
two countries. Even if the growth of
internal use requires half of this projected capacity, some 35-40 GW would
still be available for export, provided
that international trade restrictions
and political barriers could be overcome. When it is recognized that the
New York State Power Pool peak demand is of the order of 25 GW, the
availability of excess Canadian hydro,
transported for about 1,000 miles via
HVDC lines at 90 percent efficiency, is
a very attractive prospect. Similarly,
some 10 GW of excess Mexican capacity could be transported to the Southwestern states by HVDC links that
would also be of the order of 1,000
miles in length. It must not be forgotten, however, that specific sites within
each of the two countries are likely to
be widely dispersed. It would be nec-

essary to construct networks of collector channels to bring the power to
central locations that could then be
used as principal terminals for export
to the states. Both high-voltagealternating-current
(HVAC)
and
HVDC lines could be used for this
purpose.
The prospect of a firm market for
continuous base-load hydro capacity
should provide substantial inducement
for investment, capitalization, and development. From the technical standpoint, there is no reason why such
efforts should be delayed. In reality, of
course, the political and international
obstacles are formidable and will no
doubt require many years to resolve,
unless energy needs provide incentives for more rapid action. Other nations around the world that wished to
import available hydro power from adjacent countries would encounter similar problems, of course.
Further examination of Table II reveals that a large amount of hydro
capacity still remains to be developed
within our own boundaries. Even
though much of this exists in the form
of low-head, relatively low-power
hydro, we should expect that the pressures to exploit renewable energy
sources will result in attempts to develop this potential well before the
"foreign" hydro becomes available to
us. Unfortunately, the relatively high
cost of small-scale units, the dispersed
nature of the available capacity, and
the need to integrate a multitude of
small units into extensive power grids
will introduce problems and disincentives that may be as difficult to resolve
as those involving international
boundaries. We may expect, however,

Above: This HVDC facility was built recently in Lenox, Massachusetts, for research on overhead power transmission.
The project is funded jointly by the federal
Department of Energy (DOE) and the Electric Power Research Institute (EPRI). A
±750-kV bipolar and two 1,500-kV monopolar facilities will be available. Transmission by dc is more efficient over long
distances than ac, and contributes to better overall system stability and reliability.

that small-scale hydro will be combined with other localized renewable
energy sources such as wind power
and solar power, and that completely
different approaches to electric-energy
supply will emerge both in this country
and abroad. Any energy-transfer problems that arise in connection with such
systems can be handled by conventional means.
REFLECTOR SATELLITES FOR
GLOBAL ENERGY DELIVERY
Modest extension of the use of hydro
power from within a country or from 14

Figure I
Passive reflector satellite
in geosynchronous orbit

Figure I. The concept of transmitting energy from low-use to high-use regions of
the Earth via orbiting satellites. Power
from countries with high hydro potential,
such as Zaire and Cameroon, would be
sent over HVDC transmission lines to an
arid region, such as the Sahara Desert,
where it would he converted into microwaves and beamed to a satellite in geosynchronous orbit. Additional energy could be
collected on nearby ' solar farms'\f or similar conversion to microwaves. Each satellite (one for each collection point) would
reflect the microwave radiation to a receiving station near a region with a high demand for electricity. Both transmitting and
receiving stations would cover large areas
in order to accommodate diffuse microwave beams that would present no threat to
life.

bordering nations is a possibility for
the next decade. Development of the
truly large-scale hydro capacities
listed in Tables I and II could be
achieved in several decades. These
massive resources will not be brought
to fruition, though, unless some means
can be found to deliver the power
efficiently to worldwide load centers.
As we have seen, conventional
HVAC and HVDC transmission lines
are not adequate for the difficult task of
transporting hundreds of gigawatts be15 tween continents. Superconducting

HVDC cables are a possibility for the
distant future, but the complexity, inefficiency, and projected expense of
this system (current designs specify
refrigeration stations every fifteen or
twenty miles, for example) tend to rule
it out as a realistic alternative, particularly when transoceanic underwater
cables would be needed. A possible
solution would be to convert the generated electric energy into another
form, such as hydrogen, and transport
it by tanker or gas pipeline, but the
necessity for reconversion into elec-

tricity at the receiving end makes for
an even less efficient system.
The most exciting possibility is a
novel energy-delivery system based on
microwave transmission via orbiting
satellite, a system expressly designed
for large-scale global transport of electric energy. The concept was proposed
by Thomas F. Rogers in his article
"Reflector Satellites for Solar Power"
in the July 1981 issue of IEEE Spectrum. (Rogers credits Cornell's Dale
R. Corson, president emeritus and
former dean of engineering, with

"Development of the truly large-scale
hydro capacities . . . could be achieved
in several decades/'

stimulating the study of this concept.)
The scheme calls for a terrestrial
relay system (TRS) that would transmit hundreds of gigawatts of solar
power from the major deserts of the
world to load centers in developed
countries around the globe. Solar collectors very large in area would be
located in clusters of solar "farms" in
the deserts. At these sites the radiant
energy would be converted to direct
current by means of solar cells, and the
electricity, in turn, would be transformed into millimeter-wavelength
microwave beams. The microwave
energy would be focused on the orbiting mirror and reflected to a receiving
point thousands of miles distant,
where it would be gathered and reconverted to dc and then to low-frequency
ac for insertion into a conventional
power grid.
The TRS concept would be equally
suitable for the global transfer of
large-scale hydro power. Rogers
suggests that the solar-powered network would be capable in a few decades of delivering 300 GW to the
United States. Correspondingly, we

could expect that several of the major
undeveloped hydro regions included in
Table I could each supply some 100
GW of firm base power on a continuous basis. In fact, a fortuitous combination could be achieved by using both
hydro and solar power. The hydro,
available day and night, would provide
the base capacity and the solar power,
available only during sunlight hours,
would be used for peaking and fill-in
capacity. Conversion equipment for
the two modes of generation would be
different, of course, but the development of the necessary devices could be
conducted simultaneously for the two
systems. Since the receiving-end terminals would collect the energy in
microwave-beam form for both types
of generation, the "mixing" process
would not present additional technical
problems at the load centers.
DEVELOPING A SYSTEM
FOR EFFICIENT TRANSMISSION
For the application of TRS to hydro
power, economics of scale and possible radiation safety factors would
probably limit the beam-transmitter

sites to one in each major hydro-rich
area that has energy available for export. As shown in Table I, Asia, Africa, the Peoples Republic of China,
South America, and the USSR would
be prime choices. Conventional
HVAC and HVDC transmission lines,
serving as feeder channels, could
move blocks of power from the various
remotely-located hydro sites to the
beam-transmitting antenna, which
would be located in the country having
the greatest capacity in a given region.
For example, from Table II it is clear
that the African beam transmitter and
energy center should be placed in
Zaire, which has 130 GW of available
capacity. HVDC feeder channels
would bring power into the center from
other countries such as Malagasy,
Cameroon, Mozambique, and Gabon.
Additional African countries, near and
far, could be included in the pool as
dictated by local option, international
politics, and energy economics.
Energy efficiency is always an important concern in the planning of new
transmission facilities, particularly
when large blocks of power and very 16

long distances are under consideration. For the TRS concept, Rogers
estimates overall transmission efficiencies of from 50 to 60 percent,
provided that the transmitters and receivers are located in relatively arid
places so as to minimize beam attenuation due to atmospheric gases and rainfall. Large-scale hydro resources are
always found in wet regions, however,
so it probably would be necessary to
place a transmitting antenna at least
several hundred miles from a generator
site. A modern 1,000-kV overhead
HVDC channel with six subconductors in each line conductor could be
designed to transmit 5 GW for a distance of a thousand miles with a loss of
only 10 percent, and even lower losses
could be achieved by going to higher
transmission voltages. Many such
feeder channels would conduct the
power from generating sites within the
host country and in adjoining countries. It may be concluded that transmission efficiency does not constitute
an insurmountable barrier to the application of the TRS concept to global
17 hydro power.

THE ULTIMATE SOLUTION
TO ENERGY PROBLEMS?
The magnitude and promise of global
hydroelectric power, a still relatively
undeveloped resource, is evident even
in this brief survey. When its potential
is considered along with that of solar
power, wind power, ocean thermal
gradients, and tidal power, there is
reason to hope that the eventual solution to the world's energy problems
will be found in the concerted use of
renewable energy sources. The possibility for massive global energy transfer that is offered by the TRS concept
brings this hope closer to realization
and carries the additional promise of
major economic benefits for many of
the underdeveloped nations of the
world.
Extension and improvement of our
current nonrenewable energy resources must continue, of course, but
we should also initiate substantial research and development efforts in the
new technologies that will be required
for transfer to renewable sources. A
global hydro-power network would be
an appropriate goal, and it is not too

soon to begin to work toward it. The
need is great, the possibility is enticing, and the prospects are good.
Simpson Linkc, professor of electrical engineering at Cornell, became interested in
the potential of the world's unutilized
hydro power while exploring the possibility
of transmitting excess hydro from Canada
and Mexico to the United States. The result
was the much larger-scale idea presented
here. He is also an advocate of the ' hydrogen economy", in which electric energy
from renewable or virtually unlimited
sources would electrolzye water, thereby
supplying hydrogen for fuel, energy storage, or reconversion into electricity.
Linke, who is a specialist in energy systems and high-voltage transmission, has
been teaching at Cornell since 1949. His
degrees are the B.S.E.E.from the University of Tennessee and the M.E.E. from
Cornell. He is a member of the Institute of
Electrical & Electronics Engineers, the International Conference on Large High Voltage Electric Systems (C/GRE), the American Association of University Professors,
the American Association for the Advancement of Science, and the honorary
societies Eta Kappa Nu and Sigma Xi.

ENGINEERING STAMPS
A Specialty Field of Philately

by Fred H. Kulhawy
Postage stamps. The thought of them
conjures up many different things to
many different people. A person in a
business that depends heavily on the
mail complains of the increasing cost
of them. A five-year-old neophyte
philatelist marvels at their variety. A
serious,
big-stakes
professional
philatelist seeks out the rarities and
oddities to make perfect collections,
and is willing to pay the price. (The
price can be very high. In 1968 the
famous one-cent British Guiana
black-on-magenta issue of 1856 sold at
auction for $280,000; it would probably
bring over a million dollars if it were
auctioned today.)
Much of the appeal of postage
stamps is that they represent something far more significant than their
utilitarian function. The images we see
on stamps reflect the variety of the
world around us, both past and present. They portray current and historic
events, famous people, geography,
flora and fauna, art, literature, and
sports; the list continues indefinitely.
There are even kix-rated" stamps,
such as the famous (or perhaps infa-

Note: An article on award-winning
philatelist Julian C. Smith, who is renowned also as the director of Cornells
School of Chemical Engineering, will dppear in a forthcoming issue. A recent honor
for Smith in his role as stamp collector was
the Grand Award presented at the 1981
convention of the British North America
Philatelic Society, held in Ottawa last September.

This 1840 British "penny black" was the
world's first adhesive postage stamp. (Reproduced by courtesy of Robert P.
Odenweller.)

mous) 1930 Spanish set portraying the
Goya nude. My focus in this article is
the depiction of engineering in United
States postage stamps.
The first United States postage
stamp was issued in 1847 (seven years
after the first in the world was printed
in Great Britain), and since then more
than two thousand United States
stamps have appeared. These have
been in four categories: (1) regular or
definitive issues, printed in large quan-

tity (many billions in the case of a
first-class stamp) and kept in use for at
least several years; (2) larger and more
colorful commemorative stamps, issued in relatively small quantities (on
the order of 150 million) to honor an
important person, event, or subject;
(3) airmail stamps; and (4) specialpurpose stamps, such as specialdelivery or postage-due stamps.
Of the nearly one thousand commemoratives that have been issued to
date, about one hundred depict activities, events, or issues that are directly related to engineering. Only four
display the words engineer or engineering, however, and only three—
illustrated here—are actually con- 18
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A direct reference to engineering appears
in the inscription on this 1965 stamp promoting traffic safety.
Right: Another 1965 issue commemorates
Herbert Hoover.

cerned with the professional practice
of engineering. (The subject of the first
"engineering" stamp, issued in 1950,
was railroads; it pictured Casey Jones.)
The three professional-engineering
commemoratives include a beautiful
1952 stamp marking the one-hundredth
anniversary of the American Society
of Civil Engineers. It shows one of the
great bridges of the world, the classic
and elegant George Washington
Bridge over the Hudson River. In 1965
two stamps with a specific engineering
reference were issued. One is the special "Stop traffic accidents" issue.
The other is a tribute to Herbert
Hoover, the thirty-first president of
the United States. The inscription surrounding his picture—"Humanitarian
• Engineer • President"—reflects his
tripartite life and career. Hoover's respect and love for the professional
practice of engineering is demonstrated in the excerpt from his writings
19 that is reprinted here.

The most valuable stamp in the
world may be this 1856 British
Guiana specimen. (Reproduced by courtesy of Irwin
Weinberg, Wilkes-Barre, Pa.)

^

This 1952 commemorative of the centennial of the American Society of Civil Engineers is the only United States stamp that
honors an engineering society.

A Presidential View of Engineering
It is a great profession. There is the fascination of
watching a figment of the imagination emerge through
the aid of science to a plan on paper. Then it moves to
realization in stone or metal or energy. Then it brings
jobs and homes to men. Then it elevates the standards
of living and adds to the comforts of life. That is the
engineer's high privilege.

The great liability of the engineer compared to men of
other professions is that his works are out in the open
where all can see them. His acts, step by step, are in
hard substance. He cannot bury his mistakes in the
grave like the doctors. He cannot argue them into thin
air or blame the judge like the lawyers. He cannot, like
the architects, cover his failures with trees and vines.
He cannot, like the politicians, screen his shortcomings by blaming his opponents and
hope the people will forget. The engineer simply cannot deny he did it. If his works do not
work, he is damned . . .
On the other hand, unlike the doctor his is not a life among the weak. Unlike the soldier,
destruction is not his purpose. Unlike the lawyer, quarrels are not his daily bread. To the
engineer falls the job of clothing the bare bones of science with life, comfort, and hope.
No doubt as years go by the people forget which engineer did it, even if they ever knew.
Or some politician puts his name on it. Or they credit it to some promoter who used other
people's money . . . But the engineer himself looks back at the unending stream of
goodness which flows from his successes with satisfactions that few professions may
know. And the verdict of his fellow professionals is all the accolade he wants.
—Herbert Hoover

1898
On this page: Bridges, dams, canals, and
the Statue of Liberty are featured on representative United States stamps with an
engineering theme. The dates of issuance
are given for each of the stamps reproduced. The only structures not specifically
identified in the inscriptions are the 1947
issues picturing the San FranciscoOakland Bay Bridge and the Statue of
Liberty against the New York skyline.
1947

1901

•i.
\

~

'

•

-

Mm
1958

^
1964

1964
A CENTURY OF FRIENDSHIP
UNITED STATES - CANADA
184-8-19-48

20

1969

1971

IO
AJRMAJt

1'

UNITED STATES IN SPACE

A DECADE OF ACHIEVEMENT

. FIRST MAN ON THE MOON
1967
plan
for

::
ii'lir-

better JMM
cities JWKJSA

1

1970

1974

1974

SAVE OUR CITIES * SAVE OUR SOIL

k
1

I

SAVE O U R A I R ; SAVE OUR WATER
1
.

p..
UNITED STATES POSTAGE \J

Top row above: Space-age achievements
are commemorated on special stamps issued in 1969 and 1971.
Bottom row above: National issues and
goals involving engineering expertise are
featured in issues of 1967, 1970, and 1974.

Among the other United States
stamps with an engineering theme are a
number that depict large structures.
Bridges are especially prominent, and
rightfully so, since major bridges are
among the most visible and elegant of
engineering works. The next most frequently depicted structures are large
dams, which warrant special attention
because they are among the most demanding in terms of engineering exper21 tise. Stamps that portray the building

of cities, canals, airplanes, ships, and
special structures such as the Statue of
Liberty are also at least partly testimonials to engineering accomplishments
that contributed to the development of
the nation.
One of the greatest engineering projects that have been commemorated on
stamps is the building of the Panama
Canal, a feat that is particularly impressive when considered in its time
context. There is no English word to
express what it took to accomplish this
construction; I can think only of the
Yiddish word chutzpah to describe the
political guts of President Theodore
Roosevelt and the engineering brashness and skill of General George
Goethals, whose portraits appropriately appear on the stamp along with a
picture of a section of the canal.

An achievement of perhaps even
greater magnitude was that of landing
men on the moon. Two of the stamps
reproduced on these pages celebrate
the superb engineering skills that were
required to implement the launch, delivery, landing, and return of the astronauts.
In addition to great and obvious singular achievements, the subjects of
commemorative stamps include public
issues, many of which have a
technological aspect. Examples illustrated here are stamps designed to
advocate urban planning, preservation
of the environment, energy savings,
and the conservation of natural resources. These are issues that are
being addressed by civil engineers
around the world.
The United States has produced, on

Below: Famous Americans depicted on
postage stamps include these four who
were engineers.
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occasion, series of stamps portraying
famous citizens. Engineers have not
yet been honored as a professional
group in these "Famous Americans"
series, but a number of renowned
people who were engineers have been
featured. They include two men already mentioned—Herbert Hoover
and George Goethals. George W. Norris is commemorated on the stamp
featuring the dam that bears his name.
George Washington and Thomas Jefferson, both of whom were engineers
and surveyors, have been depicted on
literally dozens of definitives, including two recent ones reproduced here.
Also shown is a 1933 stamp honoring
Thaddeus Kosciusko, freedom fighter
and chief engineer of the American
army during the Revolutionary War,
and a 1965 commemorative depicting
Robert Fulton, a self-proclaimed civil
engineer.
Other great engineers have been
honored indirectly by having some of
their major works featured on stamps.
Some of the commemoratives shown
in this article provide examples: James
Buchanan Eads and the Mississippi

Bridge; John Roebling and the Friendship Bridge; Othmar H. Ammann and
the George Washington and Verrazano
Narrows Bridges; David B. Steinman
and the Mackinac Bridge; and Benjamin Wright (known as the father of
American civil engineering) and the
Erie Canal.
As both a civil engineer and a stamp
collector, I am pleased that I have had
the opportunity to put together this
brief article. I am also pleased to note
that nearly all the portrayals on the
"engineering" stamps relate to civil
engineering. Preparing this article has
given me the chance to reflect upon
some of the outstanding accomplishments and major issues of my chosen
profession and to identify a few of the
great engineers of the past. As Herbert
Hoover said, "It is a great profession."

1980

Kulhawy
Philatelist Fred H. Kulhawy is better
known at Cornell as a professor of civil and
environmental engineering. A specialist in
geotechnical engineering, he has conducted research in such areas as soil and
rock behavior, slopes, embankment dams,
foundations, and tunnels. In his classroom
lectures he sometimes uses slides of
stamps as illustrations of engineering
works.
A Cornell faculty member since 1976,
Kulhawy has also taught at Syracuse University, worked as a soils engineer, and
served as a geotechnical engineering consultant for projects around the world. His
degrees are from the Newark College of
Engineering and the University of California at Berkeley, where he earned the Ph.D.
in 1969. He is a licensed professional
engineer.
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FUSION
Its Power, Potential, and Prospects

by Peter Auer

23

For more than thirty years scientists
and engineers throughout the world
have been searching for ways to bring
to Earth the energy that powers the
Sun. The object is to produce and
control certain nuclear reactions that
resemble those in the immensely hot
interiors of stars—reactions that might
provide vast amounts of usable energy.
The fires that burn within our Sun
and the other stars are of a different
nature from the fires we commonly
use. In ordinary combustion atoms of
the fuel molecules react with oxygen to
form more stable molecules, in which
the atoms are more tightly held, and in
the process heat is given off. When a
reaction involves particles (called nucleons) of atomic nuclei rather than
atoms of molecules, there is a similar
relation between stability and energy
release, but the amount of energy is
much larger. The strength with which
nucleons are held inside a nucleus is
about a million times greater than the
strength with which atoms are joined
together in a molecule; consequently,
nuclear reactions are about a million
times more energetic than chemical

reactions. Nuclear weapons are stark
reminders of how large the energy release can be.
The stability of nuclei is related to
their position in the periodic table of
elements: the closer to the middle of
the table—near iron and its immediate
neighbors—the more stable a nucleus
tends to be. The lighter elements and
the heavier ones are relatively unstable
and will tend to undergo nuclear
reactions—either fission or fusion—to
form more stable nuclei. Fission is
characteristic of the heavier elements;
uranium, for example, splits into two
fragments of nearly equal size. Fusion
is characteristic of the lighter elements; in the Sun, for example, hydrogen combines with itself to form the
heavier element helium.
For peaceful purposes it is essential
that the energy release accompanying
nuclear reaction be controlled; and up
to now no one has succeeded in demonstrating an adequate scheme for
controlled fusion. Nevertheless, expectations among those involved in
this quest are high and the mood is very
much on the optimistic side these days.

FUSION: HOW WOULD IT
WORK IN A REACTOR?
The reaction favored for the first generation of fusion reactors is the combination of two isotopes of hydrogen to
form ordinary helium:
,H 2

2 He

4

+ n + 17.6 MeV.

These isotopes are deuterium, ,H2,
which contains one positively charged
proton and one neutron to give it its
atomic mass of 2; and tritium, .,H3,
which contains one proton and two
neutrons for an atomic mass of 3. (Ordinary hydrogen is represented as
1
1 H .) The reaction product, helium,
has two protons and two neutrons for
an atomic mass of 4; n is a released
neutron; and the 17.6 MeV (million
electron volts) represents on the
atomic scale the energy released in
each such event. (By comparison, the
fissioning of a uranium-235 nucleus
yields 200 MeV, on the average; on a
unit mass basis, however, the energy
yield is about four times greater with
fusion than with fission. This accounts
in part for the bigger wallop of an
H-bomb, compared to an A-bomb.)

life of a little over twelve years; only
trace amounts exist on Earth today,
created perhaps by cosmic rays or
nuclear weapon tests in the atmosphere.) The deuterium-tritium reaction does, however, produce a neutron
(which carries with it the bulk—14.1
MeV—of the energy released), and
that neutron can be used to breed
tritium from lithium:
2 He

n + 3Li7
The ordinary helium produced in the
deuterium-tritium reaction actually affords an exception to the stability rule.
It is the lightest member of the socalled "magic nuclei", which have a
certain even-even number of protons
and neutrons and are exceptionally
stable; the helium nucleus is the alpha
particle that is associated with radioactive decay.
ABUNDANT SUPPLIES
OF FUSION REACT ANTS
Use of the deuterium-tritium fusion
reaction would require, obviously, adequate supplies of the reactants.
Deuterium is the hydrogen isotope in
"heavy'' water and is present on Earth
in the ratio of one part to 6,500 parts of
ordinary hydrogen. Although this ratio
may seem small, the quantity of
deuterium available from the Earth's
waters is virtually inexhaustible.
Tritium is more of a problem because it
is unstable, decaying radioactively:

to the common form of helium. (The
decay is moderately rapid, with a half-

4

+ 4.8 MeV;

+ 2 He 4 + n - 2.5 MeV.

The two equations are for the two
forms of natural lithium: Li-7 (92.6
percent) and Li-6 (7.4 percent). We
note that both isotopes react with a
neutron to produce tritium, but in the
case of the abundant isotope a slow
neutron is released at the expense of a
fast one. As a result, the so-called
breeding ratio can be easily adjusted to
be greater than one. This ensures that
an adequate supply of tritium for the
fusion reactor would be available as
long as there is an adequate supply of
lithium, which is one of the Earth's
more abundant elements.
SOME SCIENTIFIC PROBLEMS
IN TERRESTRIAL FUSION
The Sun and the stars provide ideal
furnaces for fusion reactions. For one
thing, their sheer size produces enormously strong gravitational forces that
hold the gases together. Another factor
is the extremely high temperatures of
the stars. The gases are so hot that they
exist as ionized matter, commonly
called plasma; and although the positively charged nuclei tend to repel each
other, this repulsion may be overcome
by the high kinetic energy that is also a

result of the high temperature. Specifically, hydrogen nuclei may move with
sufficient velocity to come close
enough to undergo fusion. Actually,
our Sun is not a particularly hot star—
its internal temperature may be no
more than 20,000,000°C—and fusion
processes go very slowly. Fusion reactors on Earth will require temperatures
in the vicinity of 100,000,000°C for
deuterium-tritium fuel, and even
higher temperatures for other fuel
mixtures.
Two crucial problems faced by researchers are, therefore, how to hold
the hot gaseous mass together long
enough to allow a "burn" to occur,
and how to achieve the extremely high
temperatures necessary for fusion
reactions. These two criteria, plasma
temperature and plasma confinement,
are the most critical scientific concerns
of fusion research at the present time.
An additional requirement is to produce more energy than is used up.
Most fusion reactor concepts can be
thought of as energy multipliers or
amplifiers: a certain amount of energy
has to be invested in order to achieve
conditions under which fusion, with its
accompanying release of energy, can
take place. The ratio of energy obtained to energy invested, denoted by
Q, is the multiplication or gain factor.
When Q = 1, we have a simple breakeven situation. By convention, scientific feasibility is equated with the
demonstration that Q—\ has been
achieved in an actual experiment. Part
of the air of optimism one senses
around fusion researchers today stems
from their expectation that a (?= 1 scientific demonstration is literally
around the corner.
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Figure I

INERTIAL CONFINEMENT
FOR FUSION ON EARTH
How might a hot plasma be confined
for a long enough period of time to
allow fusion? Two rather different
schemes have been proposed, and
what may seem the simpler of the two
came second in the course of time.
This second approach mimics to a
certain extent the mechanics of nuclear explosives designed for military
use, but with very important differences in the scale of reaction and the
method of initiation. In this approach,
the nuclear fuel is "burned" during a
series of microexplosions. The fuel
mass is held together very briefly, even
as the explosive reaction progresses,
by the inertia of the fuel, and so is
called inertial confinement fusion. As
we shall note, lasers have a close historical connection with this scheme
and so it has also been referred to as
laser fusion.
The method begins with the fabrication of a small target, in some cases too
. small to be seen by the naked eye,
which contains the nuclear fuel. The
target is then irradiated uniformly by
some external source. The intent is to
heat up the outer layers of the target
rapidly, and as these evaporate or ablate, rely on the reaction forces (as if
miniature rockets were going off) to
greatly compress the bulk of the fuel.
In this manner one attempts to duplicate on a tiny scale what weapons
designers have been doing for years
with chemical explosives arranged so
as to create an implosion.
As the fuel is compressed, it becomes heated and, in principle, can
reach temperatures high enough to set
25 off the fusion reactions. It is estimated
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that the compressed fuel will have to
reach densities as much as ten
thousand times greater than ordinary
liquid densities. This, in turn, will require an irradiation source, or driver,
at a power level of up to a hundred
terawatts, focused to an intensity on
the order of thousands of terawatts per
square centimeter. (Although a
terawatt—one million megawatts—is
equivalent to nearly twice the installed
electric generating capacity of the
United States, we are speaking of
pulses that last only a tiny fraction of a
second and so represent very modest
amounts of energy.)
There is some debate about what
particular source of energy should be
developed as the irradiation source.
Historically, the inertial confinement
approach had few advocates until
high-power lasers appeared on the
scene. It seemed that these would be
ideal sources, since the required intensity and brilliance could be achieved
and since light can be readily focused,
but the low efficiencies of currently
available systems, and therefore the
poor economics, don't argue in favor

Figure I. The concept of inertial confinement fusion, the basis of a proposed
scheme for burning plasma in fusion reactors. (The leading candidate is magnetic
confinement, particularly in a tokamak).
When the small target of nuclear fuel is
heated by radiation, ablating material in
the outer layers compresses the bulk of the
fuel, which implodes. In principle, temperatures high enough to set off fusion reactions are reached.

of their use in commercial reactors.
For scientific purposes, however,
large high-power lasers are the preferred instruments. It is estimated that
to achieve breakeven (Q = 1), a laser
driver must be capable of delivering 1
to 10 million joules on target. (One million joules represents the amount of
energy needed to heat about twenty
cups of tea—about what a good-sized
samovar holds.) A laser of this size
might cost $100 million or more and is
not yet on the drawing board. There
are promising recent developments,
however, including some experiments
with lasers in the ultraviolet region,
and new powerful laser sources and
improved optics are being readied at
the Lawrence Livermore Laboratory
and at the University of Rochester.
Another possibility for the irradiation source is a beam of energetic
charged particles. Much work on developing such particle beams has been
done at Cornell; the Laboratory of
Plasma Studies began work on intense,
relativistic electron beams in the late
1960s, and for the past several years
has concentrated its effort on intense,

The energy source for an interialconfinement fusion reactor could be a
beam of light ions or a laser.
Right: The Particle Beam Fusion Accelerator (PBFA-I) at Sandia Laboratories
consists of a circular array of thirty-six
light-ion accelerators, with all the beams
directed at the central target of nuclear
fuel. This machine, which became operational in 1980, generates 30 terawatts
(I012 watts) of power in pulses of very short
duration, in the range of tens of
nanoseconds. PBFA-II will be a 100terawatt machine.
A unit similar to the thirty-six in PBFA-I
was installed recently at Cornells Laboratory of Plasma Studies. This LION (LightIon Fusion Facility) is used for basic research on the production and focusing of
beams of ions.
Figure 2. A model of Shiva, the highenergy laser facility at the Lawrence
Livermore Laboratory. This machine,
which occupies a large structure at the
laboratory, has twenty Nd-glass laser
amplifier chains, each made up of modules
of increasing size and all converging on the
target chamber. The system generates 20
terawatts of power.
Figure 2
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energetic ion beams. When more is
known about how such ion beams
interact with suitable targets, they may
become a favored source of energy for
inertial confinement systems.
The United States program in the
area of inertial confinement is being
carried out mostly at some of the large
national laboratories—at Livermore,
at Los Alamos, at Sandia in Albuquerque, and at the Naval Research Laboratory in Washington, D.C. In addition, important work is being done at
the University of Rochester and at
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KMS Fusion, a private concern in Ann
Arbor. The Cornell program is closely
affiliated with the work at Sandia and
at the Naval Research Laboratory.
Inertial confinement is a relatively
new approach to fusion, and much
remains to be learned. Although the
approach of magnetic confinement appears to be well ahead for the time
being, forthcoming results in the continuing active research effort in inertial
confinement may justify the faith that
some of us maintain in its ultimate
feasibility.
LEARNING HOW
TO BOTTLE A PLASMA
The original approach to plasma confinement, and the one receiving the
most attention even today, is to use a
magnetic field to create a "bottle" of
sorts. Research along these lines began
under secret wraps more than thirty
years ago in the United States, Great
Britain, and the Soviet Union. After a
number of years and some false starts,
. the program was largely declassified
and the rest of the world joined in.
Various natural phenomena afford
examples of magnetic bottles. The
Earth's magnetic field, for example,
forms a trap for energetic plasma particles. This has been named the Van
Allen belt, in recognition of its discoverer. In plasma physics such a trap
is known as a magnetic mirror, and its
principle is the basis of one of the
earliest ideas for achieving plasma
confinement. The magnetic mirror
concept is still with us, but changed
and refined in many ways.
The underlying physical phenomenon is that in the presence of a mag27 netic field, any charged particle will

move in such a way that it encircles a
magnetic field line: its motion across a
field is limited and impeded by the
field, but its motion along the field line
need not be. The motion of electrons
and ions is further influenced by their
diamagnetism: they seek regions of
low field intensity in preference to
regions in which the field is strong. In
the case of Earth's magnetic field, the
strength is greatest at the poles and
weakest at the equator, so that a
charged particle of given energy and
momentum experiences points of reflection in both the northern and
southern hemispheres. Trapped, it can
move along the field lines, bounding
back and forth between the mirroring
(reflection) points, and drift in either
an easterly or a westerly direction (depending on the sign of its charge) to
cover what is known as a flux surface
(a shell surrounding a given volume of
magnetization).
In designing a magnetic mirror device, a characteristic that must be
taken into account is its linearity. This
leads to a number of engineering
simplifications that may prove to be of
good advantage once we begin to design commercial fusion reactors, but it
also creates a difficult problem. A
linear device has two ends, and in a
magnetic mirror device it is never possible to completely prevent particle
loss at the ends. To make a mirror
device a realistic candidate for a fusion
reactor, it will be necessary to show
that the leaks can be plugged or at least
reduced to no more than a trickle.
If a magnetic field line is closed upon
itself, there is no "end", and such a
configuration should provide an elegant, leakproof confinement scheme.

The simplest such device that comes to
mind will not, unfortunately, work. If
we wrap conducting wire around the
outer surface of a cylinder, in spiral
fashion, we can produce a nearly uniform magnetic field inside the cylinder
by passing an electric current through
the wire. The magnetic field will be
effective in preventing plasma from
reaching the inner surface or walls of
the cylinder, but it will not prevent
escape out the ends. So we bend the
cylinder to the shape of a doughnut
(bagel, if you prefer) or, more properly, a torus. Now the magnetic field
lines can close upon themselves and
there are no ends through which the*
plasma will leak. A problem, though, is
that the conducting wires will be in a
tighter spiral on the hole side of the
doughnut than on the far side, and
therefore the magnetic field will be
strongest on the hole side and weakest
at the outer rim. A hoop stress—
tending to deform the torus back into
the shape of a cylinder—develops, and
this stress is transmitted to the plasma,
causing it to be thrown against the
walls: no confinement!
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Figure 3. Concepts for the magnetic confinement of plasma.
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a. In a magnetic mirror device, converging
field lines "reflect" the charged plasma
particles back into the interior. In a reactor, particle leakage at the two ends would
have to be prevented or largely eliminated.
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b. Closed systems in which the magnetic
field is created by a coil in the form of a
torus are the currently favored types of
confinement devices.
c. The leading contender is the tokamak, in
which confinement is provided by a poloidal magnetic field, Bt, produced by an
induced current in the plasma column, and
stability is enhanced by a toroidal magnetic field, Bt, produced by external coils.
Beams of neutral particles are injected to
heat the plasma.

It was Lyman Spitzer, Jr., an astrophysicist at Princeton and an early
leader of the United States fusion effort, who showed that confinement
could be achieved in a closed configuration (the hoop stress effect is essentially cancelled) if the doughnut is
twisted into a figure eight (a crude
pretzel). Spitzer's invention became
known as the stellarator. In subsequent modification, the chamber
containing the plasma was effectively a
simple torus (or a race track), but the
coil windings producing the magnetic
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field were designed so as to reproduce
the magnetic transform that comes
from the figure eight.
Quite independently of these developments, two Russian physicists and
Nobel laureates, Andrei Sakharov
(now in exile) and Igor Tamm, proposed that a toroidal trap could be built
if, in addition to the simple toroidal
windings (which by themselves produce the hoop stress), a toroidal current was induced to flow in the plasma.
After all, plasmas are good electrical
conductors and it is not too difficult to
sustain a current of appropriate size, at
least for a few seconds at a time. The
poloidal magnetic field produced by
the induced current would provide
confinement, and the toroidal magnetic field produced by the external
windings would enhance the stability.
(Poloidal field is in the vertical plane
and toroidal is in the horizontal.)
The Russian invention was brought
to the attention of Western scientists
largely through the pioneering efforts
of the late L. A. Artsimovich, former
head of the Soviet Union's fusion program. It goes by the name tokamak, a
Russian acronym for toroidal magnetic
traps. Tokamaks are the current favorite for closed confinement schemes;
stellarators, at least in this country, are
out of favor, although there are signs of
a revival of interest in them.
MAGNETIC CONFINEMENT:
THE CURRENT FOCUS
In the work on magnetic confinement
of plasmas, the nontrivial problem of
reaching fusion temperatures seems to
be reasonably well in hand. Fusionreactor temperatures have been
reached repeatedly in magnetic mirror 28

"expectations . . . are high and the mood
is very much on the optimistic side"

experiments and closely approached in
some tokamak experiments. Of
course, the technical development of
power sources to heat plasma in fusion
reactors of commercial size will require much more effort.
The principle heating method at the
present time is with neutral beams. In
this, charged particles are accelerated
to the desired energy by electric fields
and are then passed through a gas cell
. where they become electrically neutral. The fast beam of neutral particles
is then injected into the plasma, where
it collides with the plasma particles and
thus deposits its energy. The strong,
resonant interaction of plasmas with
electromagnetic waves at certain frequencies provides yet an additional or
alternative method of plasma heating.
(The name given to heating with electromagnetic fields is rf heating, even
when the frequencies being used are
well above the radio-frequency band.)
The main hurdle—so far—on the
road to controlled fusion is the
stable confinement of hot plasmas,
with retention of the high temperatures
29 for a long enough time to achieve the

Q=l breakeven conditions. A convenient way to express the relationship of
the plasma parameters was given many
years ago by Lawson; it is often referred to as the Lawson criterion:
nr = f(T).
Here n is the plasma density, r is the
confinement time, and f is some function of the plasma temperature T.
For a variety of plasma-confinement
schemes for deuterium-tritium fuel
mixtures, breakeven is achieved when
nr equals about 1014 particle-seconds
per cm3 at a temperature of about
60,000,000°C. Thus, a plasma gas with
1014 particles per cm3 (corresponding
to a density about 300,000 times less
than air at normal conditions) would
have to be heated to 60,000,000°C or
higher (so that the corresponding pressure is about one atmosphere even
though the plasma density is as low as
one finds under moderate vacuum
conditions) and confined (in both
population and energy) for about one
second in order to achieve breakeven.
In several experiments in tokamaks
the required nr value has been ap-

proached within a factor or two or
three, but not at a high enough plasma
temperature. There is reason to believe that confinement improves with
increasing temperature, so these results, obtained in relatively small,
high-field-strength devices at MIT and
at Frascati, Italy, are encouraging.
Medium-sized tokamaks operating at
Princeton, Oak Ridge, and General
Atomic near San Diego have shown
that plasmas can be successfully
heated, kept clean of impurities, maintain large currents (one million amperes), and achieve modest ratios of
plasma pressure to magnetic field
intensity—although not all of these
conditions have been achieved simultaneously.
The last of these conditions is worth
some further discussion. Magnetic
field lines have tension, and so a magnetic field can support pressure; indeed, our magnetic bottle can be
thought of as a container in which the
pressure of the plasma fluid is balanced
by the pressure of the magnetic field.
The higher the ratio of plasma pressure
to magnetic field pressure (commonly

Figure 4
Figure 4. The Tamden Mirror Fusion Test
Facility (MFTF-B) scheduled for completion at Livermore in 1985. Each end will be
plugged by a giant mirror with a magnetic
field produced by a pair of yin-yang coils
(shaped like cupped hands). One of the
mirrors has been completed (see the photo
below, showing the 375-ton superconducting magnet being rolled into its building).
The MFTF-B should produce an ion temperature comparable to that expected with
the large tokamaks now under construction
(see opposite page), but energy breakeven
is not anticipated. The experimental purpose is to study plasma confinement and
heating in a mirror device.

denoted by the symbol /3), the greater
the return in terms of fusion power per
unit of magnetic flux. This is an important economic consideration, for the
large superconductor magnets of future fusion reactors will be an expensive investment.
Increases in /3 are limited, however,
by the need to prevent certain instabilities that plagued early experiments in magnetic confinement,
throughout the 1950s and 1960s. These
instabilities are somewhat analogous
to what happens when one tries to
support a dense fluid by a lighter one.
For example, with a steady hand one
can invert a full glass of water without
spilling a drop*, but eventually the
water will run out because it is heavier
than the supporting air and the equilibrium of water lying on top of air is not
stable. To a degree, the fusion plasma
acts as the heavy fluid and the magnetic field as the light one, particularly
*It's best to try this over a sink. Cover the
glass with apiece of paper, invert the glass,
and then remove the paper carefully.
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Figure 5
Figure 5. The Tokamak Fusion Test Reactor (TFTR) now under construction at
Princeton University. This machine is expected to achieve scientific breakeven (energy output balancing the necessary input), demonstrating the feasibility of fusion
technology. The plasma will be stably confined by the magnetic fields and will be
heated by external ohmic coils and by the
injection of a neutral beam of energeticparticles.
The next large step in the fusion program
would be the construction of a prototype
fusion engineering device (FED), probably
a tokamak.
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when the curvature of the field lines is
concave with respect to the plasma.
This nasty family of instabilities was
. overcome eventually by the discovery
that certain magnetic configurations
provide a lower energy state for the
plasma and, therefore, stable confinement in a macroscopic sense. In these
minimum-B configurations, the field
increases in strength in all directions
from some central point and may be
called a magnetic well. Unfortunately,
though, it is impossible to construct a
closed magnetic field configuration, as
in a torus, that forms a true magnetic
well. In the tokamak, for example, one
can have a magnetic wellk kon the average" and /3 is limited to perhaps 4 or 5
percent. It is conceivable, but untested, that some stellarators could
31 operate at a more favorable /3, in the

range of 8 to 10 percent. Even better
are magnetic mirror traps, which,
being linear devices with open field
configurations, can be designed to
produce true magnetic wells; /3 values
of 100 percent and greater have been
achieved in mirrors.
TOKAMAKS, STELLARATORS,
OR MIRROR FUSION DEVICES?
Regardless of how one feels about the
suitability of tokamaks as fusion reactor prototypes, it is difficult to argue
with the fact that they have the best
record of confinement. The tokamak is
the front runner in the race toward
controlled fusion and will almost certainly be chosen for use in the first
fusion engineering device (FED),
which has been under study for some
years now. Still, other possibilities—

including the stellarator—should not
be ruled out for the first line of commercial fusion reactors, for tokamaks
are not entirely trouble-free. When operated close to the margin of stability,
disruptions in the discharge can allow
plasma to strike the wall, and such
behavior in larger and more energetic
devices would be catastrophic; yet
staying clear of potentially troublesome operating regimes might impose
stiff economic penalties. Nor is it clear
that tokamaks will ever operate in a
continuous, ignited mode, with the
3.5-MeV alpha particles formed by fusion remaining in the tokamak long
enough to heat fresh fuel but not long
enough to act as a dead weight, and
with some other mechanism, as yet
unfound, sustaining the induced current indefinitely. So far, tokamaks
have operated only in the pulseddischarge mode, and this may not be
very attractive to the electric utilities.
Perhaps most of these objections will
be resolved when results from large
test devices become available.
In the meantime, innovative research on other confinement schemes

is continuing. Some of the work at
Cornell is an example. This research is
concerned with the creation of a closed
magnetic field configuration with the
properties of a magnetic well through
the provision of an appropriate distribution of electric currents. Material
conductors cannot be used for this
purpose, however, since they would
contaminate the plasma. The rather
elegant solution of using energetic
beams of charged particles to carry the
current was proposed by the late Nick
Christofilos of the Livermore laboratory, and verified in experiments at
Cornell. First Hans Fleischmann and
his group, using relativistic electrons,
showed that the idea works; subsequently, Ravi Sudan, Dave Hammer, Bruce Kusse, and others proposed and have experimented with ion
beams in order to produce what we
now call compact torus configurations.
This idea under development at Cornell is but one example of the novel
concepts that abound and that we hope
will not be stifled even while the massive effort begins to try to engineer the
first fusion reactor.

WHAT'S COMING IN FUSION
REACTOR DEVELOPMENT?
The next series of big fusion events will
be the unveiling of three large tokamak
devices that are now under construction. The TFTR (tokamak fusion test
reactor) at Princeton is expected to be
completed this year (nearly two years
late) at a cost of about $300 million
(only 20 percent higher than the original estimate). This machine was designed to demonstrate scientific
breakeven, and there is every reason
to believe that it will do so, probably in
1983. Next on line will be JET G°int
European tokamak) in England and
JT-60 in Japan. Both of these are
somewhat more ambitious (and costly)
than the TFTR, but are still strictly
experimental, designed to reveal
further scientific information about
magnetic confinement.
Much more must be learned before
we can proceed with confidence to
build a prototype fusion power plant.
The proposed fusion engineering device (FED), in which the environment
of a reactor could be simulated and the
behavior of materials and equipment
tested, is a logical step. A single FED
may be all that is required for the
overall magnetic program, since it appears that engineering studies with a
tokamak—the device called for in current plans—would be pertinent also to
the development of other magnetic
confinement schemes.
The simulation of reactor conditions
in a FED is essential because the
equipment and materials of construction of full-sized reactors will be exposed to a hostile and untested environment. For example, the walls of the
vacuum vessel forming the inner

boundary of the reactor will be subjected to intense radiation and bombardment by energetic particles. Most
troublesome may be the 14.1-MeV fusion neutrons, which are far more
energetic and damaging to materials
than the thermal neutrons of lightwater-moderated fission reactors, or
even the 2-MeV fission neutrons of fast
breeder reactors. The fusion reactor
will contain not only the central fusion
"furnace," but also a surrounding
blanket in which tritium will be generated and the heat of reaction captured.
Outside the blanket will be the superconducting magnets, the power
sources for heating the plasma, and the
remainder of the heat-exchange and
energy-conversion systems. Up to a
certain distance from the central core,
we may expect all material to become
highly radioactive after it has been
exposed to the energetic neutron flux
emerging from the core, and the engineering design must provide suitable
precautions. For example, routine
maintenance will probably be done
remotely, a kind of operation that has
never been tried on such a scale.
Not everyone is agreed that it is time
to go ahead with FED, however. Some
are concerned that there may not yet
be an adequate scientific basis. There
is a policy question involved: should
we proceed in a stepwise development
program, or should we "leap-frog"
before all the expected results are
known? Those who recommend the
speedy approach point out that major
new facilities such as FED will take
many years to complete, and if we
don't start now, we will not only lose
momentum but risk losing the support
of both the sponsors and the partici- 32

pants. They also argue that it is in the
national interest to proceed as rapidly
as possible, since there is urgent need
to find realistic alternatives for the
energy that will be needed by the year
2000 and in the immediate years following. Actually, though, the year
2000 is far too close to be a realistic
target for fusion; it is difficult to see
how fusion could be a significant energy source—supplying, say, 10 percent of the nation's energy requirements and capable of doubling that
capability in ten years—much before
the year 2020.
Money is another consideration,
particularly at a time when government support for research is declining.
Fusion research is a fairly expensive
business. The experimental tokamaks,
for example, are destined to have only
a relatively brief lifetime—just long
enough to yield the knowledge we're
looking for—yet they cost hundreds of
millions of dollars to construct, tens of
millions of dollars to operate each
. year, and six to seven years to build.
FED may cost as much as a billion
dollars to build.
In the United States the projected
budget for magnetic fusion research
this year is in the range of $400-500
million, an amount comparable to that
budgeted for the past two years and
perhaps ten times what it used to be ten
to fifteen years ago (uncorrected for
inflation). To this amount one needs to
add another $100-125 million annually
for the inertial confinement program.
The expense involved in supporting an
aggressive and successful fusion development program was formally recognized by Congress during the closing
33 days of the Carter administration,

knowledge of our universe, as well as
lead us to a much needed and beneficial technology.

when it passed the Magnetic Fusion
Energy Engineering Act of 1980 calling
for the expenditure of $20 billion over a
period of about twenty years. Of
course, the enthusiasm and resolve of
the present administration and Congress may not be quite as great.
Regardless of what schedule may be
adopted, we must sincerely hope that
the project is kept alive and well. Controlled fusion not only is one of the
most difficult technical challenges ever
undertaken, but provides one of the
richest opportunities for innovation. It
also has opened up fundamental investigations into the fascinating and important field of plasma physics. The
spirit of scientific inquiry that has
brought us this far can bring us to new
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The ideas presented here for large new sources of electricity have several things in
common. They are complex, entailing many known and potential technical and
nontechnical problems. And they are expensive.
Fusion needs more work and more funding before it is even proven to be a
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workable technology. As Francis C. Moon, chairman of Cornell's Department of
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Theoretical and Applied Mechanics, remarked to us the other day, developing a
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large mechanical system requires much time and engineering effort. It took a
century to develop the steam engine, he pointed out, yet people tend to believe
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that fusion reactors might be put into operation as rapidly as, for example,
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computer-based products and techniques have become available. The
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development of controlled nuclear fusion as a power source will require long,
steady, and adequate support. Nevertheless, we believe it is a program that should
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not be allowed to wither, for fusion offers probably the best alternative for
large-scale energy supply in the long term.
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