
*2&-y 
This is a preprint of a paper intended for publication in 
a journal or proceedings. Since changes may be made 
before publication, this preprint is made available with 
the understanding that It will not be cited or reproduced 
without the permission of the author. 

UCRL - 75418 
PREPRINT 

u 
LAWRENCE IJVERMORE LABORATORY 

University of CaHfomia/Livermore, California 

THE OUTLOOK ?0R FUSION ENERGY SOURCES - REMAINING TECHNOLOGICAL HURDLES 

R. F. Post 

March 20, 1974 

- N O T I C E -
This report was prepared as an account of work 
sponsored by the United States Government. Neither 
the United States nor the United Slates Atomic Energy 
Commission, nor any of their employees, nor any of 
their contractors, subcontractors, or their employees, 
makes any warranty, express or implied, or assumes any 
legal liability or responsibility for the accuracy, com
pleteness or usefulness of any information, apparatus, 
product or process disclosed, or represents t.iat its use 
would not infringe privately owned rights. 

This paper 'as prepared for publication in Proceedings of American 
Associatic for the Advancement of Science Meeting, San Francisco 

February 1974 

SSW 



THE OUTLOOK FOR FUSION ENERGY SOURCES -
REMAINING TECHNOLOGICAL HURDLES* 

R. F. Post 

Lawrence Livermore Laboratory, 
University of California 

Livermore, California 94550 

ABSTRACT 

Controlled fusion research is now in its third 
decade. Through this effort most of the critical 
scientific issues for the main approach to 
fusion — magnetic confinement — have been 
resolved. Remaining critical scientific questions 
are mainly quantitative in nature, and have to do 
with residual instabilities of the confined 
fusion plasma. The status of the research is 
such that there is a strong basis for believing 
that these questions will be satisfactorily 
answered in the next 8 to 10 years, to the point 
that fusion based on magnetic confinement could 
be assured of success. Laser fusion, much 
newer on the scene, also has critical quantitative 
issues to resolve, issues that will be addressed 
in the next few years. Despite the fact that 
fusion reactors do not yet exist much of the 
technology that will be required for fusion 
reactors is perforce being developed to satisfy 
the demanding needs of the scientific phase. 
Through this entre into fusion technology we 
can begin to visualize fusion reactors, their 
unique features (vis a vis other power generation 
means), and their technological problems. As 
power sources they would have many advantages, 
both environmentally and operationally (particularly 
in lowered hazard potential) over conventional 
nuclear power. Their unique problems would seem 
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to be those associated with vacuum problems, 
i.e., with protection of the reacting plasmas 
from contamination, with plasma heating and 
refueling, and with plasma chamber wall deterioration 
under neutron or charged particle bombardment. 
These issues appear difficult, but solvable, by 
design and materials choices. Their resolution 
will probably set the time scale for the practical 
relization of fusion power following the completion 
of the scientific phase. It is therefore important 
to pursue now the technological issues, in parallel 
with the present scientific studies, to move the 
advent of fusion power to the earliest possible 
date. 

INTRODUCTION 

Fusion research has not yet realized its stated goal. However, the 
search for fusion has been underway at a rising level of effort for more 
than two decades. As a result, fusion research has reached a degree of 
maturity sufficient to allow informed speculation as to its probable 
future. In particular, it is widely felt that most of the critical 
scientific issues for fusion have by now been resolved and that the 
remaining ones should be resolvable in the next 6 to 8 years, given a 
sufficiently intense effort. In the discussion to follow I will present 
a brief analysis of the present statas of fusion research and in the light 
of that discussion will attempt to define those scientific-technical issues 
that still stand in the way of the achievement of fusion power. 

The scientific goal of fusion research is to provide the technical knowledge 
required to achieve a net positive energy release from nuclear fusion 
reactions. The practical goal of the research is to demonstrate the 
viability of fusion as an environmentally acceptable primary energy 
source suitable for the generation of electricity at an economically 
competitive cost. Important though it is, the achievement of the first 
goal, the scientific one, is not enough; the practical requirements of 
the environment and of economics must be met or else fusion research will 
not have achieved its aim. Fortunately, fusion has many favorable factors 
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going for it relative to these latter requirements. Fusion fuel would 
be of near-zero cost and virtually inexhaustible. Furthermore, the 
adverse environmental effects of fusion would be minimal at worst, and 
would tend to decrease as the technique evoJved. But the scientific-
technological hurdles that remain between our position now and the first 
demonstration of economic fusion power are formidable, carrying with them 
considerable uncertainties. As a consequence we find that both the U.S. 
fusion program, and that of the other nations with major fusion programs — 
the U.S.S.R., Japan, the U.K., and other in the European Economic 
community — are characterized by a substantial degree of diversity, both 
as to approaches and as to emphases. Neither the scientific nor the 
technological features of fusion arc so well understood that one approach 
to fusion can be singled out and all others shelved. Nor should this be 
the case. Fusion is both too fraught with unanswered questions and at 
the same time too broad in its potentialities and implications to narrow 
the scope of fusion research, either now or for the forseeable future. 
Beyond the elimination of clearly impractical approaches it seems 
imperative that fusion research should be carried out on a broad front. 

Till: BASIC APPROACHES TO FUSION 

Two general approaches to fusion power are being pursued. These differ 
radically both as to philosophy and as to the technology required. The 
older approach is magnetic confinement: the idea of holding a heated 
fusion fuel plasma by means of intense magnetic fields of special 
configuration. The new approach is laser pellet fusion: the idea of 
heating and densifying a tiny solid pellet of fusion fuel by means of 
intense pulses of energy from focused laser beams of fractional 
nanosecond duration. The regimes and the physics involved in the two 
approaches are vastly different; the fundamental issues being addressed 
are the same. 

These fundamental issues are those of heating and confinement. For net 
power to be produced in a fusion reaction, a fuel charge must be brought 
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up to fusion temperatures (kinetic temperatures of 100 million degrees or 
higher) and be h^ld confined without substantial loss of fuel particles or 
energy for a long enough time for the energy released by the reactions to exceed 
the energy input required to perform the heating. Both the past progress 
and most of the yet unsolved problems for fusion can be discussed in 
terms of these two issues. Let us first discuss the problem of confinement, 
the one that has historically demanded the greatest effort throughout 
the search for fusion. 

In the two approaches to fusion the problem of confinement is tackled in 
entirely different ways. In laser fusion "confinement" means the time-wise 
localization of a tiny, densely, compressed pellet charge of fusion fuel 
accomplished by scaling down the time duration (and scaling up the 
heating power density) for the fusion process to the point that the 
ei.tire process — that is, heating, compression, and fusion — takes place 
before the reacting fuel particles can escape from the tiny region where 
the action is. In other words here the confinement is "inertial." The 
focused laser beams (or perhaps, alternatively intense focused electron 
beams) then provide the astronomical power densities needed (mega-giga 
watts). Instantaneous fusion power rates would be also astronomical, 
but of very short time duration, so that the total energy released would 
be no more than a fraction of a kilowatt hour per fusion pulse. Repetition 
of the process, using new fuel pellets dropped into the reactor chamber, 
would then produce power at an average rate high enough to presumably 
satisfy practical requirements for economic power generation. 

At the other end of the confinement time scale is the "conventional" 
approach to fusion. Here, the fusion process is conceived of as being 
maintained on a continuous or nearly continuous basis, thp.t is as a 
steady combustion of the fusion fuel, carried out a rate consistent with 
the steady-state power density limitations imposed by materials and by 
heat transfer limitations. Thus while laser pellet fusion requires very 
high densities (higher than the density of solid matter) to satisfy the 
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roquirements for inertial confinement, for steady combustion fusion the 
fuel densities required are orders of orders of magnitude lower, i.e., 

-4 -5 about 10 to 10 of the particle density of the atmosphere. Varying 
as the square of the fuel particle density, fusion power densities are 
already tens to hundreds of megawatts per cubic meter of reacting fuel 
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at 10 atmospheric density (3 x 10 particles/cm ). At 10 atmospheric, 
the power densities are thus giga-watts per cubic meter, above the upper 
limit for heat transfer, except for intermittantly operating systems. 
But not only do power density limitations imposed by engineering and 
materials set upper iimits on fusion fuel densities for the conventional 
approaches to fusion but there is also another, equally important, 
limitation. This is the matter of the pressure exerted by the hot fusion 
fuel gas. To keep this pressure within bounds, those set by the strength 
of materials, the density must be lowered to about the same level (10~ 
to 10 of atmospheric} as the limits imposed by power density 
considerations. But under these conditions the problem of confinement 
indeed becomes the main issue. This circumstance can be brought into 
focus, and the contrast between the technological problems of laser fusion 
and those of magnetic confinement approach to fusion can be made clear, 
through the so-called "Lawson Criterion" for net fusion power. This 
condition simply states that under most circumstances the net positive power 
condition is equivalent to the requirement that the product of fusion fuel 14 -3 particle density and its mean confinement time must exceed 10 cm sec. 
At pellet fusion densities this would imply times of a small fraction of 
a nanosecond, compatible with inertial confinement. But at 10 

14 -3 atmospheric particles density (3 x 10 cm ) the corresponding required 
confinement time is of order 0.3 sec, far too long for inertial effects 
to be important. In fact, at their mean velocities of some thousand or 
more kilometers per second, the nuclei of the fusion fuel charge would 
travel a distance of hundreds of kilometers in this long a time, whereas 
localization within at most a few meters would be required for a 
practical-sized reactor. As is by now well known the only practical 
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means by which such localization can be accomplished under fusion conditions 
is the use of intense and specially shaped magnetic fields. These fields 
act on the ions and electrons of the fusion fuel plasma to keep them from 
contacting the walls of the reactor chamber. The problem here is not so 
much that of protecting the wall as it is of protecting the plasma; any 
contact with foreign matter, either directly or through the ingestion of 
even a small percentage of high atomic number impurities would quench 
the fusion reaction. From this circumstance stems most of the difficulty 
in achieving fusion via magnetic confinement. In the next section we 
shall enumerate the specific problems, many of which have by now been 
salved, that are the source of this difficulty. 

Thus far we have not mentioned the specific fusion reactions that can be 
considered for fusion reactors. The primary fuel for fusion will no 
doubt be deuterium: heavy hydrogen. Deuterons can react with each other 
or with other light element isotopes. Figure la and lb show the two 
branches of the D-D reaction. These occur with about equal probability 
and lead to reaction products that are themselves fertile, tritium and 
helium-3, as shown in Figs, lc and Id. The DT reaction is the one with 

£-©-® ©•©-© 
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Fig. 1 Deuterium-deuterium, deuterium-tritium, and deuterium-heliunt-3 
fusion react ions. 
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the lowest ignition temperature and is the one most studied for first-
generation fusion reactors. The D-helium 3 reaction, the second most 
probable one, in terms of reaction cross-sections, is of special 
interest because its reaction products are charged and its energy 
release is high. For these reasons D-^He is a particularly attractive 
candidate for a reactor with direct conversion. There are also other 
reactions, involving lithium and boron isotopes, that may some day be 
useful for thedr special properties, such as the absence of neutron 
reaction products. Perhaps the main point here is thatvfusion not only 
has an almost, infinite abundance of cheap primary fuel but that it also 
in time may allow the choice of a variety of fuel cycle combinations, 
selected for their particular advantages. 

THE MAGNETIC CONFINEMENT APPROACH TO FUSION 

From the start, the use of magnetic fields to hold a hot fusion plasma 
has appeared to be an almost ideal solution to the confinement problem. 
That is, magnetic fields should provide a nonmaterial means both for 
sustaining the outward pressure (perhaps a s high as thousands of pounds 
per square inch) of a fusion fuel plasma, and at the same time for 
inhibiting its diffusion to the reactor chamber walls, in theory for 
times even longer than those required for a fusion reactor. Furthermore, 
that same theory (now more than 25 years old) showed that magnetic 
confinement should improve with increasing temperature, certainly an 
ideal state of affairs for fusion. We have therefore had before our 
eyes an apparently almost ideal solution to the fusion problem for more 
than 20 years — and still we do not today have a working fusion reactor. 
The problem is that the theory that predicts these marvelous results 
makes one crucial assumption: that the confined plasma is quiescent, 
that is, that it behaves the way you would expect a gas to behave while 
sitting quietly In a pressure vessel; quiescent except for the normal 
uncorrelated random motion of its molecules. But a plasma is a gas of 
charged particles, coupled to each other through long-range electric 
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forces that car. (and do) result in collective currents and electric fields. 
When these currents and electric fields become self-regenerative magnetic 
confinement can be either rapidly destroyed or at least seriously weakened. 

The 20-year search for fusion via magnetic confinement has been first a 
search for understanding of the nature of hot plasma and its modes of 
instability, followed by the discovery of means and situations that avoid, 
or at least weaken, the effect of these instabilities to a tolerable point. 
Many of us feel that this task is now almost complete. 

Two general approaches to magnetic confinement have stood the test of 
time and now form the basis for most of the magnetic confinement fusion 
research now in progress. They are, as shown in Fig. 2, either "closed" 
toroidal confinement, the idea of closing magnetic fields on themselves 
so that there are no ends for leaking, or alternatively the "open ended" 
magnetic mirror machine; by capping the ends of the field with stronger 
fields particles are reflected back and forth, perhaps thousands of 
time, before they leak out through collisional effects. But in their 
earliest versions both of these simple, neat, and intuitively obvious 
solutions to a complicated problem failed: the reason, dumping of the 
plasma in microseconds by violent plasma instability. 

Briefly, hot plasma in a magnetic field can exhibit two general classes 
of instabilities: gross or hydromagnetic, or wave-turbulence instabilities. 
The first kind is the most violent. It can arise whenever the plasma is 
given a chance to expand in a direction of weakening magnetic field 
strength. All early approaches to fusion fell into this trap, and 
failed accordingly. The answer, which was found in the 1960's, lies 
in complexifying the shape of the magnetic field so that MHD instabilities 
cannot occur. Two general principles were found to work: the magnetic 
well idea and magnetic shear. 
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Fig. 2 Magnetic containment configurations. 

The magnetic well idea works especially effectively for the mirror machine. 
Figure 3 shows a magnetic-well mirror field made by a "baseball" coil 
(shaped like the seam on a baseball). Plasma sitting inside this coil 
finds itself at a low point for motion in any direction. In this way 
gross instabilities are made energetically impossible. The plasma can 
still grumble, but that is another story. 
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Fig. 3 Magnetic well mirror field as produced by a ''baseball" coil. 

The second method of controlling MHD (and other] instabilities is magnet ic 
shear; arranging for the field lines of the confining field to have a kind 
of basket weave character as shown in Fig. 4. This trick can be accomplished 
either by adding spiral helical windings outside the plasma or by having 
induced currents flow inside the plasma as well as in outside conductors. 

Between magnetic well and magnetic shear effects MHD instabilities can 
be suppressed. What can remain are plasma turbulences; that is amplified 
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Fig. 4 Magnetic lines of a magnetic field with shear. 

waves or fluctuations in the plasmas. Though they cannot "dump" the plasma 
as can MHD instabilities, they can vitiate confinement by speeding up 
the rate of diffusion out of the confining field. Means have been, and 
are being, found to suppress wave turbulence in both toroidal and mirror 
systems. These means involve both the shaping of the magnetic field and 
the control of the plasma conditions and conditions at the plasma 
boundaries. 

The upshot of the confinement research today is that experiments in both 
toroidal and mirror systems have demonstrated plasma confinement that 
comes close, in some cases very close, to the theoretical ideal confinement 
times calculated at the densities and temperature of the experimental 
plasmas. However, while these results do prove the feasibility of the 
idea of magnetic confinement they do not prove the scientific feasibility 
of fusion reactors that might be based on these approaches. This is 
because the experiments generally are carried out at plasma temperatures 
or densities that are still well below those that would be required for 
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a reactor. For these experiments the density-confinement time product 
is thus not yet up to reactor values. As I said earlier, for net positive 

13 14 fusion power this product must be somewhere in the range of 10 to 10 
(particles per cubic centimeter times seconds) to achieve net power. 
Presently this density-time product is still a factor of 100 or more too 
small for fusion; 10 years ago it was 10,000 to 100,000 times too small. 
But until both the temperature and the confinement factor reach reactor 
values, the scientific job is not finished. 

The kinds of experiments that have achieved the encouraging results are 
called tokamaks, theta-pinches, and compression mirror machines. The 
toka..iak is a toroidal device, pioneered in the Soviet Union, that uses 
a combination of fields from external coils and from heavy currents 
induced by transformer action in the plasma to heat it and to shape the 
field. Figure 5 shows an example; the Oak Ridge ORMAC experiment. There 
are by now many tokamaks in laboratories throughout the world. 

Magnetic System 
R = 79.5 cm 
a = 23 en 
B, TP max 25 KJ 
^eore = - 5 5 V o l t ' S e o 

Plasma Characteristics 

ne = 3 x 10« -3 cm 
Te = 1.2 keV 
Ti = 390 eV 
Ti = 6-10 ms 
at B, IK1 ~ 18 kc and I 160 kA 

DEVICE TABl£ OK PARAMETERS 

Fig. 5 The Oak Ridge ORMAC tokamak experiment. 
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Thc second device to achieve high temperatures and good stability is the 
theta-pinch. In this device the plasma is shock heated and compression 
heated by a rapidly rising field produced by a pulsed coil. Figure 6 
shoivs a stable compressed column in a linear theta pinch at Los Alamos. 
A large toroidal version is now coming on line at the same laboratory. 

The mirror device that has produced the best plasma results for that 
approach is the 2X11 experiment at Livermore, shown schematically in 
Fig. 7. 

Generally speaking all of the above experiments are still too small ii; 
size or too limited in magnetic field strength to contain a reactor-grade 
fusion plasma. Next generation experiments that should come much closer 
are either under construction or in planning. An example is the 
Princeton PLT (Princeton Large Torus) that is to be completed in about 
2 years. The critical question for all of these new experiments will 
be: will the presently favorable results continue to be confirmed as 
plasma temperature and density are increased? 

PLASMA HEATING - LASER FUSION 

Before speculating on what technological hurdles are probably yet to be 
encountered, I would like to say something about plasma heating. Heating 
and confinement are the two issues, and major progress has been made in 
confinement. Heating is now receiving greater emphasis and is responding 
to this effort. 

In one approach, the laser pellet, shown schematically in Fig. 8, the 
main issue is heating, Pellet fusion relies on the idea of focusing an 
enormous power density, from lasers or possibly from high current 
electron beams, onto a tiny frozen pellet of fusion fuel. The laser 
beams must then heat and densify the beams so rapidly that fusion reactions 
can take place before the pellet flies apart. The main demands here are 
quantitative: very high laser powers are required to make the idea work. 
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Fig. 7 Schematic of 2X1 I/mirror experiment at Livermore. 

Blast confinement 
chamber-

Power output 

Fig, 8 Conceptual laser fusion reactor. 
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Figure 9 shoivs a proposed laser experiment at Livermore and Fig. 10 
shows some of the numbers that must be attained in trying to achieve an 

Fig. 9 Model of proposed Livermore laser fusion experiment. 

(loii'JJT'eis ion {/ li.fLiiri r lensi ty ' 

Fig. 10 Bxample of compression factors required in laser fusion. 
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energetlc breakeven condition. The issues are both technological 
and scientific: will the heating and densification proceed without 
interference from plasma instabilities encountered en route? It will 
probably be some years before the answers to these questions will be 
known. 

In the 2XII and theta-pinch experiments mentioned earlier compression 
heating has worked very well. It has also been successfully applied 
in the tokamak, in the Princeton ATC (an acronym for Adiabatic Toroidal 
Compressor) experiment, shown in Fig. 11. Here a large diameter plasma 
is first prepared, as in an ordinary tokamak. Then the plasma is moved 
inward and squeezed by controlling the external confining field, thus 
both densifying and heating it. 

Fig. 11 Model of" Princeton ATC tokamak experiment. 
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One of the most important developments in plasma heating Is the 
technique of neutral beam heating. This technique was developed for 
mirror machines but is now being applied in tokamaks, such as ORMAC and 
ATC. The idea is illustrated in Fig. 12, which is a drawing of the 

BASEBALL H 

Fig. 12 Baseball II superconducting neutral beam/mirror experiment at 
Livermore. 

Baseball II experiment at Livermore. A beam of energetic neutral atoms 
is made by neutralizing a focused beam of ions from a high-current ion 
source by passing the ions through a low-density gas jet. The neutral 
atom beams formed in this way then can freely cross the magnetic field 
and plunge into the confined plasma. Here its atoms are broken up again 
into ions and electrons and join the trapped plasma, in this way bringing 
in both new particles and kinetic energy. 
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As a result of intensive development some new and powerful neutral beam 
sources have been developed and are being applied in fusion confinement 
experiments. Figure 13 shows a photo of SO A (equivalent), 20,000 eV 

Fig. 13 Fifty-ampere neutral beam source module developed at Lawrence 
Berkeley Laboratory. 

source module, that is a 1-MW beam, developed for 2X11. Twelve of these 
sources, that is 600 A and 12 MW of beam, will be installed in the new 
2X1 IB experiment now being assembled. Sources like these and others on 
the drawing board should enable us to heat plasmas in mirror machines 
and tokamaks up to fusion reactor temperatures if the confinement 
conditions remain favorable. 
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As a result of the developments in plasma heating techniques, either 
already accomplished or in process, it seems clear that we will have 
in hand the means for creating and maintaining reactor density plasmas 
at fusion temperatures. These techniques are being incorporated into 
present and upcoming fusion experiments. Heating will therefore almost 
surely not be the main issue in these experiments. The issue will 
remain that of confinement. 

REACTOR CONCEPTS 

At this stage of fusion research no one really knows what a fusion 
reactor will look like. Nevertheless, based on the emerging favorable 
picture for plasma confinement it is possible to visualize such reactors, 
assuming continuing success with the scientific phase of the research. 

Conceptually, the laser fusion reactor is probably the simplest of all. 
We have already discussed some of the issues in laser pellet fusion. 
Probably the next simplest reactor would be some kind of toroidal 
confinement system, preferably steady-state, containing an ignited DT 
fusion plasma, that is, one that has somehow been heated to fusion 
temperature and is then maintained at this temperature by energy from 
the charged reaction products (the helium nuclei resulting from 
the DT reaction). The elements of such a reactor are shown schematically 
in Fig. 14. Note that in this example the tritium is provided by a 
fuel cycle involving the capture of the DT neutron in lithium, followed 
by the recovery of the resulting tritium neutron capture product. In this 
example the cycle involves only thermal conversion, since most of the 
energy of the reaction shows up in the blanket as heat resulting from 
the capture of the 14-MeV DT neutrons. 

To be frank, we do not even know conceptually how to build a reactor of 
the kind shown. No steady-state toroidal system has been made to work: 
Tok;imaks are inherently pulsed devices, albeit potentially with very 
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Fig. 14 Schematic of a toroidal fusion reactor using the deuterium-tritium 
fuel cycle. 

long pulses (several seconds). Furthermore, we do not really know how 
to refuel a steadily burning fuel with cold fuel, although the injection 
of frozen pellets into the plasma (sometimes called the "snowball in hell" 
technique!) has been examined in a preliminary way. 

One way around such difficulties is the pulsed theta-pinch reactor. This 
approach assumes a repetitively pulsed system involving shock heating of 
fuel charge followed by magnetic compression and burning, followed by 
decompression and recovery of a portion of the magnetic energy for the 
next cycle. Studies of such a reactor concept are being made at Los 
Alamos. The most difficult technical questions involved are those 
concerning the shock heating system and the pulse energy storage systems. 
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In studies of possible mirror reactors our problems are seen to be 
different ones and our approach to them has also been different. To 
obtain a positive power balance in a mirror reactor will not only 
require a high degree of plasma quiescence but will also require highly 
efficient heating and energy recovery. We visualize a mirror reactor 
as being a sort of power amplifier where a portion of the electrical 
power generated is fed back to neutral beam sources to maintain the 
plasma temperature and to replenish particle losses through the mirrors. 
To improve the efficiency of this kind of feedback loop we are studying 
in the laboratory a method for the direct conversion of particle energy 
leaking out of the mirrors. In our case it would involve the electrostatic 
deceleration and subsequent collection of the charged particles to 
produce high voltage direct current that would be fed back to the neutral 
beam sources. 

The general idea involved in this kind of direct conversion is shown in 
Fig. IS. It involves an expansion of the particle stream (something 
like a turbine expansion nozzle, except that it is magnetic) followed 
by separation of the electrons from the ions and the collection of the 
electrons at the negative terminal of this "high-voltage battery." The 
ions are then decelerated and selectively collected only after they have 
given up almost all their kinetic energy. 

In small-scale tests we have achieved conversion efficiencies approaching 
90%, although in a reactor the conversion efficiencies would doubtless 
be somewhat lower. The overall system efficiency would be even lower, 
of course, depending on how much of the energy was converted thermally 
and how much by direct conversion. With the DT cycle most of the 
reaction energy is in the neutron. In this case our direct conversion 
system serves mainly to increase the efficiency of the confinement and 

3 heating portion of the cycle. But if we ever learn how to use the D- He 
cycle, where the reaction products are charged, the system efficiency 
might be substantially higher than present thermal efficiencies. 
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Fig. 15 Schematic of a direct converter system for a mirror fusion reactor. 

These reactor studies, including extensive ones on the tokamak concept, 
surely cannot represent accurately what fusion reactors will in fact be 
like. Nevertheless they have a real value in exposing problem areas 
and areas where technological advances are needed. I will briefly list 
some of the more important issues that come to mind. First, technology: 
The further development of superconducting magnets is essential to many 
of the approaches. Neutral beam technology needs to be extended to 
higher beam energies and higher efficiency, with long lifetime sources. 
In laser fusion the issues are laser power and laser efficiency; experts 
in that subject might add other needed developments. 
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As for problem areas, the main one that comes to mind, after the central 
issue of confinement itself, is that of bombardment of the inner chamber 
wall of the reactor by ions, by neutral atoms, and by fast neutrons. It 
will no doubt take a combination of clever design and advanced materials 
science to resolve these issues. For the toroidal systems the problem is 
compounded by the fact that these systems tend to accumulate the impurity 
atoms that may distill off the inner chamber walls, thus prematurely 
quenching the reaction. There are several ideas for minimizing this 
problem but they are as yet largely untested. 

Fortunately, mirror systems are self-purifying in that they tend to distill 
out impurity atoms. Thus contamination of the plasma is not a serious 
issue. For mirrors, the problems are those of guaranteeing plasma 
quiescence and achieving high efficiency in all of the heating and 
energy recovery processes involved. 

CONCLUSION 

To summarize briefly, it seems to me that the picture of fusion power 
is assuming ever greater reality as a result of the scientific and 
technological developments that are occurring. We see fusion as evolving 
toward a method of energy generation with many possible 
advantages and with a variety of possible forms. While it is clear that 
we have not yet proved to anyone's satisfaction that fusion power is 
just around the corner, there is now a world-wide effort that is intent 
on achieve ig it. This being the case, it is all rig.it if you are "from 
Missouri"; we are just as anxious as you to see t)e first fusion reactor 
built. Make your own bets as to when it will happen. Just remember, 
the stakes are high: a permanent solution to man's energy needs. 
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