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The Next Step in Fusion: Wha 
It Is and How It Is Being Take: 

John F. Clarl 

Based on a common hope of the scien- 
tific community that it might be possible 
to utilize the enormous energy resource 
represented by the deuterium in the 
world's oceans, attempts to harness the 
fusion process for the production of en- 
ergy have been under way in all of the 
technologically advanced nations of the 
world since the early 1950's. This effort 
has been beset with numerous disap- 
pointments. However, recent scientific 
progress indicates that magnetically con- 
fined plasmas can be made to produce 
energy, and we can now look on fusion 
as an inexhaustible new energy resource. 
The challenge for the future in fusion lies 
with learning how to develop this re- 
source. The confluence of recent scien- 
tific successes in fusion research with re- 
cent perturbations of conventional ener- 
gy supplies has led to considerable atten- 
tion being focused on the question of the 
most effective program strategy as well 
as the appropriate pace for fusion devel- 
opment. 

The Pace of Fusion Development 

There has been considerable debate on 
the appropriate strategy to ensure that 
the development of fusion is carried out 
in an optimal fashion. As I will outline 
below, this debate has largely been re- 
solved by the realization that the points 
of view of all parties to the debate can be 
accommodated within one practical 
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Fusion and Long-Term Energy Supply 

In the long term, we know of only 
three energy supply alternatives: solar 
energy, the fission breeder, and fusion. 
The first of these has been used for ages 
and its basic limitations of low energy 
density and reliability are well under- 
stood (4). The hope for its large-scale ap- 
plication lies with the possibility that ad- 
vanced technology can circumvent these 
limitations in a manner which overcomes 
the poor economics and safety problems 
associated with the large structures 
needed to recover useful quantities of 
this dispersed energy source. The fission 
breeder suffers from the same perceived 
problems as present-day fission tech- 
nology. It has additional complications 
associated with the production of large 
quantities of plutonium and the require- 
ment for extensive fuel reprocessing- 
that is, problems of radioactive material 
transportation, a possible increased risk 
of proliferation, and the generation of 
large quantities of low-level waste (5). 

Fusion, the third long-term energy al- 
ternative, seems to offer promise of 
avoiding the worst problems with both of 
the other alternatives, if it can be ef- 
fectively utilized. Recent experimental 
results from the United States, the 
U.S.S.R., Europe, and Japan indicate 
that the tokamak, one of a number of 
possible fusion approaches, can confine 
a fusion plasma sufficiently well to pro- 
duce power. On the basis of current evi- 
dence, the Tokamak Fusion Test Reac- 
tor (TFTR), now under construction at 
the Princeton Plasma Physics Laborato- 
ry, should demonstrate more than ener- 
gy breakeven after its completion in 1982 
(6). Furthermore, extensive technology 
development programs in the regions 
mentioned above indicate that there is no 
fundamental technological obstacle to 
translating the scientific success of toka- 
mak development to the production of 
controlled fusion power (7). As a result, 
as we approach the demonstration of sci- 
entific feasibility in fusion, confidence in 
the ultimate useful application of this 
new technology is growing rapidly and 
fusion can be taken much more seriously 
as a possible long-term energy source. 

Fusion has a number of potential ad- 
vantages over the other long-term energy 
options, and I must emphasize the word 
"potential." At this stage in the fusion 
program, one cannot guarantee that they 
will be realized in a particular fusion re- 
actor concept. It has been pointed out by 
Holdren (8) that it is possible to make a 
poor fusion reactor which not only does 
not achieve the full potential of fusion 
but in fact creates problems worse than 
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those existing in conventional power 
plants. 

An optimally developed fusion reactor 
could have the flexibility, both diurnal 
and geographic, which is lacking in the 
solar and breeder reactor options be- 
cause of insolation and safety require- 
ments, respectively. Design studies of 
fusion reactor systems show that their 
size could be little different from that of 
conventional fossil or nuclear power 
plants (9), but their intrinsic safety and 
low environmental impact should allow 
siting closer to their points of application 
(10). Fusion also has a much smaller ra- 
dioactivity and waste disposal problem 
than fission reactors (11). Finally, be- 
cause of the flexibility of design inherent 
in fusion reactors, wherein the energy re- 
covery region is external to the reaction 
region, such reactors may be used for 
other purposes, such as the production 
of hydrogen and nuclear fuel, as well as 
electricity production (12). 

Studies show costs that appear to be 
reasonably competitive with those of ad- 
vanced nuclear systems, although these 
projections are admittedly uncertain at 
this stage of fusion development. How- 
ever, studies also show that the novel 
element of the fusion system, the fusion 
core, accounts for only 30 to 40 percent 
of the plant costs. This factor, together 
with negligible fuel cost (13), might allow 
fusion power costs to asymptomatically 
approach even light-water reactor power 
costs as fusion development proceeds. 
These potential advantages constitute a 
powerful incentive for carrying out a fu- 
sion development program aimed at their 
full realization. 

Fusion Development Policy 

The DOE has formulated a policy for 
fusion which recognizes the need to de- 
velop the highest potential of fusion 
rather than to pursue in an exclusive 
manner the first fusion concept to reach 
the energy breakeven milestone (6). On 
an operational level, the Office of Fusion 
Energy is carrying out this policy by en- 
hancing the scientific and technological 
base which underlies several types of fu- 
sion concepts. We have had to recognize 
that this policy can result in slowing 
progress in certain lines of attack if pro- 
gram support is too restricted to allow 
both full exploitation of technical suc- 
cess and maintenance of a broad scien- 
tific base. This is an essential difficulty of 
the policy, which has led to some con- 
troversy. 

The urgency imposed on fusion power 
development by external factors of ener- 

gy supply and the larger costs resulting 
from a broad-based approach to devel- 
oping an optimum fusion system have 
caused some to question the wisdom of 
adopting the Olympian goal of the policy 
outlined above (14). This policy is some- 
times perceived as aimed at not only de- 
veloping fusion power but developing it 
in such a way that it simultaneously 
solves all the perceived problems of oth- 
er energy supply systems. The pragmatic 
argument is frequently made that we 
should focus our resources on the toka- 
mak, the most promising concept, and 
dedicate our efforts to building a reactor 
as soon as possible. It is felt that once 
fusion produces power, optimization will 
follow, as it has in all other power sys- 
tems. This viewpoint has the undeniable 
appeal of efficiency and economy. It en- 
tails the possibility of failure if the ap- 
proach chosen proves to be unworkable, 
although this possibility has been some- 
what diminished by recent advances in 
tokamaks. It also entails the risk that, 
over the long period needed, fusion de- 
velopment will become dedicated to an 
approach rather than a desirable end 
product. 

It is certainly true that there are practi- 
cal limitations to the implementation of 
the more judicious policy. Even with the 
most diligent effort to foster and develop 
only the unique and most complemen- 
tary alternative fusion approaches by 
means of international cooperative pro- 
grams, there comes a point at which 
options must be closed because of lack 
of resources rather than clear technical 
failure. The development of a fusion con- 
cept through the scientific proof-of-prin- 
ciple stage can usually be done for less 
than $10 million to $20 million a year for 
a few years, a reasonable investment for 
the knowledge gained. However, the 
step from the,proof-of-principle stage to 
a test of that concept with an energy-pro- 
ducing fusion plasma, which can be used 
to test the scientific principles and engi- 
neering systems of that concept in a fu- 
sion reactor environment, can cost hun- 
dreds of millions of dollars. If a unique 
fusion technology must be developed for 
each concept, the policy of maintaining 
alternative approaches in order to devel- 
op the most optimal fusion reactor be- 
comes unrealistic. 

Fortunately, in recent years a great 
deal of commonality of technology has 
been developed between different mag- 
netic confinement systems. Even sys- 
tems as different in basic physical prin- 
ciples as the open and closed magnetic 
systems share large areas of technology. 
Superconducting magnets which can ex- 
ist in the fusion reactor environment, en- 
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ergetic particle beams and radio-frequen- 
cy techniques for heating the plasma, 
efficient energy recovery and tritium 
breeding blanket elements, and fusion 
reactor remote maintenance techniques 
are all examples of generic technologies. 
Furthermore, as the science of plasma 
physics has developed, we have come to 
recognize broad common principles 
which make the different approaches 
mutually supportive rather than merely 
complementary. Thus it is possible to 
conceive of a development plan for mag- 
netic fusion, and for that matter some as- 
pects of inertial confinement fusion, 
which avoids the pitfalls outlined above. 
In this plan, which the Office of Fusion 
Energy has evolved from the basic DOE 
policy, a number of approaches are de- 
veloped to the proof-of-principle stage in 
order to establish the unique properties 
of each. Simultaneously, generic tech- 
nologies are advanced to the fusion pow- 
er stage with one concept. This strategy, 
as shown schematically in Fig. 1, is con- 
sistent with the present DOE policy for 
fusion and also results in a program 
which can be paced to available re- 
sources. 

On the operational level, this strategy 
means that a fusion system which can 
provide sufficient quantities of fusion 
power would be developed into an engi- 
neering test facility (ETF), which could 
be used to develop the generic tech- 
nology necessary for all approaches. 
This ETF would provide the tech- 
nological data base which, together with 
information from the proof-of-principle 
physics experiments for each alternative 
approach and a limited number of spe- 
cialized technology facilities, would pro- 
vide the basis for selection of the optimal 
fusion system. By following such a strat- 
egy, the nation will gain the ability to as- 
sess the full potential of fusion in the 
minimum time at minimum cost. By the 
early 1990's we should be able to under- 
stand the basic features and costs of this 
effectively inexhaustible energy supply. 

A strategy utilizing an ETF, to be com- 
missioned as soon as possible after the 
identification of a suitable candidate con- 
cept, allows vigorous development of fu- 
sion power without foreclosing options. 
From this point of view, the only real re- 
quirement of the concept chosen for the 
ETF is that it be able to produce sufficient 
fusion power in such a way and with suf- 
ficient certainty to serve as a tool for 
developing generic fusion technology. 

On the other hand, if the most ad- 
vanced fusion concept was selected as 
the basis of the ETF, this strategy would 
also ensure vigorous development of that 
concept. On a practical basis, early con- 
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Fig. 1. The present DOE strat- 
egy involves the use of engi- 
neering test facilities to devel- 
op the generic technology of 
fusion. Parallel development 
of scientific approaches to fu- 
sion ensures a broad range of 
options for the selection of an 
optimum fusion system. EPR, 
Engineering prototype reactor. 
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struction of a power-producing facility 
based on the most advanced fusion con- 
cept is also the proper path of one who 
wished to ignore the possibility of ever 
finding a superior fusion system and to 
proceed most directly to a power reac- 
tor. If the most advanced fusion concept 
is chosen to commence the ETF project 
at the earliest, technically realistic date, 
the present DOE policy of developing 
the optimal fusion system and the alter- 
native policy of developing one fusion 
system as rapidly as possible can be seen 
to be identical. The strategy question is 
thus reduced to the basic question of 
pace. 

The Next Step in Fusion 

Aside from funding limitations, the 
question of pace is affected by the num- 
ber of facilities that must be built to 
carry out the program. The U.S. fusion 
program finds itself at a critical point in 
deciding on the precise nature of its next 
step. In principle, the ETF could be 
based on any fusion approach now being 
followed. In practice, the tokamak is the 
leading ETF concept, simply because 
the tokamak data base is the most exten- 
sive of any fusion approach and the R & D 
issues related to the tokamak can be 
sharply focused. The common reference 
tokamak design adopted by the ETF 
concept advisory group was based on in- 
formation generated in four independent 
studies carried out by Argonne National 
Laboratory, General Atomic Company, 
the Princeton Plasma Physics Laborato- 
ry working with Grumman Aircraft Engi- 
neering Corporation, and Oak Ridge Na- 
tional Laboratory working with West- 
inghouse Corporation (15-18). Each of 
these studies was aimed at developing 
what that laboratory or industry consid- 
ered to be the optimum realization of the 
next step in the tokamak program. Table 
1 shows the main parameters of the four 
studies and the ETF reference design pa- 
rameters based on an analysis of these 
studies. The fact that the four studies 
came up with systems which were very 
close in terms of basic size and techno- 
logical requirements, as reflected in 
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the required magnetic field, burn time, 
and heating power, reflects the maturity 
of the tokamak program and indicates 
that the tokamak R & D uncertainties can 
be specified with some precision. 

The United States and other fusion na- 
tions have begun a program to define the 
R & D requirements for the tokamak ETF 
and thereby to define the nature of the 
next step. A U.S. ETF design center has 
been established at Oak Ridge National 
Laboratory with the specific mission of 
making the design requirements of the 
ETF more specific. At the same time, an 
international group under the auspices of 
the International Atomic Energy Agency 
has been meeting periodically in Vienna 
to determine the nature of a possible in- 
ternational project to construct a power- 
producing tokamak reactor. This group 
is composed of leading fusion specialists 
from the U.S.S.R., Euratom, Japan, and 
the United States, supported by teams of 
national experts to provide data and in- 
formation for their evaluation. On the 
basis of input from more than 200 of the 
world's leading tokamak specialists, this 
group concluded that it is scientifically 
and technologically feasible to begin 
construction of a power-producing toka- 
mak provided a limited number of R & D 
tasks are carried out. 

Technical Readiness: Preparation of an 

ETF Data Base 

Since the beginning of the U.S. toka- 
mak program, efforts have been made to 
estimate the requirements of the next 
generation of tokamaks (19). The results 
of these studies have been used to speci- 
fy the types of plasma confinement ex- 
periments and technology development 
facilities that would be needed to enable 
us to satisfy these requirements. Over 
the last 5 years, a number of large, flex- 
ible experimental facilities have been 
built in the United States to address each 
of the key physics and technology issues 
associated with the successful operation 
of a future tokamak reactor as specified 
in these studies. Considering the depth 
of planning in the U.S. fusion program, it 
should not be surprising that most of the 
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Fig. 2. Several existing devices in the U.S. fu- sions which approach those needed in a 

experimental sion program have the potential for being up- nuclear fusion reactor. From its in- 
logical facili- graded to address unresolved issues of long- ception, each project had as one of its 
f the Fusion pulse operation of tokamaks. Pulses of up to subsidiary goals the study of alpha-par- 
ing program, 20 minutes may be obtained at low field on the tide production and plasma heating. Doublet III, which is being upgraded under a 
by 1981, the cooperative fusion agreement between the However, the questons of plasma ener- 
y issues asso- United States and the Japanese government. gy confinement scaling, heating, and 
)peration of a maintaining a clean fusion-quality 
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)gical prereq- tion concerning long pulse operation of pha-particle studies and therefore took 
F shows that tokamaks. Figure 2 shows the pulse precedence as project goals. 
ability can be length which could be achieved in a num- More recently, with the encouraging 
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rgonne National Laboratory (ANL) and the ETF reference de- length, the plasma pressure, and the in- 
studies. duced radioactivity of the machine struc- 
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ment being proposed by the Max-Planck- 
3 Institut. In addition, much information is 

being obtained on the hot ion mode of 
30 to 120 ETF operation from existing hydrogen 
50 and deuterium experiments such as PLT, 

ISX-B (Impurities Studies Experiment- 
B), Doublet III, and PDX. For example, 



Table 2. Major scientific issues for a tokamak 
engineering test facility being explored by 
existing U.S. tokamaks. 

Issue Tokamak 

Beta limits ISX-B 
Plasma shaping Doublet III, PDX, ISX-B 
High Ti scaling PLT, PDX 
Impurity control ISX-B, PDX 
Radio-frequency Alcator C, PLT, ISX-B 

heating 
High nT* scaling Alcator C 

*nr, product of plasma number density and confine- 
ment time and one measure of how close a de- 
vice is to energy breakeven. 

experiments on ISX-B have shown that 
intensive neutral beam heating at high 
plasma pressure can produce the phys- 
ical conditions that occur with alpha par- 
ticles during ignition. It is now clear that 
it will be possible to simulate many, if 
not all, of the phenomena associated 
with ignition in existing beam-heated ex- 
periments. It should be noted that the 
hot ion mode of operation would allow 
ETF to produce substantial amounts of 
power to fulfill its engineering develop- 
ment function even in the absence of full 
ignition (26). 
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Fusion Strategy and Pace: 

Choice of a Timetable 

On the basis of present rate of prog- 
ress, it is likely that the scientific and 
technical base for an aggressive strategy 
to explore fusion power generation can 
be provided in a timely way. Recogniz- 
ing this, the House science and tech- 
nology subcommittee asked the DOE to 
provide them with program plans which 
would bring fusion to the demonstration 
phase by the years 1995 and 2000, well 
ahead of the department's nominal plan- 
ning case of 2010. 

The cases illustrated in Fig. 3 were 
provided by drawing on the planning ac- 
tivities which have been an integral part 
of the magnetic fusion program since the 
first oil crisis in 1973. The basic DOE 
strategy outlined above was maintained 
in developing three program paces which 
would lead to the desired end points. 
The base case is close to the program 
now being followed in fusion develop- 
ment. The overriding consideration in 
this case is limited funding, and so facili- 
ties are brought on line in a sequential 
mode. As indicated, this would lead to 
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Table 3. Major components of engineering 
test facility under development by the U.S. 
fusion program. 

Opera- 
Component tional 

date 

Tritium system test assembly 1981 
(500 moles per day) 

Long pulse efficient neutral 1981 
beams (120 keV, 2 MW, 
5 seconds) 

Pellet fueling system 1979 
Large superconducting coil test 1981 

project (2.5 by 3.5 m bore 
coils) 

Fusion materials irradiation 1985 
testing program 

the first major fusion milestone after the 
turn of the century. This milestone is 
the assessment of fusion's full potential 
in the light of a broad scientific and tech- 
nological base following from our basic 
strategy of parallel physics and tech- 
nological development. 

The second case reaches this mile- 
stone in 1993. The necessary breadth is 
provided by adding new facilities to ex- 
plore alternative physics and technology 
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Fig. 3. In the present DOE strategy for magnetic fusion development (base case) an engineering test facility is based on operation of devices now 
under construction. More aggressive strategies are possible in which the ETF is based on information from existing tokamaks in order to deal 
with fusion technology problems at the earliest date. These strategies would require parallel development of optimized confinement concepts 
which, together with ETF technology, would allow an earlier assessment of fusion's actual potential and an earlier start on commercialization of 
an optimized fusion concept. The latter strategies were provided in response to a request from the House science and technology (HS&T) 
subcommittee. 
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options in parallel with an accelerated Conclusion 
ETF program. These additional parallel 
facilities also serve to keep the risk at the The evolution of the world energy situ- 
same level in this accelerated program as ation and further work within U.S. and 
in the nominal case by providing multiple world fusion programs in the next 2 
backup options. We consider this to be years will reveal the best pace for fusion 
the technically paced case, as opposed to development. The present magnetic fu- 
the financially limited base case. sion strategy lends itself to several paces 

The final case uses maximum project without sacrificing scientific breadth, 
overlap and additional backup work plus foreclosing options prematurely, or un- 
a heavier reliance on the tokamak option reasonably delaying the advent of practi- 
through the demonstration phase to min- cal fusion power. In developing the key 
imize the time to commercial fusion element in this strategy, an acceptable 
power. It should be noted that this pro- ETF design concept compatible with a 
vides the fusion assessment only 2 years nominal or aggressive fusion strategy, 
earlier than in the previous case, even our ETF Design Center is using the best 
though the demonstration phase is talents of our fusion laboratories and 
reached 5 years earlier and the initial op- U.S. industry. We are assessing R & D 
erational capability 8 years earlier. This requirements to ensure that the ETF 
is because, in spite of parallel efforts, the concept could, in fact, be implemented 
engineering development phase of fusion on a sound scientific base. Finally, we 
leading to an ETF will take a minimum of are focusing our experimental physics 
10 years to prepare the basic facilities, and technology development programs 
Once this base is established, more rapid to provide the critical data specified by 
acceleration can be attempted in the de- R & D requirements assessment. 

ployment of fusion power. Recognizing that international efforts 
The DOE strategy places great empha- to advance fusion to the power produc- 

sis on the comprehensive fusion assess- tion stage are also necessary to provide 
ment. The decision about the subsequent maximum assurance in the next step, we 
pace of fusion development after the bas- are supporting the INTOR project of the 
ic assessment milestone is reached will International Atomic Energy Agency, 
be determined by the need for energy wherein the four major blocs in fusion 
and the state of competitive alternatives power development, the United States, 
at that time. Our ability to consider the U.S.S.R., Japan, and Euratom, are seek- 
application of fusion power in a rational ing to come to a common agreement on 
way depends on the completion of this the nature of an international tokamak 
physics and engineering assessment power reactor project. We are also sup- 
milestone. One key point established by porting an effort at the Institut fur Plas- 
the studies leading to the paces of Fig. 3 maphysik of the Max-Planck-Institut, in 
is that the date of this assessment can be the Federal Republic of Germany, to de- 
moved by up to 12 years. velop a flexible precursor ignition experi- 

The basic DOE strategy for the devel- ment which might provide early informa- 

opment of fusion lends itself to different tion for optimizing an experimental pow- 
paces. In developing some of these paces er reactor. Finally, we are encouraging 
in response to Congress, we have found joint planning of research on the world 
it possible to keep the risk within bounds class tokamaks now under construction, 
even for extremely rapid programs by the T-15 in the U.S.S.R., JT-60 in Japan, 
broadening and adding redundancy as JET in Europe, and TFTR in the United 
the pace accelerates. We have tried to States, in order to maximize the data 
ensure that if an aggressive pace similar base for the next step. This program 
to those in Fig. 3 is unsuccessful, it will should prepare the ground for the next 
be so because of sound technical facts step-taking the fusion program into the 
uncovered by experiments, not because engineering development phase-per- 
of an insecure scientific foundation or haps as early as 1981. 
prematurely foreclosed options. Consid- Note added in proof: On 23 September 
ering the potential benefits of the fusion 1980, in a nearly unanimous vote, Con- 

process, failure to develop a viable fu- gress passed the Magnetic Fusion Ener- 
sion reactor would be a tragedy, but gy Engineering Act of 1980, which estab- 

early knowledge that it is indeed a false lished as a national goal the demonstra- 
dream would prevent the waste of scarce tion of the engineering feasibility of mag- 
energy development resources and tech- netic fusion in the early 1990's and 
nical expertise in a more drawn-out ef- operation of a fusion demonstration 
fort. In fusion, as in other energy areas, plant by the turn of the century. The act 

development of a definite near-term authorizes a program and sequence of 

knowledge base, even if negative, is in devices similar to the HS&T 2000 case of 
itself in the national interest (27). Fig. 3. A major review of the magnetic 
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fusion program by the Energy Research 
Advisory Board recommended an almost 
identical program of development for 
magnetic fusion to the DOE in August 
1980. On the basis of this review and the 
recommendation of the DOE, President 
Carter signed the bill into law on 7 Octo- 
ber. At the signing, the President echoed 
the sentiments of the congressional de- 
bate on the issue by noting that fusion 
power offers the potential for a limitless 
energy source with manageable environ- 
mental effects. 
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