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FIJSION FORUM 1981 

T. Kenneth Fowler 

Lawrence Livermore National Laboratory, University of California 
Livermore, California 94550 

As the first speaker, my task is to recall what fusion is all about, what 

we are trying to arrfimnl ish, where we stand, and where we are goinq. So, with 

the indulgence *f the experts in the audience, I shall start at the beginning. 

Fusion is not a new subject. We will soon celebrate the 50th anniversary 

of the discovery of tnr- fusion orocess, which was observed in the laboratory 

before fission. Fusion was first put to use militarily 30 years ago, and 

efforts to harness it for plectric power began soon thereafter. What has 

motivated such a lonq search, as first one generation and now a second 

generation if phvsici c ';ave struq;. I'd to make fussion power a reality? 

Til- answer 1 ii-s i>- :'i<= nature- e f the fusion process. Several fusion 

reactions JIV s.'inwr: in i":j. I, .ncliding the deuterium-Lritium-reaction we 

have concentrated on must. .ng nuclear processes, each of these reactions 

produces 1 arg.;• amounts of energy from a small qua ity of fuel. What remains 

is harmless; ultimately these processes uurn isotopes of hydrogen into helium, 

a totally benign byproduct. And the fuel is plentiful. The most abundant fuel 

is deuterium. It has often been noted that the deuterium in a gallon of water 

is equivalent to 300 gallons of gasoline. To empahsize this, sometimes we show 

pictures of boundless oceans, out any water will do. A tiny spring could 

supply enerqy for ar entire town; wherever there is enough to drink, there is 

more than enough 'o but >. Fusion is not the only long lasting energy source. 

BBTRIBfflOK (If THIS DQCUIKHT IS I 

A 
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There is also solar energy, and fission breeders. But there is nothing on 
Earth that will outlast the sun except the fusion process that the sun itself 
depends on, and that still remains a strong motivation. 

So, we pursue fusion because the fuel supply is virtually infinite; the 
reaction byproducts are harmless; and, being a nuclear process, vast quantities 
of energy can be generated. Tnese characteristics are translated into a list 
of advantages in Fig. 2. It is important to realize that these are only 
potential advantages; reality may be different. For example, while the helium 
"asn" from fusion is benign, fusion reactions do produce neutrons that can 
mak° the machine radioactive. How much and what kind of nuclear waste must be 
disposed of when a fusion plant is finally shut down will depend on the choice 
of materials used in its construction. Depending on many such engineering 
decisions that lie ahead, fusion can come out better, or it can come out worse. 
What it cannot do is to come about very quickly, and therefore even in our 
urgency to get on with it we should spend the time and effort to insure that 
fusion fulfills its nigh potential. 

As fission experience has taught us, public acceptance is essential. Why 
has fission met puolic resistance? There are four main factors: Ten years ago 
there was concern about effluents during operation - pollution; not a very real 
concern but one that led to serious public debates. Now the main concerns are 
operational safety - the big accident; nuclear waste; and the military 
connection. I suspect that the public perception of nuclear energy is strongly 
tied to the fact that is was first used for war, and I think this is something 
we will be living down for a long, long time. Moreover, in the forseeable 
future nuciear weapons will continue to be an important military instrument 
for peace. This is something we cannot give up anymore than we can give up 
nuclear energy. It's an intimate connection that is hard for us to avoid 
thinking about. 
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Now, in all these respects—pollution, safety, waste and weapons 

proliferation—fusion power plants would have very substantial advantages over 
fission plants. This is fortunate because it is also essential that fusion be 
better. As the second generation nuclear energy source, fusion power plants 
must be designed with even greater attention to these four issues that will 
be, like it or not, uppermost in the public perception of whether or not 
fusion will be acceptable. 

Another important factor in public acceptance is realism in educating the 
public about fusion, we won't necessarily have, as people have sometimes 
dreamed and hoped, cheap fusion energy. Today we understand much more about 
energy costs. Neither fusion nor anything else is likely to oring about a 
return to the days of cheap energy. However, fusion can help stabilize the 
energy market. Since the fuel itself is widely abundant and very inexpensive, 
the cost of fusion power will be determined mainly by the capital cost of 
plants that should last 30 years or more with an assured /uel supply. Thus, 
if not cheap, fusion power cost will at least be predictable, and in these 
rlay'i of ri?inq f,jp| prices that is every bit as important. 

When can we have fusion? What will it cost? And will it be wanted? I 
think by now we can give some assurance on the first two questions. We cannot 
have fusion immediately, but I think we can rather accurately predict the time 
scale. In this and the next talk, we would like to explain why we believe this 
in terms of progress in the research and plans for the future. We have come a 
long way. Based on experiments already carried out, I believe the scientific 
feasibility of magnetic fusion is no longer seriously in doubt. Other 
experiments now under construction should demonstrate this conclusively. Also, 
I believe that the cost of fusion plants is fairly predictable relative to 
other 21st century alternatives. It will not be much more or much less than 
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our present estimates. I base this conclusion in part on numerous studies and 
in part on experience gained in constructing large fusion devices, from which 
we have already learned much about the cost of superconducting magnets and 
other technologies specific to fusion, ftgain, it is the third question, that 
of acceptability, that is to my mind the issue that we must keep our attention 
on as we begin now to develop fusion from a scientific concept, toward a 
practical product. Early success should not deter the search for new and 
better ideas. The university community has always played an important role in 
this and will continue to do so. 

With this background, let me now turn to the technical aspects of magnetic 
fusion. The main ta^k is to provide a magnetic container to hold the fuel in 
the form or an ionized gas, or plasma, at the extremely high temperatures 
required for fusion reactions to take place. There are two basic approaches, 
shown in Fig. 3. There is the straight, open-ended shape, or magnetic mirror, 
and the closed, round shape, cr torus, for which the dominant candidate today 
is the tokaniak. 

Fusion temperatures have now been achieved by both these approaches. The 
".ind 1 iny point far all the fusion processes I described is about 10 keV energy 
per ion, or 100 million degrees and up. At Livermore we have reached 23 keV, 
or 230 million degrees, in a mirror device, while temperatures have reached 70 
million degrees in tokamaks at Prince'on. Thus the mere achievement of high 
temperatures is no longer a critical issue. 

More critical now is whether the insulation or confinement of the heat is 
good enough so that the fuel stays hot long enough to undergo fusion reactions; 
and whether the plasma pressure can be high enough so that the quantity of 
fusion power produced by the plasma is worth the capital investment. At this 
state of their development, because of their different geometries, mirrors 
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have turned out to hold high pressure easily but still have a ways to go to 

reduce heat leakage out of the ends of the device; whereas the toroidal 

tokamak, which has no ends, presently confines heat for a longer time but does 

not yet hold enough pressure to make a practical reactor. Heat confinement is 

measured by the product of the plasma density and heat confinement time. In 

units of centimeters and seconds, the critical value is 10 . Tokamaks have 
13 1? 

reached 3 x 10 at reduced temperature and 10 at 7 keV. The best mirror 

confinement is 10 ; but, when it comes to holding pressure, certain mirror 

devices have achieved the theoretical maximum, namely, a plasma pressure •-jual 

to the magnetic pressure (or, beta of unity, where beta is the ratio of 

pressures). Thus far beta is only a few percent in tokamaks, but for this 

approach an average beta around 10% might suffice. 

A schematic drawing of a tokamak is shown in Fig. 4. The special feature 

tnat distinguishes the tokamak from the simple torus shown previously is the 

strong axial current inside the plasma. This current is induced by a large 

transformer core. The toroidal plasma ring itself serves as the secondary 

•winding; plasma, an ionized gas, is made of electrically charged ions and 

electrons ant] is therefore a good conductor of electricity. The plasma current 

serves two functions. First, because of the resistivity of the plasma, the 

current heats the plasma in the same manner that current heats the wires in a 

toaster. This is called ohmic heating. Secondly, in the tokamak it is mainly 

the current that confines the plasma pressure. Parallel currents along the 

plasma column attract each other and therefore produce compressive forces. It 

is mainly these forces, rather than the external field, that withstand the out

ward pressure of the hot plasma. In this device the field produced externally 

by coils surrounding the toroidal vessel serves mainly to prevent the circular 

plasma column from writhing, wriggling and bending, a phenomenon known as 
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plasma instability. It is because this external, stabilising field must be 
much stronger than the field due to the plasma current that beta is low in 
tokamaks. 

Figure 5 shows an artist's sketch of the Tokamak Fusion Test Reactor 
(TFTR) at Princeton, which is the largest tokamak in the U. S. Construction 
will be completed next year with the addition of auxiliary heating the year 
after. Whereas previous experiments have utilized hydrogen or deuterium 
plasmas, the TFTR will be the first magnetic fusion device actually to burn 
the deuterium and tritium fuel that will be the fuel cycle of the first-
generation fusion reactors. To reach the required temperatures, TFTR is 
provided with neutral beam injectors that boost the temperature above that 
accessible by ohmic heating (which diminishes above 10 million degrees at 
which point the plasma conductivity exceeds that of copper). Neutral beam 
injectors have already been used to reach high temperatures in smaller 
tokamaks and mirror machines. These devices accelerate deuterium ions which 
are then neutralized by charge exchange to become high speed neutral atoms 
that penetrate the plasma where they cjain become ionized and contribute their 
energy to the plasma. These powerful heating devices produce megawatts of 
atomic Beam power in a device you can hold in your hands. Following initial 
tects in hydrogen, it is expected that, with deuterium and tritium, the TFTR 
will be the first magnetic fusion device to reach the "breakeven" condition 
whereby the fusion energy produced equals the energy required to heat the 
plasma (also called Q = 1, where Q is the power gain factor). Beyond that, 
with 10-fold better confinement the next generation of tokamaks should reach 
"ignition" whereby fusion itself heats new fuel to keep the process going. 
Then the heating is accomplished by the 20% of the fusion energy released in 
the form of alpha particles, or helium nuclei. Being electrically charged, 
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the alpha particles are captured by the magnetic field that confines them long 
enough to give their energy to the fuel particles by Coulomb collisions. 

Turning to the mirror approach, Fig. 6 shows the present version as it 
has evolved over the last 5 years, called the tandem mirror. Again the main 
element is a magnetic solenoid, somewhat analogous to the toroidal field coil 
of the tokamak but geometrically straight and having a lower field strength 
because the beta can be high. In this case it is mainly the externally 
produced field of the solenoid that confines the plasma pressure. Plasma is 
diamagnetic in nature and hence tends to expel the external field; it is the 
pushing back by the field that holds the plasma pressure. This works well 
perpendicular to the field direction but not along a uniform field, so that a 
solenoid with a uniform field would leak at the ends. The first mirror 
machines attempted to stop this leakage by placing strong circular magnets at 
each end. In the tandem mirror the end coils have either the shape of the 
sewing on a baseball, as shown in the figure, or a two-turn version called 
yin-yang magnets that we shall encounter later. The magnetic flux shape 
produced by the comoination of baseball coils and the solenoid is depicted 
below the coil set in the figure. It is the baseball coils (which in effect 
combine axisymmetric mirror and quadrupole field components) that produce the 
twisted flux shape at each end, something like a twisted bow tie; yin-yangs at 
each end would produce the same flux shape. Again, the main part of the 
reactor is the simple solenoid where most of the fusion power will be produced. 
The baseball coils (or yin-yangs) can be thought of as corks or plugs that 
reduce the leakage out of the ends of the solenoid. 

In the tandem mirror, the end leakage is prevented by injecting high 
energy neutral beans into each baseball coil. The baseball coil confines very 
well the high energy ions deposited by the beams, but the higher collison rate 
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among the electrons causes them to escape into the solenoid. Thus when a 
neutral beam is injected into the baseball coil, a dense cloud of positively 
charged ions builds up but the electrons try to leak away, analogous to the 
charging of a capacitor. In this way a positive electrostatic potential 
develops to a value a few times the electron temperature (measured in volts) 
in order to reduce the electron leak rate to that of the ions. Experiments 
along these lines have demonstrated potentials around 1 kV and larger devices 
should produce potentials equal to several 10's of kV, substantially higher 
than the energy required for ions to undergo fusion reactions. Such potentials 
should provide very effective barriers to plug up the leakage of the ions out 
of the fusion plasma in the solenoid. To do this it is necessary to invest 
power through the neutral beams; but if the plasma volume in the solenoid is 
> irge compared to that in the plugs, the power generated in the solenoid can 
be many times that required to maintain the end plugs. 

To repeat, the basic idea of the tandem mirror is that neutral beams at 
each end of the machine create hot plasmas that automatically charge up to a 
high positive potential, and it is this potential that plugs up the leakage 
out of the solenoid. All of the fusion power is produced in the solenoid. 
The longer the solenoid, the more tha power produced for a given set of plugs. 
This is similar to damming a stream. The height of the dam is determined by 
the pressure head, not the length of the lake. Similarly, the same end plug 
can confine a longer and longer length of solenoid producing more and more 
power relative„-i.o the power wasted. Pursuing the analogy, it is generally 
better to place a dam at a gorge than in a wide valley, in order to reduce the 
area of the dam. Similarly, in the tandem mirror it is better to increase the 
field strength at each end of the machine so as to constrict the area of the 
flux bundle entering the end plug. 
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Experiments over the last two years have demonstrated the principles of 

the tandem mirror and the program at Livermore is now embarked on the 
construction of a device large enough to reach fusion temperatures in the 
solenoid by 1985. This device, called the Tandem Mirror Fusion Test Facility 
(MFTF-B), is sketched in Fig. 7. In this case the two end plugs employ the 
yin-yang magnet design mentioned earlier (shaped something like two hands 
cupped to form a snowball). The solenoid is the long cylinder in the center. 
The scale is rather large. The yin-yang diameter is over 3 ID. The solenoid 
region, over 30 m in length, will hold 1000 liters of plasma; the plug plasma 
volume is less than M of that, so there is a large ratio of useful volume to 
plug volume. Like TFTR, it is hoped that the MFTF-B will produce approximate 
breakeven confinement conditions, but MFTF-B will not actually use tritium in 
the experiments. This device also uses large neutral beams, mainly to maintain 
the plugging action but we also have provision for neutral beams to boost the 
temperature in the solenoid higher than would be achieved solely by heat flow 
from the hot end plugs (via the electrons). In a reactor, alpha heating could 
ignite the "olenoid but even so, in an overall sense the tandem mirror is a 
driven device, since the plugs must be sustained by a continuous input of 
power (hopefully less than 10% of the fusion power, or Q >10). However, this 
system does have potential advantages in the relative simplicity of the 
solenoidal reactor; steady-state rather than pulsed operation; and high beta. 
Experimentally, the beta in the solenoid has reached a peak value of about 10% 
with end-plug heating and a local value up to 40% with neutral beams in the 
center. 

To show you tangible evidence of the progress in big construction projects 
like TFTR and MFTF-B, Fig. 8 is a photograph of the recently-completed yin-yang 
superconducting magnet that will be one end plug of the MFTF-B. As it weights 
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350 tons, moving it a few 100 yards from the parking lot where it was welded 
together was quite a challenge to the rigger, Bigge International. To solve 
the problem, they returned to the days of the pyramids. They simply piled 
sand under it, rolled it off onto a flatbed, washed it with a firehose, and 
slowly pulled the flatbed on logs with a semi, moving logs to the front as 
they rolled out from under the rear. A beautiful job. Most of the weight is 
steel structure; that's why you see the CBI (Chicago Bridge and Iron) emblem 
in the photograph. Each half of the yin-yang can be thought of as circle that 
is first deformed to an ellipse, then bent into a C-shape. The strong magnetic 
forces will try to restore the circular shape; that is why so much steel is 
needed. On the other hand, the yin-yang magnet we have completed may be the 
largest of that type that we will ever need; we are trying to improve the 
tandem mirror design to insure that this is so. If so, we now know tne size 
and cost, and the difficulties of construction; by this summer we will test 
it, and within the next three years we will replicate it (for MFTF-B) thereby 
establishing another data point. This is but one of many illustrations of the 
fact that the magnetic fusion program is already dealing with technologies on 
the scale of a reactor. According to one of our recent studies, a tandem 
mirror power plant producing 500 MW of electricity would, overlaid on the 

MFTF-B facility, look about the same to the casual observer. 
Figure 9 shows the newest member of the confinement concept family. This 

is the EBT-P (Elmo Bumpy Torus) under construction at Oak Ridge jointly with 
McDonald-Doug ias. The EBT combines open and closed concepts. It consists of a 
number of mirrors linked in a circle to form a torus. The unique feature is 
energetic electron rings, heated by microwaves at electron cyclotron resonance, 
which have been shown to stabilize a simple mirror without resorting to complex 
coil shapes such as the baseball coil discussed previously. (The tandem mirror 
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also may be able to utilize this principle to simplify the end plugs.) The 
EBT-P, to operate in the mid-1980"s, is a proof-of-principle experiment, less 
advanced than the TFTR. Nevertheless, there is keen interest in the concept 
because it can operate sicacy-state. Another steady-state toroidal concept 
enjoying renewed interest is the stellerator, once the main line at Princeton, 
and now actively pursued in Japan and Germany, and also at our host 
institution, Auburn. Another dark horse, at Los Alamos, is the toroidal 
Z-pinch which, though pulsed, can achieve higher beta values. 

Some believe that out of these different toroidal schemes, which have 
much in common, a new design will soon evolve that incorporates the best from 
each of them. This thinking process, and the parallel efforts to improve the 
tandem mirror design, will surely continue for another decade. But that decade 
will be dominated by new themes to which we must turn our attention, however 
the details of confinement schemes evolve, if fusion is to develop into a 
practical product. Last year a law was passed, called the Magnetic Fusion 
Energy Engineering Act of 1980 (S. 2926), which expressed the Congressional 
intent that this should happen. Though the timescale may slow up a bit as the 
Nation tightens its belt, I tjlieve this intent of Congress will stand. 

Figure 10 shows a schematic cross-section of a magnetic fusion reactor. 
This might be the cross-section of the long, straight center cell of a tandem 
mirror, as in Fig. 11, or the minor cross-section of a tokamak or EBT. The 
basic elements are the same. At the center is the hot plasma, perhaps a meter 
in radius, that has dominated our discussion thus far. Its density, around 

to 101-" cm"^, is much less than atmospheric density. Hence the 
plasma chamber must be well evacuated. Moreover, the plasma is easily poisoned 
by any non-hydrogen impurity that would radiate away its heat. The different 
confinement schemes handle impurities differently, but all must deal carefully 
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with this problem. Outside the vacuum vessel the main elements are the lithium 
blanket, the neutron shield and the magnet coils. The shield is needed to 
reduce the neutron heat load on the superconducting magnet, which must be 
maintained at a temperature of 4 ° K . Most of the useful energy of the 
neutrons is removed in the high temperature blanket region. This high quality 
heat can be utilized through heat exchangers to generate steam to drive the 
turbines of an electric power plant. The fact that the blanket is shown to 
contain lithium is specific to the deuterium-tritium fuel cycle that is likely 
to be employed in first-qeneration fusion reactors because the kindling point 
is lowest among the available processes. Since tritium is rare in nature, it 
must be bred by neutron-lithium reactions in the blanket. The tritium breeding 
ratio is high enough so that a 0-T fusion reactor can readily supply itself 
witn fuel. 

Blanket design and all that goes with it will be tne central focus of 
engineering development or fusion reactors in this decade. The blanket is to 
the engineering energy conversion system what magnets and heating methods have 
been to plasma physics. It is in the blanket design that we must be 
exceedingly careful to avoid those wrong engineering choices that could 
compromise the important advantages of fusion over other alternatives. The 
importance of economics cannot be overstressed. ''igi'+'c fusion is a low power 
uensity energy source, characteristically watts per cntf, or megawatts per 
cubic meter. If the power density is too low, the system simply will not pay. 
This is why the parameter beta is so important; for a given magnetic field 
strength, the fusion power density is proportional to tne beta squared. Even 
more important is the power per unit area striking the wall of the vacuum 
vessel (which is the product of the power density and vessel radius). The 
blanket and shield is a major cost item. Their combined thickness, and hence 
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the cost, is determined essentially by the 14 MeV OT neutron mean-free-path, a 

constant of nature. As a rule of thumb, to determine the capital cost of 

thermal power per kilowatt capacity in a DT fusion plant, one simply divides 

the cost of one square meter of blanket and shield structure by the incident 

neutron power per unit area, Thus the greater the wall load (power density on 

the wall), the lower the capital cost. On the other hand, if one exceeds a 

certain wall load, neutron damage of the first wall will necessitate frequent 

repair and more downtime. 

One can already see that blanket development will present choices 

compromising capital cost versus maintenance. Moreover, neutron damage of the 

vessel and blanket-shield structure will be the main source of nuclear waste 

from fusion reactors. How much damage will b? permitted, or can materials be 

found that damage less? Some materials activate for only a brief time, others 

activate less but it persists longer. Can the better materials from the point 

of view of waste management meet cost objectives? Can they be produced 

commercially? Thus the engineering choices ahead, especially with regard to 

materials, will influence Doth cost and acceptability. Now, 1 do not wish to 

leave this subject up m the air. There have been several studies over the 

1 art ten years that offer nope and guidance; we know the likely spectrum of 

possibilities. But, personally, i believe a great deal more work will be 

required, including fundamental materials research, before we can choose 

materials that optimize competing factors. This will be an important subject 

in our continuing dialogue with the university community, the manufacturers 

and the utilities. 

Turning to applications, Fig. 12 shows the ba ic elements of an electric 

power plant. We have already discussed the plasma ana the blanket that 

converts neutron energy to heat and breeds tritium. There is also a 
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substantial energy output in the form of charged particles, mainly from the 

20/6 of the fusion energy that the alpha particles deposit in the plasma. In 

tandem mirrors, for which this power diagram was drawn, it is straightforward 

to recover this energy efficiently in a direct converter, which separates ions 

and electrons in the escaping plasma. Other system elements include the 

thermal converters and recirculated power necessary to run the plant. For 

tandem mirrors power is needed for the neutral beam injectors, and all systems 

require power to refrigerate the superconductinq magnets, it is interesting 

to note that the larqe yin-yanq magnet 1 showed you previously will consume 

only as much oower « a BO watt liqhtbulb, but the power required to operate 

the 'iquid helium refriqeration system is about 3 HW. 

in closing, let me mention other applications besides electric power 

generation. Fusion is an energy source, not an electricity source, it is in 

fact a unique energy source with many forms of energy output. Fiqure 13 lists, 

on the left, the various energy outputs in the form of neutrons, charged 

particles, radiation and waste heat. On the right, we list a wide variety of 

applications that we are only now considering one by one to see when if ever 

they might mai<e sense economically. I would like to call attention to two 

areas that already seem promising. One is the use of fusion neutrons to breed 

fissile fuel from natural uranium and thorium. How interesting this will be 

depends mainly on the future course of fission reactor development. Fusion 

neutrons also might be used to transmute actinide waste. The other, less 

explored area I want to mention is thermochemical applications, especially 

synthetic fuels. Fusion reactors can produce high quality heat, for example, 

in the 600 C to 700 C range. An interesting idea [ have seen recently 

would utilize this high quality heat to boost a thermochemical cell to 600°C, 
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off Tine (not incorporated in the blanket), to be supplemented by ohmic heating 

to 900°C uVlizinn electricity also oroduced by the fusion plant. 

In short, we in th* fusion program are thinking much more widely about 

future .inplicatiO'is vm haw to carry out the necessary engineering 

development. 1 tninfc this ;t\y\ be the miin theme of fusion research for the 

next decadp. 
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ADVANTAGES OF FUSION l!i§ 

• Essentially unlimited ha&ic iua\ supply — 
widely available, e^ i l y obii ihioi i 

© No combustion wastes 
© Reduced radioactivity problems compared 

w i th fission reactors 
© Reduced accident — potential — no runaway 

or emergency cooling problems 
• No inherent fissile material production 
• Improved siting possibilities 
® Reduced mining, mil l ing and transportation 
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T A N D E M MIRROR MACHINE L3 
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- B TANDEM MIRROR FACILITY L3 
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EBT-P R&f<&FBraa® Dosign 13-4147A 
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