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Introduction 

As its title indicates, this article relates to a coming 
time of transition, one during which a bright hope - that for fusion 
power - will become a reality. It is being written in the temporal 
context of the beginning phases of another transitional period, one 
of profound significance for this country and for other industrialized 
nations: A transition from a growth-oriented period, one supported by 
inexpensive and readily available energy sources and one relatively 
unaffected by environmental concerns, to a period where both energy 
and environmental issues will assume ever increasing importance and 
where major shifts, both with respect to sources and uses of energy 
must be made. The underlying premise for the discussion to follow is 
that nuclear fusion, although not yet achieved, offers the best, and 
perhaps the only, long-term solution to the complex socio-economic 
energy-related problems that man must face in the future. This article 
does not however address itself to the detailed technical aspects of 

fusion research. It is instead an attempt to spell out one man's opinion 
* 
Portions of this article have been condensed from the author's contri
bution to a forthcoming book "Reviews of Energy", to ba published by 
Annual Reviews, Inc., Palo Alt.o. 

t * Supported by the U.S. Energy Research and Development Administration. 



of where fusion research stands and how it should try to get from 
here to there; from now to then; from fundamental science to power 
on the grid. 

Fusion power has been a long time coming. The first man-
made release of fusion energy was accomplished nearly 45 years ago 
at the time of the discovery of fusion reactions. Using primitive 
particle accelerators, beams of deuterons (heavy hydrogen nuclei) 
were directed at targets also containing heavy hydrogen. Nuclear 
rearrangement reactions as a result of collisions between the im
pinging and the target deuterons were then observed in which the 
total kinetic energy carried by the reaction products was seen to 
be far higher than the kinetic energy carried by the impinging beam 
particles. Exothormic nuclear combustion had been demonstrated. 
Fusion energy? Yes. Fusion power? No. Nor does manmade fusion 
power exist today, four decades later, except in uncontrolled form 
- in the hydrogen bomb. With the discovery of nuclear fusion re
actions the intellectual possibility of fusion power was established; 
the technical possibility still eludes us. Over the years our appre
ciation of the profound significance of achieving fusion power - a 
safe source of energy based on a universally available and virtually 
limitless fuel of near-zero cost - has grown. Motivated by that pro
mise the search has now been on for over 20 years. Yet we must look 
forward to many more years of hard work before the fusion dream can 
come true. Why is this so? 

It is easy to give a simple answer to this question; a 
thoughtful answer is much harder. The simple answer comes * — re-
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cogm'zing the similarity between exothermic nuclear reactions, i.e. 
nuclear fusion, and exothermic chemical reactions, for example the 
chemical reaction between hydrogen and oxygen. In either case the 
reaction can become energetically self sustaining, that is result in 
net energy, only if the energy released by the reactions exceeds the 
energy required to initiate and maintain the reaction: not all fires 
laid in a fireplace will light. In our example of the fusion energy 
released in the bombardment of target by beam, most of the beam part
icles dissipated their energy uselessly as heat, missing their nuclear 
targets; only a minisclile fraction -.ctually hit the mark and reacted. 
Net fusion power was not achieved, by a wide margin. 

The thoughtful answer to why fusion power is still a hope 
rather than a reality gets at the heart of our critical question for 
today: when can mankind hope to turn to nuclear fusion to help solve 
his energy problems - and what kind of a solution will fusion represent? 

To put my discussion of fusion in perspective relative to the 
research effort now being devoted to it the following statistics may be 
helpful: Fusion is by now a substantial, if not a major international 
research effort. About 1950, the first serious examinations of controlled 
fusion and its research problems were launched, essentially simultaneously 
and under classification wraps in the United States, the United Kingdom, 
and the Soviet Union. 



Controlled fusion research was declassified by international agree
ment, in 1958, following which major fusion research programs appeared 
in several other nations, notably Trance, West Germany, Italy and Japan. 
The U.S. effort remained essentially static in dollars, well below its 
peak in 1960, during the period 1962 to 1972. Meanwhile the Soviet 
program grew to.a level such that by 1971 it accounted for some 38% of 
the total world effort, at a time when the U.S. effort had fallen to 
16% of the total. 

Beginning in 1972 the U.S. program began to grow again from 
$38 million per year to its present (1975) level in excess of S100 
million per year. To take another example, though it started from a 
smaller base, the Japanese program has been growing percentage - wise 
even more rapidly during this period. In 1973 it represented 10% of 
the world effort. Since 1958 International exchange of information in 
fusion research has been open and extensive, through an accelerating 
exchange of scientific personnel and frequent international meetings. 
Fusion research is indeed being taken seriously by the major industrial 
nations. 

Before beginning the discussion of technical details I would 
like to comment briefly on some general aspects of what we have now come 
to call "the energy problem". In a sense, mankind has always had an 
energy problem. It is more to the point that the energy concerns of the 
past have been of a very different nature from those faced today, and 
those that must be faced in the future. 
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Mankind's progress from his primitive state has time 
again been associated with energy and his use of it. His purpose: 
to free himself from the dangers and hardships of the physical world 
as he perceives it. This trek began with the discovery of fire -
before recorded history. There followed the refining and working 
of metals, the water wheel, the windmill and the sail boat; the devel
opment of the steam engine; the discovery and taming of electricity; 
the development of the internal combustion engine, and fittingly, fin
ally, the controlled release of energy from nuclear fission. But what 
marked each of these historic energy-related developments of the past 
was very different from what marks our present situation. These dis
coveries all involved the tapping or employment of energy sources whose 
abundance was at the time perceived to be essentially unlinited, and at 
least initially, whose use had a limited deleterious impact on the en
vironment. This being the case these developments, and the techniques 
they resulted in, florished and grew almost solely as dictated by econ
omic and convenience factors: 

The new situation is two-pronged: 
1) The traditional sources of energy - fossil fuels -

are now perceived to be quite finite, as measured 
against our ever-growing energy demands, nor can new 
bonanaza finds be expected to reverse this situation. 
The entire fossil-fuel age is drawing to a close, 
paced by natural gas and petroleum. 

2) The obtaining and utilizing of sources of energy, on 
the massive scale now practiced, is posing threats 
not only to the environment, but to our health and 



well being and to 'he pali'Jcdl stability of the 
community of nations. Energy and its byproducts 
are no longer a minor perturbation, ecologically, 
socially, or economically, on the world scene. 

Far from being simply a scare story, for a highly 
industrialized and traditionally affluent nation such as the U.S. 
these two new realities are becoming evident to everyone who has 
considered the situation seriously. To a perceived serious problem 
there should be a serious and committed response. In the context of 
rational planning and action what should our response be? To make 
my position clear I claim that while the attainment of fusion power 
should be the keystone of our response, that keystone cannot be put 
in place if the rest of the arch has fallen down beforehand. To put 
it another way a transition as profound as the one we must, go tlvough 
must be viable at its every stage. To assume that fusion power will 
solve our energy problems (which in time it could) and therefore that 
we can pay minimal heed to our present predicament would most likely 
mean both that fusion would elude us and that the U.S. and the other 
industrialized nations would soon arrive at the status of "depleted 
nations" - i.e. the far end of a gaussian curve, the beginning of 
which is the "underdeveloped nation". Fusion power can indeed in 
time provide us with all the energy we will ever nee'j, but onlv if 
we have had the foresight and the fortitude to carry out our entire 
energy strategy so that fusion becomes the reward for a job well done 
Thus I see energy conservation, coal gasification and solar heating, 



for example, as being as much a part of our plan for attaining a 
fusion-based economy as the fusion research work itself. It should 
^c clear by now that however optimistic fusion scientists may be -
and I am among the most optimistic of them - fusion can play no sub
stantial quantitative role in the U.S. energy scene for decades. 
Still the question is not; will fusion ever come about? But rather, 
will we have the patience to work toward it, meanwhile adopting ra
tional compromises, until it arrives? 



Fus jon Bdsics 

Nuclear fusion could be called "nuclear combustion", 
that is it is the release of energy that occurs when the nuclei 
of certain isotopes of the light elements collide and fuse together 
at ultra high temperatures with a release of energy. As we have 
said, these reactions were discovered in the laboratory more than 
40 years ago, and were then soon identified as the source of energy 
of the sun and other stable stars, which burn ordinary hydrogen as 
their main fuel. We cannot hope to reproduce stellar conditions on 
earti and therefore inust plan to use other light isotopes as our 
fusion fuels. The main isotopes that are considered ere the heavier 
isotopes of hydrogen, and ones of helium and lithium. 

The primary fuel for fusion is deuterium, sometimes called 
heavy hydrogen. Deuterium is a stable isotope of hydrogen that exists 
together with ordinary hydrogen. At the time of the creation of the 
solar system deuterium was formed and was retained on the earth in 
the waters of the ocean. There is 1 atom of deuterium per every 6000 
atoms of ordinary hydrogen in water. This energy heritage has lain 
in store in the oceans for countless millions of years, waiting for 
mankind to learn how to release it. To help to understand how enormous 
and virtually inexhaustible a fuel reserve deuterium represents 1 would 
like to express the quantities involved in practical units: 

From the known energy release from fusion reactions it can 
be determined that the total energy content of deuterium as fusion fuel 
is about 100,000 kilowatt hours of energy per gram of deuterium. This 



is 4 times the energy released per gram in the fission of uranium, 
and is about 10 million times that released per gram in the com
bustion of a fossil fuel. 

Today the total world energy consumption (all forms) is 
estimated to be about 60 trillion (6 x 10 ) kilowatt hours per year. 
This entire amount of energy could be supplied by the fusion of only 
about 20 grams per second of deuterium. To obtain this amount of 
deuterium, a deuterium isotope separation facility would require as 
its feedstock the amount of water that would flow at normal water 
pressures through a water main only 50 centimeters in diameter! The 
amount of petroleur that would be required to satisiy the same world 
energy need would be 120 million barrels a day - a rate sufficient, to 
deplete estimated present U.S. petroleum reserves in about 2 years. 

We can deduce that the amount of deuterium in the world's 
oceans would be enough to sustain the present total world energy con
sumption for 100 billion years - that is 10 times the estimated age 
of our universe. The development of means to generate useful energy 
from the fusion of deuterium will therefore permit satisfying man's 
energy needs, however great, for as long as civilization could be 
expected to exist on this planet. Furthermore, the fuel reserve on 
which fusion is based would be available to all nations. Fusion would 
indeed represent an ultimate solution to mankind's energy needs. 

But what would the cost of fusion fuels be? Per unit of 
enargy released the cost of separating deuterium from water, using 
existinq technoloqy, is substantially less than one percent of the pre
sent cost of fossil fuels. In fact the cost per unit of en; ••••• released 



of any or the .v.m"liary fuels, suci 3-; litM;r'\ :'Mt m?y aiso re 
used in the first types of fusion reactors to be perfected will 
be comparably low. The cost of generating fusion power will there
fore be essentially independent of fuel costs, instead residing vir
tually entirely in the capital charges and maintenance costs for the 
equipment. In tiiis respect manmade fusion power resembles natural 
fusion power, i.e. solar power, for which the issues are also those 
of capital and maintenance costs. Unlike solar energy, however, 
fusion power could employed anywhere on the globe, independent of 
climatologi'.al and geographical factors. 

The above factors represent some of the reasons why the 
achlevsnert of "jsicii power would represent an end point in man's 
recurring search for energy. But where does this all fit in with 
the role of the other source of nuclear energy, the presently exist
ing one, that derived from the fission of uranium or plutonium? When 
fission was -first discovered and through the early phases of its devel
opment it too was looked upon as a near-permanent solution to man's 
energy needs. And indeed, assuring the eventual use of the breeder 
reactor, and the economic extraction of uranium or thoriun at the 
parts-per-million level from granitic rocks in the earth's crust, 
fission reactors could provide energy for eons to come. But at what 
price, economically, environmentally and socially? 

Enough has already been said about the hazards of fission 
power and the concerns that its use raises in our minds that I will 
not here belabor the point. But regardless of the forseen advantages 
of fusion vis a' vis fission power, the hard facts today J-. .hat fission 



power exists - fusion does not; fusion is as yet a dream, however 
grand a one it i..jy Se. 

So ..:J: :nust we do to achieve power from controlled f'jc'r" 
reactions? Stated concisely, we must find ways to carry out, in 
practical and economic ways, the follcv'ng steos: First, heat a 
small quantity of fusion fuel abov? Its ignition temperature - hun
dreds of millions of degrees kinetic temperature; second confine this 
fuel in a heated condition long enoush fo" the release of fusion energy 
to exceed the energy that was required to heat it vo ignition; and 
third convert the energy thus released to useful form, namely elec
tricity and process heat. All fusion power research can be understood . 
in terms of trying tc Meet these three objectives. Staggering through 
the problems of solving fusion are, major proqress has been made toward 
their rotation. It is upon this progress that our belief that fusion 
will be achieved is based. 

The two key scientific problem^, to be solved to achieve 
fusion power, as exemplified by the first two steps above, are heat
ing, and confinement. Over the more than 20 years that fusion power 
research has been underlay two basically different approaches to solv
ing these problems have evolved and both are now being vigorously pur
sued, hopefully to a successful conclusion scientifically in a rela
tively few years. In the first of these, called magnetic confinement, 
as the name implies confinement is the primary problem and the problem 
of heating is of secondary importance. In the second approach, called 
pallet fusion, the critical problem is heating and confiiv- is not 
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the main' issue. 
The first approach, magnetic confinement, aims at solv

ing the critical threesome of fusion power by confining a very hot, 
low density gaseous fusion fuel charge in specially shaped magnetic 
fields. As no'..-! above the temperature of the gaseous fuel charge 
would lie between 100 million and 1 biilion degrees kinetic temper
ature; the fuel particle density would be very low - only about one 
hundred thousandth to one ten thousandth of the density of atmospheric 
air. At such high kinetic temperatures all atoms become totally ionized, 
i.e. broke down to into their elementary constituents: electrons and 
positive nuclei. (Such a totally ionized gas is called a plasma; the 
term kinetic temperature refers to the rapidity of motion of the part
icles of a gas. At a high kinetic temperature the gas particles move 
about at high speeds. The he*t content of a gas is given by the product 
of its kii.-tic temperature and its particle density. Thus a higher den
sity gas at room temperature might have as much heat content as a lower 
density one at very high kinetic temperature. 

In the magnetic confinement approach the fuel would burn rather 
slowly; the problem therefore is how to keep the super-hot fuel charge 
from being cooled prematurely by physical contact with the walls of the 
vacuum chamber in which it is confined. The magnetic field as employed 
in this approach acts as a non-material furnace li er interposed between 
the heated fuel plasma and the chamber walls. The key scientific and 
technical problem then becomes how to keep the heated fuel charge from 
escaping too rapidly through its confining magnetic field. As I said 
t°fore, in this approach heating the fuel charge to fusion temperatures 
is not the main problem; this can be accomplished by various electri-.l 
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nieans or by injecting intense beams of energetic particles into the 
confined fuel charge gas to add kinetic energy, i.e. to heat it. 

The second of the two approaches, pellet fusion, has been 
under study for fewer years. Here the basic idea is to compress and 
heat a tiny pellet of fusion fuel within a very short time - typically 
much less than a billionth of a second. In this approach the fusion 
energy would be released quickly, before the pellet could fly apart. 
The confinement principle here used is called inertial confinement; 
ii would be an automatic consequence of achieving sufficiently rapid 
heating. Thus heating is the critical issue for pellet fusion. Most 
approaches to pellet fusion are based on the use of convergent focused 
light beams coming from an array of high powered lasers. To give an 
idea of how precisely focused these beams must be and how tiny are 
the pellets that are being used for these experiments it can be men
tioned that about 500 such pellets would be required to equal the volume 
of a single grain of rice. 

To recapitulate, fusion research seeks to find ways to achieve 
the nuclear combustion of fusion fuels through heating these fuels to 
very high kinetic temperatures and then confining them without contact 
with ordinary matter. This confinement must be for a long enough time 
for the nuclear combustiO' process to release energy in excess of that 
required to heat the fuel to its combustion temperature. Success in 
fusion thus has a quantitative definition; all achievements short of 
this goal, however encouraging, do not of themselves constitute a defin
itive proof of the scientific feasibility of fusion. 
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It is very important to understand the unusual nature of 
the research approach through which the goal of fusion has been 
sought. While the goal is both applied and highly specific - the 
practical generation of electrical power from fusion reactions - the 
scientific phase represents an exploration in depth in a new field 
of physics - the study of high temperature plasmas and their inter
action with electromagnetic fields. In this investigation, as with 
any frontier field in the physical sciences, the interplay between 
experiment and theory is intense. Indes-J it is crucial to the eventual 
success of the endeavor. Also, the special nature of the fusion prob
lem - the need to create extreme physical conditions (ultra high temp
eratures, super densities, etc.) means that such conditions are access
ible on earth only through the use of highly specialized technology. 
The development of this technology (high magnetic fields, intense focused 
particle beams, high power lasers, etc.) thus also represents a crucial 
part of the pursuit of the fusion goal. Indeed this technology has by 
now reached a point where it itself constitutes a considerable headstart 
toward the solution of the difficult engineering problems and toward the 
eventual demonstration of economic feasibility that will become the next 
goals to be attained following the first proofs of scientific feasibility. 
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Fusion Basics, The Fusion Reactions 

As we have said earlier achieving success in fusion power 
research, even in the scientific sense alone, is ultimately a quan
titative issue. The possibility of achieving net power from fusion 

becomes a demonstrable realitv only when a situation has been created 
where the recovered energy from fusion reactions exceeds the energy 
input, of all forms, required to initiate and sustain the fusion re
action. The implication of this requirement are severe in terms of-
the physical conditions they demand, that is in terms of the combus
tion temperature, and the combination of •fuel particle density and 
minimum confinement time that they require. They are also obviously 
dependent on the particular fusion fuels that are contemplated to be 
used. 

•We list below the four nuclear reactions, combinations of 
which are most often considered in the contemplation of fusion reactors. 
These reactions are listed in the typical balanced form used for an 
exothermic chemical reaction. The energy releases are given in two 
different units - (1) in HeV - that is millions of electron volts 
equivalent, the kinetic energy equivalent of the energy that would be 
carried by a singly charged particle that had been electrically accelerated 
by that value of electric potential, and (2) kilowatt hours of energy 
released (1 kwhr = 3.6 x 10 watt-seconds of energy or'about 3500 BTU) 
per gram of the fuel ions heated. The primary reactions, those that are 
thought to be the eventual primary fuel for fusion reactors are the re
actions between two collidina deuterons (here desianated bv n\. 
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T'nis reaction proceeds, with roughly equal probability, to yield 
either tritium (here denoted by T) or a light isotooe of helium, 
He,, with either a proton (here denoted by p) or i. neutron (n) as 

the accompanying reaction product (both the number of nuclei and 
the momentum must be conserved in any nuclear reaction; this re
quires that there be at least two reaction products, plus a balance 
in the total number of nuclei, before and after). Thus we have the 
reactions 

1) D + D->T + p + 3.25 MeV (22,000 kwhr/gm), or 

2) D + D ->• 3 H e 2 + n + 4 MeV (27,000 kwhr/gm) 
3 

The reaction products T and He, are themselves fertile and 

can react with deuterons in the highly exothermic reactions 

3) D + T -i- 4 H e 2 + n + 17.6 MeV (94,000 kwhr/gm), or 

4) D •* 3 H e 2 + 4 H e 2 + p = 18.3 MeV (98,000 kwhr/gm) 
From this it follows that at some future time a fusion fuel 

cycle might be developed that would use deuterium as its primary fuel, 
with the recovery, reinjection, and combustion of its reaction products 
(T and He 2). It Is this possibility from which the total energy release 
from the complete combustion of deuterium, 100,000 kilowatt hours per 
gram, was cited. 

Reaction (4), the D- He, reaction, is itself one of the most 
interesting of the fusion reactions. It both has a high reaction prob
ability and a large energy release, all of which energy is imparted to 
charged reaction products. This reactior thus lends itself naturally 
to a fuel cycle employing direct conversion of the plasma energy, a 
topic to be discussed in a later section. 



While the D-O-T- He, cyc'le would represent a most desirable 

long-term goal for a fusion-reactor-based economy, the reaction ore-

sently being contemplated fo r f i r s t -genera t ion fusion reactors i s (3) 

the U-T react ion. This reaction has the highest reaction cross-section 
-24 2 (about 5 x 10 cm at 100 keV deuteron impact energy) and the second 

highest energy release. Thus the D-T reaction i s the easiest to i n i t 

ia te of a l l the fusion reactions. However, since t r i t i u m occurs only 

in trace quant i t ies in nature, to use the D-T reaction in a fusion re 

actor i t would be necessary to provide a source of t r i t i u m . The most 

often-considered method by which th i s could be accomplished would be 

to surround the reactor chamber wi th a "blanket" containing l i t h ium 

or l i th ium-bearing al loys or compounds. This blanket would have a two

fo ld funct ion: (1) energy recovery, i n the form of heat at high temp

erature, resu l t ing from the capture of the 14.1 MeV neutrons from the 

D-T reaction (the neutron react ion product carr ies o f f 80% of the k ine t i c 

energy released i n the D-T reac t ion) . (2) Nuclear reactions of the neu

tron in natural l i t h i um [7% L i , and 93% L i , ) leading to the generation 

of t r i t i u m . 
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IV. Quantitative Requirements for Fusion Power: The Lawson Criterion 
and the problems of plasma pressure and fusion power density 

As we have earlier stated, to produce net fusion power 
a fusion fuel charge must be heated to the combustion temperatures 
for fusion and then maintained confined in this heated condition 
for a long enough period of time for the recovered fusion energy 
output to exceed, on the average, the energy inputs to the system. 
There is a succinct, if greatlj oversimplified, way to state this 
requirement called the Lawson criterion. This condition simply 
amounts to the balancing of the net fusion energy recovered, during 
the interval of the confinement (burning) time, against the kinetic 
energy content of the same volume of high temperature plasma. The 
result is to establish a required minimum value (actually a ranae 
of values) on the product of the fuel particle density, n, and part
icle confinement time, T, required to reach a breakeven condition 
between fusion energy released and energy invested (in the form of 
particle kinetic energy). That the Lawson criterion can be stated 
in the form of such a product, nx, follows from the fact that when 
the fuel density is high the rate of fusion burning is correspondingly 
more rapid, leading to a shortened required confinement time before 
the breakeven energy release is reached, and vice versa. Depending 
on various assumptions as to plasma temperature and the' efficiences 

with which the various energies involved are handled, for the D-T re-
13 action the value of the breakeven nx product ranges between about 10 

15 14 
and 10 units, with 10 usually being ta!;en as a rough rule-of-thumb 
value. The units here are seconds/cubic centimeters, that is particle 



densities, n, -ensured in partic'es per cubic centimeters and time. 
T, in seconds. Thus for example at a particle density of 3 x 10 

3 ions/cm the breakeven confinement time would be about 1/3 second. 
This density, which would be a typical value for a fusion reactor 
based on magnetic confinement, is a particle density which is only 
1/100,000 of the particle density of air molecules at atmospheric 
pressure, i.e. practically a vacuum. 

Note that the Lawson Criterion, though approximate, is a 
"universal" one, in that it applies to any fusion situation - be it 
a magnetic confinement approach or pellet fusion. Thus while confine
ment times of seconds or appreciable fractions of a second are needed 
for magnetic confinement systems, owing to the very low fuel densities 
that would be employed, in pellet fusion, where particle densities are 
those of matter compressed to thousands of times the density of ordinary 

26 3 
sond matter (10 particles/cm or possibly higher), the Lawson break
even confinement times could be of order 10 seconds (one-hundredth 
of one billionth of a second), corresponding to a required Lawson nt 
product of about 10 . 

What in fact will determine the particle density at which 
fusion reactors must operate? Basically it comes down to limitations 
arising from technological or engineering considerations. 

In systems based on magnetic confinement these limitations 
appear from two quarters: 1) Limitations on the particle pressure 
and 2) Limitations on the fusion power density. 

Let us consider the first limitation: The outward pressure 
exerted by the confined plasma must be United to values that can be 



S'jstai"ed ?y ~>a. confininj i">j'--?-.ic field, i.e. the magnetic bor*'e 
must not burst. The pressure limit is thus ultimately set by the 
intensity of the confining field that can be generated. Except for 
highly transient cases, where inert'ial effects can be important, the 
attainable strength of the confining field will be limited by the 
strength of the materials from which the coil and its supporting 
structure are made. To give some idea of the magnitude of the pres
sures involved it can be noted that, as deduced from the laws for 
the pressure of a gas, a confined fusion reactor plasma at a density 
of 3 x 10 particles/cm (10 of atmospheric density) and, for ex
ample, at a kinetic temperature of 300,000,000° Kelvin (10 times as 
hot as "room temperature" - 300 degrees Kelvin) will exert an outward 
pressure of approximately (10 x 10 ) = 10 times normal atmospheric 
pressures or about 150 pounds/In in engineering units. Depending on 
geometric and other factors that enter this may imply required magnetic 
field forces that are substantially larger than this value - perhaps 
many thousands of pounds per square inch, depending on the particular 
system. From many standpoints there are strong technical and economic 
reasons for attempting to reach the highest practical magnetic field 
values in fusion reactors based on magnetic confinement, and recent 
technological developments In this area, discussed in a later section, 
are extremely important to the future of fusion power. 

What limitations are there on the plasma density In magnetic 
confinement systems other than those set by the magnetic field? The 
other limitation ts that af fusion power density. Particularly In a 
steadyestate, or near ste.sdy-stat.-i, powe - generating apparatus there 

http://ste.sdy-stat.-i


are l im i ta t i ons , those set by hi»at transfer rates and other s imi lar 

!•'.•—^in.orations, that determine the pract ical maximum values of power 

release per uni t volume of reacting fuel that can be accommodated by 

the reactor structure and i t s heat transfer system. A good round 

number fo r th is l i m i t , as i t appears i n , for exaj^ple, f i ss ion reactors, 

is :00 megawatts per cubic meter of energy-releasing volume. Power 

densit ies appreciably above th is level would be very d i f f i c u l t to 

sustain in sceady-state by known heat t ransfer techniques. But power 

densit ies of th is level would be already reached at qui te low pa r t i c l e 

densit ies in a fusion plasma. For example, i n the D-T react ion , carr ied 

out at 300 m i l l i on degrees k ine t ic temperature, the calculated power 

density for a 50-50 mixture of deuterium and t r i t i u m is given by the 

expression. 

P D T = (5 x 1 0 " Z 8 ) n 2 megawatts/m3. 

3 
I t can be seen from th is expression that a level o f 100 me9awatts/ir. 

i s already attained at a pa r t i c l e density of 4.5 x 10 ions/cm . Vary-
2 

ing as n , the power levels at higher densities soon reach astronomical 

values, far above those sustainable in steady-state. This is the realm 

of the pulsed reactor - the end point of which is the pellet fusion 

approach. 



The Scientific Issues 

The critical scientific issuer that now remain for fusion 
arise directly from the need to satisfy its quantitative requirements. 
Years ago the theoretical concept of the magnetic confinement of 
plasma was proved out in the laboratory; already the basic theory 
and the concepts involved in the pellet fusion approach have been 
validated experimentally. These have been highly important milestones 
in the history of fusion. But in many ways the next phase of the 
world-wide fusion research effort is its most crucial one. Why is 
this so? To understand why we must briefly review the present status 
of fusion research, scientifically speaking. 

Over the years during which fusion research has been con
ducted it has become apparent that the single roost important scien
tific issue, one that yet bars the way between where we are now and 
where we must go in fusion research, is the issue of stability. Spec
ifically, for any magnetic confinement system to satisfy the Lawson 
criterion requires that the confinement of the fusion plasma should 
not be vitiated by the presence of turbulence in the plasma itself. 
Different approaches have differing degrees of tolerance to the exist
ence of mildly unstable behavior, but none could survive the high levels 
of turbulent behavior observed in almost all of the earlier experiments. 
Although over the years several techniques for amelioratinq instabilitv 
effects have been developed, as of today no experiment yet constructed 
has had the technical capability to test these techni. as at the plasma 
temperatures and densities that will be required in a fusion reactor. 



Unt i l th is task i s accorolished w? cannot be sure whether any of the 

speci f ic approaches now being pursued w i l l lead to a reactor, even 

assuming that i t would represent a viable approach from an engineer

ing standpoint. To quanti fy the present experimental status in the 

mainline magnetic confinement approaches in Table ( I ) we have l i s t e d 

examples of the resul ts obtained with each, as compared to typ ica l 

values believed needed fo r a fusion reactor based or. the par t i cu la r 

approach. 
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Table (1) also has appended to it a brief description of 
the type of device (tokamak, theta-pinch, mirror machine, etc.) t'ut 
is referred to. Examining the Table it can be seen that despite the 
impressive progress that has been made in recent years (compare t!:e 
early data included in the Table), there is for each of the approaches 
a long way yet to go in the critical parameters. We shall later dis
cuss the upcoming experiments that aim at trying to further close the 
gap. 

In the pellet fusion approach, perhaps surprisingly, the 
critical issue is also stability related. In order for pellet fusion 
to succeed theheating process (laser heating for example) must very 
rapidly and syrametr/ca'.ly heat the outer layers of the pellet so that | 
a powerful inward-act:..= rocketing effect results from the ablation j 

I 
of the surface, Vading to a compression of the inner parts of the I 
pellet. The required compression factors are very large, of order J 
10,000 to 1 in density, relative to the initial solid density. Any 
instability-related process that can either interfere with the symmetry J 
of the compression or can lead to a premature heating of the interior 
of the pellet will inhibit the compression and prevent the achievement 
of conditions thit can satisfy the required high values of the Lawson 
number (or order 10 ). In Table (II) some published values of temp
erature and compression factors achieved in laser fusion experiments 
are listed and compared to those estimated to be required for a pellet 
fusion reactor. Here also the gap is as yet large between actual achieve
ment and eventual requirement. 



The "• .- in quantitative performance that exist between 
what has been achieved to date in fusion research and what must yet 
be accumplished are evident to all of us. What has the response to 
this situation been, in the world-wide fusion program? More import
antly, has this response been a reasoned one, in the light of the 
tacitly accepted criterion that this research effort should be single-
minded in its attempt to demonstrate the- feasibility of fusion at the 
earliest possible date? 

The answer that one gives to this latter question cannot 
help but be subjective, since it involves a personal assessment as 
to where fusion research now stands in its transition period, and as 
to the viability of the present approaches as progenitors to fusion re
actors. Before attempting an answer, however, I would like to make a 
comment, based on my own observations during the more than 23 years 
that I have been working as a scientist in fusion research: Through
out the history of this research the enormous implications of "solving 
fusion" have been very much in the minds of all of the serious workers 
in the field. It is in fact this perception that has kept up the 
momentum of the research effort, through its setbacks and bad times 
in the past two decades. But the inevitable consequences of striving 
hard for s. highly desirable goal is to lose, to some degree, one's 
objectivity and detachment from the problem. One result of this has 
been that both nationally and internationally fusion research has manv 
times suffered from the "band wagon" effect. When faced with difficulty 
and discouragement in trying to solve fusion (which hdS more often than 
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not been the case in the past) a glimmer of hope shown in one approach 
has tended to cause an over-reaction. The world fusion effort then 
suddenly begins to sprout many new experiments similar to the one 
that has shown the advance. Within limits this is of course a proper 
and healthy response. What is wrong about it is that such a course, 
taken too far, inevitably distorts the balance of the program, through 
the tacit assumption that now "the way" to solve fusion has been found. 
In time it is found that the scientific advance which started the band 
wagon rolling was really one of limited significance, that there were 
unsuspected new problems with the approach, and perhaps that another 
approach really might look better. This syndrome has repeated itself 
several times in the past twenty years: Early on the initial successes 
(in achieving high density, high temperature plasma) in the theta-pinch 
approach led to a proliferation of theta-pinehes. Then their limited con
finement times (microseconds) and the brilliant successes in mirror 
machines in achieving grossly stable plasma behavior through specially-
shaped magnetic fields, called magnetic wells, led to a decrease in 
interest in theta pinches and to a temporary flowering of the mirror 
approach, until some of its remaining problems were better appreciated. 
Host recently, the success of the tokamak principle in greatly extending 
the confinement time in closed (toroidal) systems has led to a shift of 
landslide proportions to this approach in the last several years. But 

already the fact that there are serious unresolved scientific issues in 
the tokamak approach is causing some sf-jnd thoughts. If history is a 
guide, we can expect that the enthusiasm for the tokamak approach as 
presently conceived will crest out and there will follow a period of 
retrenchment, during t.hich the advantages and shortcomings or -..nis approach 
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M 
will be more oiijoctively assessed tiian was the cass a few y^ars e.oo. \? 

Perhaps the snthusiasm-disillusionment cycle is an inevitable :." 
part of the scientific phase of a program which is of as great long- ';: 
term significances as fusion power. Certainly each such cycle has ? 
left the fusion program closer to the achievement of its ultimate goal. ,' 
But to me there is a message that is loud and clear: Until the final \ 

goals - net power and economic viability - are demonstrated it is essen- -i 
tial that the fusion research and development effort should remain 
broadly based. Certainly it is appropriate from time to time to set 
priorities and determine emphases - but this process must not result 
in an emasculation of those other parts of the program that are based 
on approaches that, being possessed of their own particular (and dif
ferent) advantages, may in the long run prove to be technically or econ
omically viable in just those areas-where the mainline approach turns 
out not to be. 

At this point in time, when we still do not have all the 
scientific answers,! intend my remarks to apply not only to the three 
mainline approaches in the U.S. (tokamak, mirror and theta-pinch) but 
also to "dark horse" approaches, those off-the-mainline-approaches, that ;; 
may conceivably offer a better way to fusion than any of the traditional ones. 
This comment does not constitute a blanket endorsement of every crackpot scheme \ 
that is put forth, but I believe we know enough about basic plasma Ji 
physics today to be objectively selective in supporting the off-beat ,; 
approaches. % 

It may help to put the .smarks in this section into perspec- y 
tive to point out that in the U.S., and in several cases ai .'c;.d also, % 

ill '{J 
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critical tests of the mainline approaches, based on new experimental 
apparatus with scaled-up capabilities,are just now underway or about 
to be gotten underway. In the front-runner approach, the tokamak, 
two devices involving a major scale-up in size are imminently to cnme 
into operation. There are the PLT device at Princeton University and 
the T-10 at the Kurchatov Institute in Moscow. Since in a tokomak the 
confinement time and plasma temnerature are predicted by theory to in
crease strongly with increased physical size, these devices will provide 
the first opportunity for a significant test of this theory, all previous 
tokamaks having been of much smaller size. Design work has also been 
begun en even larger tokamaks, for example the JET (for Joint European 
Torus) in Europe, and the TFTR ( Tokomak Fusion Test Reactor) at Prince
ton, due for completion about 1980. One would expect, however, that these 
programs would be strongly influenced, positively or negatively, by re
sults obtained in PLT and T-10. At a projected cost of over 200 million 
dollars, TI-TR would represent a device costing more than ten times as 
much as PLT. As its names implies it would also be one in which a signi
ficant level of fusion reactions could be carried out. 

In the U.S. theta-pinch and mirror machine programs new install
ations with greater capabilities are also being brought on, or recently 
have been put into operation. The Los Alamos Scyllac toroidal theta-pinch 
and the Lawrence Livermore Laboratory's 2XIIB and Baseball IIT mirror ex
periments are the examples. In Scvllac the critical issue now beinq tackled 
is how to suppress the tendency for the hot compressed plasma column to 
become grossly unstable {flying to the chamber wall) for periods of time 
long compared to the ten or so microseconds now observed. In the 2X1 IB 



and Baseball I IT experiments the critical present issue is how to 
maintain the state of plasma quiesence, prev-cjsiy observed at r̂ --:r'ate 
plasma temperatures (10 million degrees) as the plasma temperature is j 
raised to the 100 million degree level, en route to the yet higher 
temperatures predicted to be needed for a mirror reactor. 

While in each of the approaches optimism exists as to the 
outcome of the tests, and ideas and improvements are already in mind, 
the past hist, j of fusion research would tell us that early experimental 
results rarely conform with our optimistic hopes; each two steos uo tends 
to be accompanied by sliding back a step, i.e. by the necessity to find 
ways around unexpected difficulties, while retaining as much as possible 
from the gains actually achieved. 

Being a newer field, the scientific story in pellet fusion 
is at a much earlier iihase. Thus far the results have been encouraging 
in thst no serious flaw in reasoning has been shewn up by the experiments. 
But, as in magnetic confinement, the crucial tests, those that will pre
sumably rhow whether there are serious problems or not, await the comple
tion of scaled-up apparatus, still some years in the future. 

In all aspects of fusion research it seems clear that the 
satisfactory resolution of the quantitative aspects of fusion science i* j 
still the paramount issue. In the next section I will discuss the role 
of technology and engineering in the fusion quest, and their close re- | 
lationship to the scientific issues. 5 

"i 

i 
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VI. Technological ar.d Engineering Issues 

rrom its early beginnings technology has p1?yed a key role 
in fusion research. Apart frc-m a limited number of fundamental studies 
that could be performed with simple cpparatus, the march of fusion ex
perimentation toward the achievement of reactor-like conditions has 
been paced as much by technology as by any other issue. High temper
ature plasma cannot be purchased at the corner drugstore; it must tier-
force be made in situ, by the use of highly specialized technology. 

Over the years Since fusion research began this specialized 
technology has been developed to a remarkable level of performance. 
The key items, used to varying degrees in the different approaches, 
have been: 

In magnetic confinement: 
• High intensity magnetic fields, both pulsed and steady-stats;. 
• Ultra-clean vacuum techniques, applied to large volume systems 
and requiring very high pumping speeds 

• High Intensity, precisely focused particle beams, particularly 
beams of energetic neutral atoms (for plasma heating) 

- High power microwave and radio frequency technology, used 
in plasma heating 

. A wide variety of non-interfering "plasma diagnostic" techni
ques, used to deduce the properties and behavior of confined 
plasma. 

In pellet fusion: 
• Super-powered short pulse laser systems 
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bean pellet fusion experiments) 
• Specialized techniques for forcing pellets with a structure 
and geometrical uniformity suitable for the experiments 

• Heasurc-nent techniques capable of operating on the frac
tional nanosecond time scales characteristic of pellet 
fusion experimentation. 

These technological developments, some well in hand, others 
yet evolving, have a three-fold significance for fusion: In addition 
to being essential to thi> further progress of the scientific phase of 
fusion research, many if not most of these same technologies an ex
pected to be needed In the fusion reactors that will be the hoped-for 
result of the present scientific phase. But, and this point Is perhaps 
not as fully appreciated as the others, major technological advances 
can themselves stimulate new approaches to fusion (or new twists on 
old ones). The classic example is laser pellet fusion. Here the develop
ment of the high powered laser opened in an avenue that did not orevlnuOv 
exist. Similarly in magnetic confinement research, develooments in ultra
high magnetic fields and ultra-high-poder particle beams can open up new 
avenues that may be superior to all previous approaches. 

Obviously closely related to the technological Issues for fusion 
are those activities that will someday be properly titled "fusion reactor 
engineering". Today these activities are of necessarily limited scope ; 

(let's face it - we really don't know how to build fusion reactcrs yet!), 
but they have a definite value. 
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Tbree particular area' of what an> toil1/ often ca 1 l?1 

"fusion reactor technology studies" can b*> discerned: The f i r s t 

of these is the attempt to make conceptual studies of fusion reactors 

based on a particular approach (tokamak, theta-pinch. mirror, etc. ) 

to get a idea of size, cost, and special engineering problems. The 

second has to do with studies of special materials problems that can 

be expected in some types of fusion reactors. Foremost among these 

materials problems is that of radiation damage (by the 14 HeV neutrons 

resulting from the DT reaction) to the inner chamber wall of a fusion 

reactors. The third area is the study, as proofs-of-principle, of 

techniques such as the direct conversion of plasma particle energy to 

e lectr ic i ty that could play an essential role in some types of fusion 

reactors, such as mirror machines, or reactors based on the use of the 
3 

D- He~ reaction, 1f this becomes possible. 

Without attempting to be specific as to the results of any 

of these studies a general result has emerged so far; As they have 

thus far been visualized fusion reactors based on magnetic confinement 

tr i l l generally tend to be large, complex, and of high output power 

( in excess of 1000 KKe for the tokaroak, for example). There wi l l be 

some very d i f f i cu l t problems of re l i ab i l i t y and maintenance that must 

Is faced in the reactor chamber i t s e l f , even though other parts of the 

reactor may be less prone to such problems. Control and safety should 

not be serious issues, nor should si t ing. 

As for pellet fusion, such studies are at a much earl ier stage 

What can be forseen is that laser fusion reactor units might be much 

smaller in power output. But the serious issues, already - - T e n t , 
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relate to efficiency, cost, and lifetime of the laser system, and 
the overall economics of a system so essentially dependent on nign 
power pulsed technology. 

As presently visualized, even given great success with the 
scientific phase of the present research, the confers ion of any of 
the presently visualized approaches to o viable power generating 
system will be a major task. Even optimists concede that this cannot 
take place before the 1990's. Where therefore lies the shortest path 
to fusion? Are there ways that could shorten the time to the practical 
realization of fusion power? 
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Fusion Power - Organizing a drsam 
In this article I have attemoted to outline both tfcs in

credible promise of fusion and the nrind-bending problems that must 
be solved to achieve it. I have tried first to show that although 
promising conceptual approaches to solving these problems have been 
advanced, and have been under study for many years, there still remain 
serious scientific issues to be resolved for each approach. With gcod 
luck these will be resolved within this decade, or not long thereafter. 
Yet there is likely to remain a concerr. that, as they are now visualized, 
none of the approaches will lead directly to an economically viable 
source of energy. Hake no mistake, however, there is no doubt in my 
mind as to the fact that fusion will someday be our prime energy source. 
The question I am here addressing is rather; what is the most direct 
and rational course to that desirable objective? 

I claim that the key lies in maintaining balance and an open 
mind: Balance during the scientific phase, because we still do not 
know enough to choose between alternatives. An open mind because as we 
learn more about the science and. the technology of fusion we inevitably 
open the door wider for the Innovator to enter with a new twist, one 
that may bypass the problems of the present approach. Who knows, per
haps fusion power will first come from none of the directions I have 
outlined. It could for example be generated by what would be essentially 
manmade geother.nal techniques - the periodic detonation of hydrogen bombs 
in huge cavities excavated In deep bedrock. This idea has been suggested 
1n the past and 1s attracting renewed interest.. 
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Perhaps my salient point is that fusion power is too Import
ant and too badly needed to an dealt with in a second-class wa.\ Ex
panding budgets for fusion are fine - expanding minds are needed 
just as badly. No worthwhile objective is achieved without an effort 
that is commensurate with its worth. Fusion power is eminently 
worthwhile and has been extremely difficult to achieve. Does 1t not 
therefore demand not only our financial but out intellectual support, 
not only our dollars today, but our patience tomorrow in seeing the 
task through to completion. The task: achieving an energy source 
for all time that is compatible with the best stewardship of our planet. 
Earth. 
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TABLE I 

Device Plasma 
Approach Name Diameter 

d (cm.) 

TOKONAK T-4(1970) 30 

ST(1974) 25 

TFR(1974) 40 

foroidni 1 Scyllac 2 2 x l 0 1 6 0.8 .01 2x l0 1 2 10 1 0 1 5 

Thsta-Pinch 

PR6(1971) 10 2x l0 1 2 0.5 .15 3x10° 150 1 0 1 3 

2X11(1974) 20 4x10" 2.0 0.5 2x l0 1 0 

Baseball 11(1972) 20 2xl0 9 2.0 1000 2xl0 9 

J t i H e - . f i r 1 Model C(i966) 10 1 0 1 3 .06 0.2 2xl0 9 

' l irror Marhine Toy Top(1951) 5 1 0 1 3 3 .05 5xl0 8 

(Sii'iplo " ; r r o r s ) 
_ _ _ _ _ _ _ _ 

Note 1- J 
!otc 2- ( OK FOLLOWINfi PAGE 

iote 3- I 

Particle 
Density 
n (cni 3) 

Ion 
Temper
ature 
T^kev) 

Confinement 
T(millise»ands) 

III T^kev) 

ifiJ 
3x10'3 

4x101 3 

0.4 

0.6 

10 

10 

3x10" 

4x10 " 

15 101"-10'5 
sec/cm3 

4x101 3 0.8 15 6x10'> 

Mirror 
'a -h in" 
jn.igneL: : 
; e l l ty.- •} 
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all e/a••!?••»? of magnetrc confinement systems of the so-called "closed" 
configuration type. That is, in each, the confinement chamber is doughnut-
shaped (a torus), around which coils are wound to create the main confining 
field. The three devices differ among each other in details of the shaoe 
of the confining fields and in the methods of heating used. A distinguishing 
feature of the tokomak is that its confinement depends In an essential way 
on the presence of a large circulating current, Induced in the plasma by 
transformer action. This current both hea'.s and confines the plasma. In 
the stellerator, the field 1s shaped by currents flowing in soecially-shaped 
external conductors; no Induced current flows in the plasma. In the theta-
plnch heating is provided by rapidly pulsing on the confining field, which 
shock heats and then compresses the plasma column, which after compression 
1s very small in diameter. 

Note 2- Mirror machines are so-called "open-ended" devices where the 
confinement chamber is tubular, rather than doughnut-shaped. The chamber 
is surrounded with specially shaped field coils which produce a field that 
Is strongest at each end of the tube. These intensified field regions arc 
the magnetic mirrors, which act to turn around particles as they approach 
the ends of the tube, thus preventing th'jm from escaping along the field 
lines that leave the ends. In a simple mirror system, the coils are circular 
in cross-section. This early system suffers from plasma instability. In a 
"magnetic well" mirror field the coils are non-circulcr, and are shaped 
so that thfc field intensity has a minimum point (relative to motion iii any 
direction) midway between the mirrors. Plasma confined in a magnetic well, 
like water sitting at the bottom of a cup, is therefore protected from 
any gross fluid-like instability effects. 
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from tne ""Wir: ai i /v i The" w i l l slso depfl'id *n s.r? esses on the "0 J • • 

of .•• . ' i'-ic- i't'uctor contemplated: In an " i g n i t i o n " mode tne '.lasii.u 

temperature is sustained en t i r e l y by heet deposited in the plasma by the 

charged react icn oroducts, for that re?.son requir ing a large nt value. In 

a "two-component" mode, a lower plasma temperature and lower m values 

are required, as the reactions occur mainly between a dense "lukewarm" nlane 

and high energy par t ic les (the second comoonent) that are in jected into the 

plasma. 
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T a b i c I I 

LASER PELLET EXPERIMENTS (DT PELLETS) 
Reactor 

Requirements 
Experiment T. Neutrons Compression NT Compression T. NT 

KMS1 -v.1 keV 7 x 1 0 6 

L L I . 2 ^ 2 keV 1.1 X I f 1 ' 

•JSSR3 ? 1 0 7 

>100 ^ T O 1 

MOO MO 1 

-u30 ? 

\ i.lO,000 1-30 keV 1 0 I 5 - l O l 

Note 1 : KMS Fusion, I nc . , Paper F l , IAFA, Conference on Plasma Physics and Controlled 
Nuclear Fusion Research, Tokyo, November, 1974. 

Note 2: Lawrence Livermore Laboratory, data presented at I.E.E.E. Plasma Sciences 
Meeting, Ann Arbor, Michigan, May 13-16, 1975. 

Note 3: Private communication 


