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Report ToThe Congress ’ 
OF THE UNITED STATES 

Fusion--A Possible Option For Solving 
Long-Term Energy Problems 

The fusion reactor may someday be the 
dependable, virtually mexhaustlble source of 
energy that the Natlon IS seekrng Offlclals of 
the Department of Energy are optlmlstlc that 
fusion energy will become a commercially 
feasible power source In the 21st century 
However, In the past, similar predictions have 
proven to be overly optrmlstlc 

Although fusion IS consldered as being In the 
applied research phase, portions of fusion 
research remain In the basic research phase It 
IS therefore premature to assume that all of 
the problems to be encountered have been 
ldentlfled Fusion IS a long-term energy 
option, and Its potential for becoming a viable 
commercial energy source IS unknown While 
continued funding of fusion research IS 
needed to keep this energy option open, the 
Congress, In considering the adequacy of 
requested funding levels for fusion, should be 
mindful that fusion energy should not be 
looked to as a means for solving the Nation’s 
near or mid-term energy problems 
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COMPTROLLER GENERAL OF THE UNITED STATES 

WASHINGTON DC M 

B-164105 

To the President of the Senate and the 
Speaker of the House of Representatives 

This report provides an overview of the Department of 
Energy's magnetic confinement and inertial confinement fusion 
programs. Included is an analysis of the status of fusion 
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research, impediments to the development of fusion energy, 
and prospects for realizing fusion as an energy source. p"c 

Copies of this report are being sent to the Director, 
Office of Management of Budget; the Director, Office of 
Science and Technology Policy; the Secretary of Energy; and 
interested Members and Committees of the Congress. 

Comptroller General 
of the United States 



' COMbTROLLER GENERAL'S 
REPORT TO THE CONGRESS 

FUSION--A POSSIBLE OPTION 
FOR SOLVING LONG-TERM ENERGY 
PROBLEMS 

DIGEST ----_ 

For almost 30 years, the Federal Government 
has been sponsorlnq fusion research for the 
purpose of developing a virtually lnexhaust- 
able source of energy. 

Department of Energy officials are optimis- 
tic that slgnlflcant amounts of energy from 
commercial fusion reactors will become avall- 
able in the period 2025 to 2050, but many 
problems remain to be solved. 

Before a fusion reactor--the ultimate goal-- 
can produce usable energy, scientific and 
engineering feasibility must be proven and 
commercial practicality demonstrated. Com- 
mercial practicality will be proven when an 
economically competltlve design has been met 
in a safe, environmentally acceptable manner. 
Department of Energy officials estimate that 
it will cost about $18 billion to reach that 
goal. (For a description of the fusion proc- 
ess, see pp. 1 and 2). 

Based on recent experimental results, scien- 
tists are currently stating that scientific 
breakeven will be achieved In the mid-1980s. 
Breakeven means energy generated from a 
fusion reaction equals the amount cf energy 
spent to start up a reaction. In the past, 
predictions for achieving breakeven have 
proven to be overly optimistic. Problems 
encountered with certain fusion concepts 
resulted In shifting emphasis to other ap- 
proaches or concepts, accompanied by slip- 
page of milestone dates. 

If breakeven and sclentlflc feasibility 
are achieved, englneerlng feaslblllty will 
have to be demonstrated to show that fusion 
reactors can be scaled to sizes sufficient 
to generate vast amounts of energy. Al- 
though, from a research classlflcatlon 
standpoint, fusion is in the applied re- 
search phase of development, portions of 
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both the magnetic and lnertlal confinement 
fusion efforts are still in the basic or 
fundamental research phase. 

Thus, it 1s premature to assume that all of 
the problems that may be encountered have 
been Identified. Experimental data so far 
have indicated that some formidable phy- 
sacs and englneerlng problems remain. Only 
after such problems are resolved and sclen- 
tlflc and englneerlng feaslblllty demon- 
strated can the commercial potential of fu- 
sion as an energy source be determined. 

The commerclallzatlon phase 1s to include 
the development and operation of commercial 
demonstration reactors and the widespread 
deployment of fusion technology In the econ- 
omy. The mlnlmum time from the beglnnlng of 
the commerclallzatlon phase until fusion can 
contribute slgnlflcantly to the Nation's en- 
ergy supply is estimated to be about two 
decades. The declslon whether to ultimately 
develop fusion for widespread commercial 
power will be made in the context of other 
energy sources avallable at that time. (For 
a dlscusslon of U.S. and foreign fusion ef- 
forts, see pp. 7 through 22). 

In both magnetic and lnertlal confinement 
fusion, the front-running concepts--tokamak 
and glass lasers, respectively--are being 
emphasized for development as quickly as 
possible toward achlevlng sclentlflc break- 
even, while vigorous backup efforts are be- 
ing malntalned to develop alternatlve can- 
dldates which may ultimately prove to be 
better sulted for economic commerclallza- 
tion. (See PP. 23 through 37.) 

During its conslderatlon of the fiscal year 
1979 budget, the Congress addressed the 
issue of establlshlng separate fundlng for 
clvlllan uses of lnertlal confinement fu- 
slon The Congress chose not to segregate 
such funding at that time, but to continue 
efforts In lnertlal confinement fusion prln- 
clpally for weapons purposes--at least un- 
til sclentlflc feaslblllty 1s proven. GAO 
agrees that a separately funded clvlllan use 
program 1s not yet needed. Only after 

11 



?z , 

breakeven and scientific feaslbxllty are 
proven, and the chances of eventually achlev- 
ing a commercial inertial confinement fusion 
powerplant are better known, can a decision 
to separate civilian uses of inertial con- 
finement fusion be made with reasonable con- 
fidence. (See pp. 37 and 38.) 

MATTERS FOR CONSIDERATION 
BY THE CONGRESS 

The 96th Congress will be faced with many 
difficult decisions concerning the adequacy 
of the admlnlstratlon's requested funding 
levels in fiscal years 1980 and 1981, par- 
ticularly for energy. The administration's 
budget request for fiscal year 1980, which 
Includes more than $10 billion for the De- 
partment of Energy's various programs, has 
been described as austere because of an ef- 
fort to hold down recently splrallng infla- 
tion. The annual funding level for fusion 
programs has increased in the wake of the 
Arab 011 embargo of 1973-74. The funding 
for these programs during the 6-year period, 
fiscal years 1974 to 1979, totals nearly one 
and a half times as much as the total cumu- 
lative funding for these programs during the 
preceding 23 years. These funding increases 
can be attributed, in part, to a general be- 
llef that fusion will help solve the Nation's 
energy problems. 

There are also lndlcatlons that such a belief 
has been somewhat reinforced by a number of 
public statements of optimism by Government 
offlclals concerning the prospects for fusion 
power. Even the Department of Energy's 
annual budget reflects optlmlstlc views of 
fusion as an energy source, without effective 
balancing statements that (1) characterize 
fusion as a long-term energy option with un- 
known potential for becoming a viable commer- 
clal energy source and (2) describe the pro- 
gram In terms of Its present status and near- 
term goals. 

GAO cautions, however, that disappointments 
are possible In the fusion effort because a 
number of elements or questions affecting the 
fusion program require basic or fundamental 
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research. Thus, at this time fusion's 
commercial potential for becoming a viable 
energy source is unknown. 

While continued funding of fusion research 
is needed to keep this possible energy 
option open, such funding must be made with 
the knowledge that fusion will not supply 
energy in the near- or the mid-term. Even 
if current predictions of achieving sclen- 
tlflc breakeven by the mid-1980s are achieved 
and the milestones for achlevlng sclentlflc, 
engineering, and commercial feasibility are 
met, it will still be sometime during the 
second quarter of the next century before 
fusion can become a slgnlflcant energy 
source. 

Thus, the Congress, in considering the ade- 
quacy of requested annual funding levels 
for fusion should not look upon fusion as 
a means for solving the Nation's near- or 
mid-term energy problems. In carrying out 
its leglslatlve and overslght functions, 
therefore, the Congress should instead view 
fusion as a possible optlon for solving 
long-term energy problems. 

In this connection, the Secretary of Energy 
should take steps to make sure that the De- 
partment's budget Justlflcatlons for the 
fusion program and its public announcements 
relating to program accomplishments do not 
overstate the prospects for commercial fusion 
power. This is especially rmportant to ensure 
that, during congressional dellberatlons on 
the admlnlstratlon's budget request for en- 
mm fusion 1s vlewed as a long-term energy 
option with unknown potential for becoming a 
viable commercial energy source. The appro- 
prlateness of the requested fundlng levels 
should be considered In light of the levels 
requested for other comparable or similar 
energy research and development programs. 

RECOMMENDATION TO THE 
SECRETARY OF ENERGY ---- 

The Congress, as part of Its authorization 
and approprratlon process, should have 
access to accurate lnformatlon relating 
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to the current status and actual potential 
of federally supported energy technologies. 

Therefore, the Secretary of Energy should 
ensure that, in future budget submlsslons, 
fusion 1s clearly described as a long-term 
energy option with unknown potential for 
becoming a viable commercial energy source. 

Future public statements concerning the 
actlvltles and accomplishments of the fusion 
programs should avoid language which may 
lead to the belief that fusion energy may 
become commercially viable in the near- or 
mid-term, unless evidence clearly indicates 
otherwise. 

AGENCY COMMENTS -- 

Drafts of this report were reviewed by of- 
ficials at the Department of Energy, Office 
of Management and Budget (OMB), and the Of- 
fice of Science and Technology Policy. OMB 
declined to provide formal comments. The 
Department of Energy and the Office of Sci- 
ence and Technology Policy both agreed that 
fusion is a long-term energy option. How- 
ever, they added that any such characterlza- 
tlon should be balanced by mentioning fu- 
sion's high potential payoff as an energy 
source. 

A draft of this report was also reviewed by 
a group of distinguished experts knowledge- 
able about fusion issues. 

Where appropriate, changes were made to this 
report to reflect the comments received. 
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CHAPTER 1 

INTRODUCTION - 

Nuclear fusion is the process whereby atoms, subatomic 
particles, or isotopes l/ of sufficient temperature collide, 
fuse, and consequently form heavier matter. The sun and 
other stars naturally generate energy via fusion; on earth, 
the process is being studied for possible future electrical 
power production. 

If and when developed, fusion is expected to be safe 
and environmentally attractive. Various elements or isotopes 
theoretically could be used as a fuel: however, researchers 
presently envision using deuterium and trltlum--two isotopes 
of hydrogen-- as fuel because this comblnatlon requires the 
lowest temperatures to achieve a fusion reaction. However, 
in later fusion reactors, researchers believe pure deuterlum 
or other mixtures of fuels might be preferable because they 
offer the potential for lower radloactlvlty. 

Large quantities of deuterlum exist in ordinary water. 
If the deuterlum found in the Pacific Ocean could be used 
to fuel fusion reactors, it could provide enough energy to 
generate electricity for the entire world for bllllons of 
years. Tritium can be produced in a fusion reactor from 
lithium, an element found in granltlc rocks and underground 
salt water. 

The sun consists of a very hot gas--so hot that the 
atoms contained in it have become ionized. This means that 
electrons (negatively charged particles which circle the 
nucleus) have become separated from the positively charged 
nucleus (called an ion) of the atom. This gas of electrons 
and ions 1s called a plasma and has some very special prop- 
erties. One of these properties is that the ions frequently 
collide with each other. The hotter the plasma, the harder 
they collide. If the plasma 1s hot enough, the ions will 
collide with enough force to overcome their natural tendency 
to repel each other due to their positive electric charges. 
When this happens, these ions or nuclei combine, or fuse to- 
gether to form new nuclei (new elements), thereby releasing 
energy in the process. 

Researchers throughout the world are exploring ways to 
generate a suitably hot plasma and contain it long enough at 

i/Isotopes are atoms of the same element which have the same 
number of protons but a different number of neutrons. 
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a sufflclent density so that many fusion reactions take place 
and release vast amounts of energy. The mayor problem facing 
researchers 1s how to hold and heat the plasma in a suitable 
container so that the ions, which are moving more than a 
mllllon miles per hour, will not strike the container's 
walls and dissipate their energy before they have a chance 
to fuse. 

The Department of Energy (DOE) is pursuing two mayor 
approaches to achlevlng fusion --magnetic confinement fusion 
and inertial confinement fusion. Magnetic confinement fu- 
slon 1s a process whereby the fuel is heated until Its atoms 
collide with sufficient force to separate into lndlvldual 
electrons and nuclei. What results is a plasma confined to 
a certain shape by magnetic fields. Theoretically, at tem- 
peratures in excess of 100 mllllon degrees Celsius (over 180 
million degrees Fahrenheit), the fuel nuclei collide and fuse. 
About 80 percent of the energy created by the reaction is car- 
ried by neutrons which, because they have no electrical charge, 
are not confined by the magnetic field and enter a surround- 
ing blanket, which will probably contain llthlum. The neu- 
trons bombard the llthlum and convert some of the atoms to 
tritium-- a component of the fuel --and also heat the blanket. 
If this process 1s developed to produce a lot of heat, a heat 
exchanger could use the blanket heat for producing steam to 
drive a turbine and produce electricity. DOE diagrams of the 
two basic magnetic field shapes (open and closed) currently 
being researched, are shown on page 3. 

In inertial confinement fusion, tiny fuel pellets--also 
called targets-- are struck by intense energy beams. These 
beams could be laser beams, electron beams, or ion beams, which 
heat and vaporize the pellets' surface material. This vapor- 
ization produces a force In the opposite direction--much like 
a let or rocket engine --which forces the remainder of a pel- 
let inward and compresses the fuel to densities exceeding 100 
times that of ordinary solids. It 1s hoped that this rapid 
compression will heat the fuel to the temperatures required 
for fusion and that electrlclty could be produced from this 
reactlon In a manner slmllar to that envisioned for magnetic 
fusion. A DOE diagram of this approach 1s illustrated on 
page 4. 

The posslblllty of generating energy from controlled 
fusion reactions was dlscussed by researchers in the United 
States as early as 1944, and a federally funded fusion re- 
search program was lnltlated In 1951. Federal funding of 
fusion research and development increased from slightly over 
$1 mllllon for the period 1951 through 1953, to about $75 
million in 1973. Following the advent of the 1973 Arab oil 
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embargo, funding increased rapidly to an estimated $500 mll- 
lion in fiscal year 1979. Much of the recent Increases have 
been spurred by an Increasing awareness that energy which 
might be derived from controlled fusion reactions will be 
needed as fossil energy resources dwindle or are depleted. 
However, the increases can also be attributed, in part, to 
a number of announcements of possible breakthroughs in the 
field. 

Magnetic and inertial confinement fusion programs are 
managed separately. Upon its formation in October 1977, DOE 
assigned responslblllty for magnetic fusion research and de- 
velopment efforts to the Office of Fusion Energy, under the 
Assistant Secretary for Energy Technology, and responslblllty 
for inertial confinement fusion efforts to the Office of 
Inertial Fusion, under the Assistant Secretary for Defense 
Programs. 

Magnetic confinement fusion is being developed solely 
for civilian uses. Inertial confinement fusion is being de- 
veloped for both clvlllan and military uses. An estimated 
85 percent of the research being performed in inertial con- 
finement fusion 1s considered common to the development for 
both uses. However, Inertial confinement fusion research 
1s considered to be prlmarlly for near-term military use. 

SCOPE OF REVIEW 

This report discusses the results of our review of the 
history and status of fusion energy research, and describes ti 
the physics and englneerlng problems which remain to be solved 
if fusion 1s ever to become a practical energy source. This 
report is not intended to evaluate the technical propriety 
of the fusion technologies nor the processes used by the re- 
searchers to overcome the obstacles to fusion power. 

We made our review principally at DOE headquarters, 
Washington, D.C.; and at DOE's contractor-operated laborator- @a 
ies, namely, the Princeton Plasma Physics Laboratory, Prlnce- 
ton, New Jersey; Lawrence LlvermoreQLaboratory, Llvermore, 
Callfornla; Los Alamos Scientific Laboratory, Los Alamos, 
New Mexico; and Sandra Laboratorles, Albuquerque, New Mexico. 
We also contacted private researchers, nuclear Industry 
representatives, environmental groups, foreign embassy 
representatives, and scientists from various universities 
to obtain their views on federally funded fusion efforts. 

Drafts of this report were reviewed by DOE, Office of 
Management and Budget, and Office of Science and Technology 
Policy officials. In addltlon, drafts of this report were 
reviewed by a group of dlstlngulshed experts knowledgeable 
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about fusion energy and DOE's fusion programs. Where appro- 
priate, changes based on the reviewers' comments were made to 
this report. Copies of DOE's and the Office of Science and 
Technology Policy's comments appear as appendices I and II 
to this report. The Office of Management and Budget declined 
to submit formal comments. 
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CHAPTER 2 

HISTORY AND STATUS OF 

FUSION RESEARCH AND DEVELOPMENT 

Federally funded fusion research since 1951 has 
demonstrated that monumental problems remain to be solved 
before energy from commercial fusion reactors can be real- 
ized. The mlnlmum criteria for sustained fusion reactions 
has not yet been attained, but DOE officials are optimistic 
that it can be done through magnetic confinement via the 
Tokamak Fusion Test Reactor currently under construction in 
Princeton, New Jersey, and through inertial confinement via 
the Nova glass laser system , planned for construction in 
Livermore, California, by the mid- or late-1980s. A number 
of other countries are also sponsoring fusion research and 
development (R&D) efforts, are emphasizing the same approaches 
as the United States, and are encountering similar types of 
physics and engineering problems. These countries exchange 
lnformatlon both formally and informally on magnetic conflne- 
ment fusion, but they are reluctant to share lnformatlon on 
inertial confinement fusion R&D because it can contribute to 
an understanding of nuclear weapons physics. 

EARLY RESEARCH EFFORTS AND 
zROG@M EVOLUTION 

Federal funding for magnetic confinement fusion R&D, 
apart from weapons research, began In 1951 under the Atomic 
Energy Commission's (AEC's) sponsorship. Federal funding for 
lnertlal confinement fusion began in 1963 (although it was 
not identified in the budget as such until 1970). Although 
a number of fusion research concepts have been funded, none 
have yet met the basic requirements to achieve scientific 
breakeven. Sclentlflc breakeven is the point where suffl- 
clent temperature, density, and confinement time for fusion 
are achieved so that the total amount of energy from the 
fusion reaction equals the amount of energy used to create 
the fusion condltlons. Sclentlflc feasibility, on the other 
hand, is defined by DOE officials as when the total amount 
of energy from the fusion reactions exceeds the amount used 
to create the fusion condltlons. 

The period from 1951 to about 1958 was one of great 
expectations because it was believed that achieving the den- 
SltY r confinement, and temperature for fusion was relatively 
simple. Predictions were made that a demonstration reactor 
would be in operation within 10 years. The fusion concepts 
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funded at the time were magnetic mirrors 1/ at the Lawrence 
Llvermore Laboratory, the Z-pinch 2/ at tEe Los Alamos Scien- 
tlflc Laboratory, and the stellara?or 3/ at the Prlnceton 
Plasma Physics Laboratory. In 1953, researchers achieved a 
plasma density sufflclent for fusion to occur. However, ade- 
quate temperature and confinement time were not achieved to 
attain scientific breakeven. 

From 1959 through about 1968, primarily because of 
dlfflcultles encountered in conflnlng the plasma, interest 
in magnetic confinement fusion waned, and pesslmlsm engulfed 
the program. Even so, in 1962, sufficient temperature 
was attalned for fusion to occur, but not with adequate 
density or confinement tJme to achieve breakeven. Research 
on the Z-pinch concept was phased out in the early 1970s 
because the plasma could not be controlled in a stable con- 
figuration. 

Meanwhile, in the early 196Os, sclentlsts realized that 
laser beams offered a medium for dellverlng large amounts 
of energy In very short periods of time. This realization 
prompted AEC in 1963 to fund laser fusion research. Initial 
calculations showed the need for a high-energy laser, so 
emphasis was placed on developing a glass laser at Lawrence 
Llvermore Laboratory and a carbon dloxlde (gas) laser at the 
Los Alamos Scientific Laboratory. 

In 1969, the Soviet Union announced It had achieved spec- 
tacular results in conflnlng plasma with a tokamak A/ magnetic 
confinement fusion device. Using this device, the Soviets 

l/Magnetic mirrors involve the use of a magnetic field to 
- shape the plasma into a long tube. A strong magnetic force 

at each end of the tube reflects the plasma particles back 
into the tube to help delay and control their escape. 

z/The Z-pinch concept Involved a toroldal (or doughnut shaped) 
device ln which the plasma was to be confined by "plnchlng" 
with an internal magnetic field. 

s/The stellarator concept involves a toroldal device In which 
the plasma 1s confined by two external magnetic fields, one 
splrallng around the device and the other enclrcllng It. 

j/A tokamak is a hollow, doughnut-shaped device which confines 
the plasma with a spiraling magnetic field and an internal 
magnetic field. 
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'achieved an unusually high plasma confinement time, but not 
with adequate temperature or density to achieve sclentlflc 
breakeven. The United States quickly converted its stella- 
rator program to tokamaks, and the experimental results an- 
nounced by the Soviets were verified. International Interest 
in magnetic confinement fusion, speclflcally in the tokamak, 
soared. 

In 1968, the Soviet Union announced the first observa- 
tion of neutrons from laser fusion systems. In 1974, a 
private company, KMS Fusion, Inc., produced the first laser 
fusion neutrons in the United States. In 1973, Sandra Lab- 
oratories began research with an inertial confinement system 
different from the laser system--the particle beam system. 
Research with still another type of non-laser inertial con- 
finement fusion energy system began In 1976 when Sandra Lab- 
oratories began developing an ion beam system. However, 
work on laser concepts has continued and in May 1978, the 
latest Livermore glass system called "Shiva" produced 27 
bllllon thermonuclear neutrons. However, a yield of over 
100,000 times as much is needed to achieve scientific break- 
even. 

Although cumulative AEC, Energy Research and Development 
Admlnlstration (ERDA), and DOE funding of fusion research 
through fiscal year 1978 totals nearly $2 bllllon, sclentlflc 
breakeven has not yet been achieved. In 1970 congressional 
hearings, AEC officials stated that the scientific feaslbll- 
lty of magnetic confinement fusion would be proven by 1980. 
In 1973, AEC offlclals stated that the program was slightly 
ahead of schedule and that sclentlflc breakeven would be 
proven in the late 1970s. 

In a prior report on fusion research ("Efforts to De- 
velop Two Nuclear Concepts that Could Greatly Improve this 
Country's Future Energy Situation," RED-75-356, May 22, 1975) 
we reported that sclentlflc breakeven for magnetic conflne- 
ment fusion was still expected to be achieved by the late 
1970s. Through the 1970s to the present, AEC, ERDA, and DOE 
have announced substantial advancements In nearly all areas 
of the program, especially In plasma heating and confinement 
and In verlflcatlon of theory. During this period, however, 
sclentlflc breakeven eluded the researchers. 

In August 1978, DOE announced another mayor advancement. 
After about 5 years of work, researchers at the Princeton 
Plasma Physics Laboratory successfully operated neutral beam 
lnlectors to produce plasma temperatures of 60 mllllon degrees 
Celsius In a tokamak device. This accomplishment was not 
achieved in conJunctlon with the other criteria for fusion, 
but according to DOE offlclals, it assures that temperature, 
density, and confinement condltlons could be scaled to larger 
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devices and that sclentlflc breakeven was achievable. More ' 
recently, temperatures of over 70 mllllon degrees Celsius were 
achieved on the same device and improvements in plasma stabll- 
lty, density, and confinement time were achieved on a number 
of other devices. 

Milestones for inertial confinement fusion have similarly 
not been met In 1975 congressional hearings, AEC officials 
stated that scientific breakeven would be achieved during fls- 
cal year 1978. Latest estimates are that breakeven will not 
be achieved until 1984 to 1988 

Optlmlstlc statements concerning the prospects for fusion 
energy have also surfaced in DOE's budget submissions. For 
the past few years, the magnetic confinement fusion budget 
Justlflcatlon contained phrases such as "commercial fusion 
power reactors," "technical and economic feaslblllty," and 
reactors which "might be operational in the first decade ot 
the next century." While such phrases and statements may be 
lndlcatlve of staff optimism or long-range goals, they are 
not effectively balanced by descriptions of actual status and 
near-term plans. For example, fusion represents, at best, a 
possible long-term energy option and current emphasis 1s on 
demonstrating sclentlflc breakeven. 

CURRENT U.S EFFORTS 

DOE is contlnulng its efforts to achieve scientific 
breakeven in both the magnetic confinement and inertial con- 
flnement concepts and has a small effort in studying alter- 
native fusion energy applications. In addition, relatively 
small, related efforts are being made by the National Aero- 
nautics and Space Adminlstratlon, the Department of Defense, 
private industry, and universities. 

Magnetic confinement fusion 

About $356 million is expected to be devoted to magnetic 
confinement fusion research during fiscal year 1979. The 
fiscal year 1980 budget sent to the Congress requests $364 
million for magnetic confinement fusion. The ultimate goal 
of DOE's magnetic confinement fusion program is to develop 
a fusion reactor capable of producing electrical power safely, 
reliably, and economically. Most of the current magnetic 
confinement fusion program 1s focused on two concepts--the 
tokamak, which has the highest programmatic priority, and the 
magnetic mirror, which 1s the principal backup to the tokamak 
concept In addition, DOE is conducting a proof-of-principle 
experiment with the Elmo Bumpy Torus. (See pages 11 and 13 
for a description of these concepts.) 
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I Tokamak ----- 

About 65 percent of DOE's funding for magnetic 
confinement fusion 1s channeled into the tokamak concept 
because DOE officials believe, based on recent experimental 
results, that the tokamak 1s the most sclentlflcally ad- 
vanced and the most promising magnetic confinement concept 
for achieving scientific breakeven. Currently, three malor 
tokamak devices are In operation--the "Alcator," operated 
by the Massachusetts Institute of Technology; the "Doublet," 
operated by the General Atomic Corporation; and the "Prince- 
ton Large Torus," operated by the Princeton Plasma Physics 
Laboratory. However, none of these devices 1s capable of 
using deuterlum-tritlum fuel; instead, they each use hydro- 
gen. These devices are designed for researching specific 
problem areas such as high magnetic fields, neutral beam 
and radio frequency heating, size scaling, and pellet ln]ec- 
tion fueling. The "Tokamak Fusion Test Reactor"--currently 
being constructed and scheduled to operate in March 1982--1s 
planned to be the first maJor facility in the United States 
capable of using deuterlum-trltlum fuel, and It 1s expected 
to achieve sclentlflc breakeven for magnetic confinement fu- 
sion. A DOE diagram of this tokamak device is illustrated 
on page 12 

Magnetic mirror --I--_-__-_ 

Magnetic mirrors are being researched as the principal 
backup concept to the tokamak. The magnetic mirror concept, 
in its simplest form, involves a device in which a magnetic 
field shapes the plasma into a tubellke configuration A 
magnetic force at each end of the tube reflects the plasma 
back into the tube to help delay and control the plasma's 
escape. Magnetic mirror research is primarily conducted at 
the Lawrence Livermore Laboratory The maJor mirror device 
currently in operation is the Tandem Mirror Experiment at 
Llvermore This 1s a device for studying confinement scal- 
ing, increasing power input-output ratios, and studying 
plasma heating. 

By 1982, DOE program officials expect the "Mirror Fusion 
Test Facility," now under construction at Llvermore, to be in 
operation. This experimental test facility will employ super- 
conducting magnets and 1s expected to be capable of extending 
physics investigations to reactor grade plasmas 

DOE's efforts on the mirror concept consumes about 15 
percent of the magnetic confinement program's funds. 
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Other exploratoryfforts - -- 

DOE is currently conslderlng eight concept areas as 
eventual alternatlves to the tokamak or mirror as a power re- 
actor. These concepts have been divided into three categor- 
ies. The first, a proof-of-prlnclple test using a hydrogen 
fuel with most of the relevant physics parameters at near 
reactor levels, includes only the Elm0 Bumpy Torus. A/ The 
second category includes concepts in a less developed research 
phase which may eventually be selected for accelerated devel- 
opment. Concepts in the second category are the Reversed 
Field Pinch, Linear Magnetic Fusion, Advanced Fuels/Multi- 
poles, and Stellarator/Torsatron. The third category con- 
sists of concepts at the earliest stage of development where 
a small experimental device could be used to provide early 
tests of the concept. Three concepts are in the third cate- 
gory: Compact Toroid, Linus, and Tarmac. 

Inertial confinement fusion ----I---- 

About $144 million is expected to be spent on inertial 
confinement fusion efforts by the Federal Government during 
fiscal year 1979; the budget sent to the Congress for fls- 
cal year 1980 requested $146 million. DOE's inertial confine- 
ment fusion research efforts are designed to demonstrate the 
feaslblllty of achieving large releases of energy from laser- 
driven, lnertlally confined mlcroexploslons and apply this 
technology in the near term to weapons technology appllca- 
tions, and in the longer term, to produce commercial fusion 
power. 

DOE's current inertial confinement fusion research ef- 
forts are concentrated on different types of energy beams or 
drivers, on different sizes ana materials for targets or pel- 
lets, and on understanding how different types of beams and 
pellets interact. Generally, glass laser beams are used for 
basic physics research, and gas laser beams and particle 
beams of either electrons or ions are being developed for 
possible future powerplant appllcatlons. 

Glass lasers ------ 

Glass laser systems, primarily being developed at the 
Lawrence Livermore Laboratory, are systems in which a light 
beam-- a laser beam-- is given high energy by passing the beam 

---I_-- -- 

I  * L 

l-/The Elmo Bumpy Torus is a closed or toroldal mirror, thus 
combining some feature of tokamaks with some mirror features. 
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through glass amplifiers. The glass ampllflers contain an 
element, usually neodymium, which 1s charged to a high energy 
level by an outside energy source. The beam, passing through 
the glass amplifiers, picks up additional energy and exits the 
amplifiers at a higher power level. After passing through a 
number of amplifiers, one or more beams enter a target chamber 
and strike the fuel pellet or target. Mayor glass laser de- 
vices used by Lawrence LIvermore include "Janus," a $2-mllllon, 
two-beam system, first operated in 1974; "Cyclops," a $5-mll- 
lion, single-beam system, first operated in 1975; "Argus," a 
$3-million, two-beam system, first operated during 1976; and 
"Shlva," a $25-million, 20-beam system first operated in 1978. 
DOE plans to incorporate the Shlva device into a larger system 
called "Nova." The first phase of Nova is expected to be op- 
erational in 1983. If experimental results warrant, a second 
phase will be completed between 1984 and 1988. DOE officials 
belleve that the completed system will be capable of achieving 
sclentlflc breakeven. 

In addition to Lawrence Livermore's glass laser efforts, 
the University of Rochester is constructing a medium-powered 
glass laser to be operated as a user research facility. This 
prolect 1s being Jointly funded by the Unlverslty of Rochester, 
DOE, the State of New York, and private industry. 

Gas lasers 

Gas laser systems, primarily being developed at the Los 
Alamos Scientific Laboratory, are somewhat similar to glass 
laser systems. However, In gas systems the light beam passes 
through an energized gas, usually carbon dioxide, and 1s am- 
plified to a higher energy level in the same manner as the 
glass laser systems. The malor carbon dioxide laser system 
presently operating is HELIOS (formerly known as the "Eight 
Beam System"). DOE is currently constructing "Antares," a 
72-beam laser system that is expected to operate in 1984. 
Antares, which will cost about $62 5 million, will be about 
as powerful as the first phase of Nova and is being designed 
to achieve sclentlflc breakeven. 

Particle beam systems - - 

DOE is examining particle beams of electrons, light ions, 
and more recently, heavy ions as an alternative to using laser 
beams. Accelerators are used to impart substantial velocity, 
and thus, energy to these particles. R&D efforts are directed 
toward forming such particles into intense, concentrated, and 
focused beams that can be used as inertial confinement fusion 
drivers, much as laser beams are currently used 
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Pulse power accelerators are used to generate electrons 
and light ion particle beams. Simply stated, a pulse power 
accelerator takes ordinary electrical power and transforms It 
into very high-power, short pulses of electrical energy. 
These pulses of electrical energy are then used to form high- 
power, focused beams of electrons or light ions. Conventional 
accelerators normally used for basic high-energy physics re- 
search, like those at the Fermi National Accelerator Labora- 
tory in Illinois and Stanford Linear Accelerator Center in 
California, may be adapted to generate heavy ion beams. 

gvanced laser development ---- 

DOE has plans to develop an advanced laser capable of 
replacing the carbon dioxide gas laser if the latter proves 
unsuccessful or unsuitable for powerplant use. Four generic 
classes of lasers are being evaluated by Sandra and Liver- 
more laboratories and a number of private companies. At 
least one will be selected for further development. In 1979, 
DOE plans to build a device incorporating the selected laser 
concept(s) at a size sufficient to provide lnformatlon on 
whether it can be used as a driver in a powerplant. Two con- 
cepts will be selected If sufficient funding is available. 
Depending on the progress made in the carbon dioxide and par- 
ticle beam concepts, DOE may eventually build an even larger 
advanced laser device before selecting the driver for an ex- 
perlmental power reactor. 

Development of targets or fuel ---- 
Ellets -- 

Regardless of which type of driver is ultimately selected, 
it will have to irradiate fuel pellets to achieve energy gains. 
Fuel pellets, or fusion targets as they are often called, con- 
sist of tiny spheres contalnlng deuterlum-trltlum fuel. Sev- 
eral layers of an addltlonal material may be structured on top 
of the sphere to enhance the driver/target interaction process. 

At present, sophlstlcated target fabrication techniques 
and target designs are necessary to create fusion targets 
which will properly implode. For example, a target surface 
having irregularities greater than about 10 to 100 nanometers 
(bllllonths of a meter) may be unacceptable. 

DOE is using electron and ion beam drivers to help gain 
a better understanding of the physics in the reactions between 
different pellets and drivers. In addition, KMS Fusion, Inc., 
a DOE contractor, 1s working with various types of targets and 
is developing target fabrication techniques. However, accord- 
lng to DOE officials, as more powerful drivers become avall- 
able, some target fabrication and design requirements might be 
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relaxed, and powerplant fuel pellets may be comparatively 
simple. 

Other efforts -- 

The Lawrence Livermore, Los Alamos, and Sandra laborator- 
ies carry out DOE's weapons research and development efforts, 
so it is logical that inertial confinement fusion, which also 
may have military appllcatlons, is carried out by these labor- 
atories. In addition, the Department of Defense's Naval Re- 
search Laboratory carries out research in glass laser develop- 
ment, laser/target interactions, inertial confinement fusion 
theory, electron beams, and advanced gas laser concepts. 

Alternative fusion -------- 
~@ications --- 

In addition to researching fusion to develop a process 
for producing electricity, DOE is studying whether fusion 
reactions can be applied to produce energy in other forms. 
Two alternative appllcatlons being studled are (1) the pro- 
duction of synthetic fuels and (2) development of a fuslon- 
fission hybrid reactor. 

In studying the production of synthetic fuels, research- 
ers are exploring the feaslblllty of using the intense heat 
and/or neutrons expected to be generated from fusion reactions 
for producing hydrogen, alcohol, and synthetic natural gas. 
If feasible, researchers believe that such fuels could be pro- 
duced from water and gases found in the air. 

DOE is studying the posslblllty of combining the fusion 
and fission processes in a fusion-fission hybrid reactor. By 
adding natural or depleted uranium to the lithium blanket, re- 
searchers expect 10 times as much energy per fusion reaction 
to be produced along with flsslle material which could be used 
to fuel a nuclear fission reactor A hybrid reactor of this 
type has less stringent physlcal demands then a pure fusion 
reactor and researchers believe It could be developed in the 
near term. 

However, fusion-fission hybrid reactors are surrounded 
by much controversy. Proponents belleve such reactors can 
slgnlflcantly contribute to near-term energy requirements. 
They envision that the hybrid reactors could be used to pro- 
duce electricity, breed flsslon fuels, and/or convert long- 
lived, highly radloactlve fission wastes Into less hazardous 
wastes. 

On the other hand, critics claim that fusion-flsslon 
hybrid reactors represent the worst aspects of fusion and 
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fission. Although such reactors might be useful as power 
producers, they belleve that hybrid reactors could be envl- 
ronmentally dangerous. One of the dangers cited 1s the 
breeding of flsslle material. The Electric Power Research 
Institute estimates that a typical fusion-flsslon hybrid 
powerplant, producing 1,000 megawatts (thermal), could an- 
nually produce in excess of 2,000 kilograms of plutonium. 
In view of the opposltlon that flsslon breeder reactors 
have faced because of nuclear weapons prollferatlon issues, 
it is doubtful that fusion-flsslon hybrid reactors can be 
made a near-term energy source. 

FOREIGN EFFORTS 

The posslblllty of harnessing fusion as a future energy 
source has inspired worldwide Interest and a wide variety of 
research efforts. At least 20 natlons are sponsoring research 
programs ranging from theoretlcal studies to the construction 
of large experlmental devices. Nearly all countries with 
large-scale fusion energy research programs are emphaslzlng 
the same approaches, with research on the tokamak concept be- 
ing the most heavily funded Srmllar types of physics and 
englneerlng problems are being encountered and addressed In 
all programs. 

The Soviet Union, the European Atomic Energy Community 
(EURATOM), and Japan have slgnlflcant programs in magnetic 
confinement fusion research, and the Soviet Union has a large 
lnertlal confinement fusion research program. In addltlon, 
a number of other countries are conducting theoretlcal studies 
or small experimental programs. Countries are generally co- 
operating, coordlnatlng, and exchanging magnetic confinement 
fusion lnformatlon. According to DOE officials, few lmpedl- 
ments to lnternatlonal magnetic confinement fusion lnformatlon 
exchange and cooperation exist, and the current level of coor- 
drnatlon 1s effective. However, countries are reluctant to 
share lnformatlon on lnertlal confinement fusion because in- 
ertlal confinement fusion research and experiments can con- 
tribute to an understandlng of nuclear weapons physics. 

Soviet Union 

According to Soviet embassy offlclals, DOE officials, 
and publlshed fusion articles and papers, the Soviet Union's 
fusion program appears to be a broad-based effort conducted 
on tokamaks, stellerators, mirrors, pulsed systems, and la- 
sers and electron beam devices at seven malor Soviet research 
centers. Currently, emphasis 1s placed equally on magnetic 
confinement fusion (prlnclpally the tokamak) and lnertlal 
confinement fusion. DOE offlclals belleve the overall level 
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of effort in the Soviet Union 1s about equal to that in the 
United States. 

The Soviets began fusion research about the same time 
as the United States. The tokamak concept was first tested 
in the Soviet Union in 1969. The Soviet Union currently has 
many tokamaks in operation. Their malor operating tokamak 
is about the size of the Princeton Large Torus. A mayor new 
tokamak 1s being constructed and is expected to operate 
in 1983. 

The Soviets are currently operating two stellerators and 
constructing two more. According to published articles, the 
Soviets believe the stellerator is potentially more attractive 
as a reactor because theoretically it 1s a less complex device 
and would result in a more economic reactor. As previously 
noted, DOE does not currently carry out any significant efforts 
on the stellerator. 

The mirror concept was first tested by Soviet scientists 
in 1961. DOE officials informed us that the Soviet magnetic 
mirror program is, in part, similar to U.S. tandem mirror ef- 
forts and that the Soviets slmllarly consider this concept to 
be a backup to the tokamak. The Soviets are also exploring 
several other mirror concepts such as those employing rotating 
and multiple mirrors. 

The Soviets are also attempting to develop the fusion- 
flsslon hybrid reactor and are carrying out research In pulsed 
systems. The pulsed system work is aimed at improving the 
magnetic confinement systems so they may better withstand the 
neutrons produced by fusion reactlons. The Soviets are also 
reported to be working on several other magnetic confinement 
concepts in an attempt to resolve plasma containment problems. 

In inertial confinement fusion, DOE officials told us 
that the Soviets are not as advanced as the United States In 
the use of lasers, but are probably ahead In using electron 
beam drivers. The Soviet program, according to DOE offlclals, 
1s closely related to mllltary appllcatlons. These offl- 
clals contend that the Soviet Union's laser efforts have been 
adversely affected by an inferior optlcal industry (good op- 
tics are needed to focus beams for good laser performance) 
and Inadequate analytical computer capabllltles. In electron 
beams, the Soviets have at least three mayor devices in oper- 
atlon, are currently deslgnlng another, and expect to achieve 
sclentlflc feasibility in the early 1980s. 
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EURATOM - 

EURATOM, the nuclear research and development arm of t4;le 
European Common Market Community, was created In 1957 to pro- 
mote peaceful uses of nuclear power. It has nine member na- 
tlons-- Belgium, West Germany, France, Italy, Luxembourg, the 
Netherlands, Denmark, Ireland, and the United Kingdom. Sweden, 
a nonmember nation, signed a cooperative agreement in 1976 to 
be associated with EURATOM's fusion research. 

EURATOM's fusion research fundlng for the period 1971 
through 1975 totaled about $86 mllllon, but has been increas- 8 
ing rapidly. For the period 1976 through 1980, funding 1s 
expected to total about $633 million. 

EURATOM's fusion research efforts are implemented through 
contracts with member countries' research organizations. 
Each participating country operates its own laboratories, but 
EURATOM attempts to integrate the European efforts into a sin- 
gle unified program. EURATOM contributes funds for about 25 
percent of the operating expenses and 45 percent of the invest- 
ment capital required for building large experimental devices 
of interest to the member nations. The lndlvldual participat- 
ing countries pay the remainder. EURATOM also sponsors meet- 
lngs and symposiums on fusion. 

EURATOM's mayor prolect is the "Joint European Torus," a 
large tokamak device being built in Culham, England, for study- 
ing plasma under reactor-like conditions. Construction is 
underway, and the device 1s expected to be ready for operation 
by 1982. 

Other fusion activities that EURATOM supports are: 

--Experiments on existing tokamaks and the possible con- 
struction of medium-sized devices 

--Research on high beta systems. 

--Research with stellarators 

--Research on heating plasma to the high temperatures 
needed for fusion. 

--Research on supporting technologies such as power sup- 
ply control, vacuum technluues, materials, and fusion 
power reactor design. 

EURATOM considers inertial confinement fusion to be an 
alternative to magnetic confinement fusion, but only plans 
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to keep abreast of worldwide progress without undertaking 
any malor research effort. 

Japan 

Japan's goal is to develop fusion energy for use in the 
21st century. Funding for the period 1975 to 1979 1s estl- 
mated at $500 million, with research being performed at five 
malor laboratories and several unlversltles. DOE officials 
believe that Japan's fusion program 1s not as advanced as the 
U.S. program, but because of its aggressive efforts, Japan 

\ 1s expected to reach sclentlflc feaslblllty about the same 
time as other countries with large-scale programs. 

Japan has two operating tokamaks and another planned for 
operation in 1982 to study plasma in near reactor condltlons. 
Japan is also exploring mirror concepts similar to the United 
States' Tandem Mirror Experiment at Livermore and the Elmo 
Bumpy Torus at Oak Ridge. 

Japan has a small inertial confinement fusion effort 
which generally follows the path of the U.S. program; that is, 
a primary effort using glass lasers and secondary prolects in- 
volving carbon dioxide lasers and electron beams. The Japan- 
ese have predicted they will achieve sclentlflc feasibility 
with a glass laser system, but have not announced a target 
date for 1-t. 

Other foreign efforts ----- ---- 

Some EURATOM member nations and other countries carry out 
magnetic fusion research at their natlonal laboratories. The 
French emphasize tokamaks and plasma heating. Italy's program 
includes a tokamak device and supporting basic fusion research. 
The Netherland's program emphasizes plasma research and torol- 
da1 systems. West Germany is conducting research on tokamaks, 
stellarators, and pulsed systems. Other countries independ- 
ently performing magnetic confinement fusion research include 
Denmark, South Africa, China, Switzerland, and Sweden. 

Some countries have small lnertlal confinement fusion 
efforts. Canada 1s carrying out work using carbon dloxlde las- 
ers, Belgium is doing theoretical work, West Germany is per- 
forming research using iodine lasers, France is working on tar- 
get designs, and the United Kingdom 1s working on the glass 
laser exclusively for military applications. Other countries 
wltn small inertial confinement fusion efforts include Poland, 
Israel, and Rumania. 
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' Intirnatlonal cooperative - 
efforts 

In magnetic confinement fusion research, there has been 
formal and informal cooperation through bilateral and unllat- 
era1 arrangements for exchanging lnformatlon and manpower. In 
addition to EURATOM, there are two malor lnternatlonal orga- 
nizations which, in part, promote the development of magnetic 
confinement fusion. Under the auspices of the United Nations, 
the International Atomic Energy Agency (whose membership is 
open to all nations) encourages cooperation in international 
nuclear energy research. 

In addition, the International Atomic Energy Agency 1s 
sanctioning INTOR (Internatlonal Tokamak Reactor). Under 
this prolect, the Unlted States, the Soviet Union, the Euro- 
pean Community, and Japan are developing the technical objet- 
tlves and nature of the next large tokamak. 

The other agency is the International Energy Agency, a 
part of the Organlzatlon of Economic Cooperation and Develop- 
ment, whose membership consists of 18 European and North 
American countries (including the United States), plus Japan. 
This agency provides member nations with a united front for 
(1) cooperating with the oil-producing countries and companies 
for mutual benefit, (2) lessening the 011 dependence of its 
members, and (3) providing an oil-sharing plan for emergen- 
cies. As one means of reducing future dependence on 011, the 
agency sponsors cooperative R&D programs on various technol- 
ogies, lncludlng magnetic confinement fusion concepts. Two 
mayor cooperative agreements related to fusion have been 
signed under the agency's auspices: one for developing a 
large superconducting ~011, and another for researching con- 
tainer wall damage. The Unlted States has the lead role for 
developing facllltles for use under the superconducting co11 
agreement, and West Germany has the lead role for developing 
a tokamak device for researching container wall damage. The 
United States 1s also partlclpatlng in the wall damage prolect 
and will have access to conduct experiments on the West German 
device. Similarly, other partlclpatlng countries will have 
access to conduct experiments at the facility that the United 
States is developing under the co11 agreement. An agreement 
on fusion materials 1s currently being negotiated. 

In addition to partlcipatlng in the efforts of these 
internatlonal agencies, since about 1958 the United States 
and the Soviet Union have been exchanging magnetic conflne- 
ment fusion information. Initially this was done on an 
informal basis, but in February 1974 lnformatlon exchanges 
between the two countries were formalized with a written 
agreement to exchange lnformatlon on magnetic confinement 
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fusion. Under the agreement, the Unlted States and the Sovlei 
Union have exchanged lnformatlon on experimental results and 
made reclprocatlng site vlslts. There also have been person- 
nel exchanges and lolntly sponsored seminars and conferences 
on a variety of magnetic confinement fusion concepts. 

The Unlted States and Japan have recently signed an 
Agreement for Cooperation In Energy Research and Development 
One of the areas for cooperation 1s fusion. Tentatively, 
the agreement will (1) establish a Joint Institute for Plasma 
Physics, (2) allow for coordinated fusion planning, and (3) 
provide for lnformatlon exchanges and faclllty vlslts. In 
addltlon, the Japanese may provide $60 mllllon to upgrade the 
Unlted States' Doublet III device. 
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CHAPTER 3 

PROBLEMS IMPEDING THE DEVELOPMENT 

OF FUSION AS AN ENERGY SOURCE 

DOE offlclals are optimistic that energy from fusion 
reactors will be commerclallzed in the next century. It 
appears that fusion, if developed, will be a virtually in- 
exhaustible source of energy because deuterlum 1s abundant 
and trltlum can be derived from a readily available sub- 
stance. But many problems remain to be solved. Before a 
commercial reactor can produce usable energy, sclentlsts 
must achieve sclentlflc breakeven, prove sclentlflc and engl- 
neerlng feaslblllty, and demonstrate a commercial reactor. 
Until these items are proven, the practical potential of fu- 
sion cannot be determined. 

Engineering feasibility will be achieved when the phys- 
ical and engineering requirements for a potentially economlc- 
ally competltlve design have been met. Commercial feaslbll- 
ity will be demonstrated when net usable energy is produced 
from a fusion reactor in an economically competltlve, safe, 
and environmentally acceptable manner. DOE's research efforts 
have been emphasizing the achievement of sclentlflc breakeven. 
To help ensure the success of ultimately achieving commercial 
fusion power, Its efforts are also directed toward developing 
backup concepts and englneerlng designs, and addressing en- 
vironmental and safety issues. 

PROBLEMS IMPEDING THE 
DEVELOPMENT OF MAGNETIC 
CONFINEMENT FUSION 

In magnetic confinement fusion, DOE 1s emphaslzlng the 
development of the tokamak concept because it belleves this 
concept has the highest potential to achieve sclentlflc break- 
even. However, even after sclentlflc breakeven 1s achieved, 
many physics and englneerlng problems will remain to be solved. 

Breakeven and scientlflc 
feaslblllty --m-1 

To achieve breakeven and sclentlflc feaslblllty, tokamak 
researchers have identified four major physics problems which 
impede achievement of the temperature, density, and conflne- 
ment criteria. 

--Transport and scaling. Transport and scaling refers to 
understandlng the physical laws which describe plasma 
behavior in present experiments and predict plasma 
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behavior in larger devices. Information on scaling is 
being obtained by experlmentatlon with successively 
larger devices. One of the key elements necessary to 
determine the economics of fusion reactors is under- 
standlng scaling laws so that the requirements for a 
larger reactor can be accurately estimated. According 
to DOE officials, recent experiments at the Princeton 
Plasma Physics Laboratory have done much toward solving 
the scaling questlons, and they expect that experiments 
at the Tokamak Fusion Test Reactor, currently being 
constructed, will resolve the problem. 

--Heating. Plasma temperatures currently are too low to 
overcome the repulsion of like-charged particles; over- 
coming such repulsion 1s needed so fusion can occur. 
The plasma temperature required for magnetic confine- 
ment fusion reactors 1s expected to be about 100 million 
degrees Celsius. Recent experiments involving neutral 
beams on tokamaks have produced temperatures of about 
70 mllllon degrees Celsius. Research 1s being carried 
out to develop new heating methods. 

--Controlling plasma impurity. Foreign particles, or im- 
purities, In the plasma can cool the plasma or cause the 
plasma to shrink and become unstable. Hence, control- 
ling lmpurltles 1s essential for long periods of opera- 
tion. A malor source of this contamlnatlon is expected 
to be the inner reactor wall from which impurltles can 
be dislodged by neutron bombardment during a fusion re- 
action. Efforts are underway to develop materials which 
can withstand neutron bombardment. In the event that 
materials presently being developed and tested prove to 
be lnsufflclent, other methods are being studied to pre- 
vent plasma ions from hitting the wall. Two such meth- 
ods are (1) the magnetic dlvertor which is to "divert" 
the plasma lmpurltles into a special auxiliary chamber 
and (2) gas blankets which are to help reduce the number 
of ions that bombard the inner wall. 

--Stablllzlng plasma. Plasma stability is affected by 
the shape of the plasma. Researchers have predicted 
that plasma confined In a nonclrcular shape is theoret- 
lcally capable of being confined by lower strength 
magnetic fields than plasma In a circular shape. If 
the required strength of the magnetic field can be re- 
duced, smaller reactors will be needed, and powerplant 
costs can be reduced. Efforts are underway to deter- 
mine the optimal plasma conflguratlon. 

As a prlnclpal backup to the development of the tokamak 
concept, DOE is also developing the magnetic mirror concept. 
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The magnetic mirror concept en-Joys an advantage over the to- 
kamak because such devices have a natural tendency to reduce 
inner wall impurities; the plasma is self-purifying since 
particles escape before reaching the inner wall of the con- 
tainer. Magnetic mirrors have potential to operate contin- 
uously rather then in the pulsed mode used by tokamaks. How- 
ever, the magnetic mirror concept, In Its present form, has 
the malor disadvantage of low efficiency In terms of power-input 
to power-output. Simple mirrors have an estimated power-output 
to power-Input ratio of slightly more than one compared to a 
very large ratio for tokamaks, where the plasma may require 
little or no additIona energy to be self-sustaining. 

Engineering feaslblllty 

Assuming sclentlflc breakeven IS achieved using a toka- 
mak device by the mid-1980s as predicted by DOE, other physics 
and englneerlng problems will have to be solved before a com- 
mercial reactor 1s feasible. Although the tokamak is the most 
sclentlflcally advanced magnetic confinement concept, utlllty 
industry experts are concerned that It may not be practical 
for use in a commercial powerplant. They point out that, of 
the alternative approaches to fusion currently being consld- 
ered, the tokamak IS the most complex approach from the stand- 
point of the engineering required to scale up for energy pro- 
ductron. They also point out that the complexity of the 
tokamak's design would tend to make a commercial powerplant 
uneconomical. Hence, researchers are seeklng to find ways to 
simplify the englneerlng required and reduce the size of to- 
kamak reactors, which in turn would help reduce costs. Recent 
experimental results relative to these oblectlves have been 
encouraging. 

Some potential problems that researchers have ldentlfled 
to date are currently being worked on. 

--Magnetic power deficiencies. Conventional magnets 
have excessive heat losses and require large amounts 
of electrlcal power. Conventlonai magnets-are also 
very large, thereby necessltatlng large reactor con- 
flguratlons. Thus, efforts are underway to develop 
small superconducting magnets which would permit full 
magnetic power while lnputlng slgnlflcantly smaller 
amounts of electrlclty. 

--Temperature Fusion researchers have long recognized 
that neutral beams of greater efflclency must be de- 
veloped for lnlectlng high-energy atoms into plasma 
to raise its temperature Efforts are underway to 
achieve more powerful neutral beam currents. 
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--Refueling. Many 'uncertainties remain in refueling 
KiZG~actors. Fusion research on refuelins fusion 
reactors has only recently begun because refueling 
has not been required for present short-pulse exper- 
iments. Experiments are underway on using pellet 
lnlectors for fueling experiments on future tokamaks, 
and several other techniques are also being pursued, 
lncludlng rotating centrifuges, and electrostatic ac- 
celerators. In addition, DOE is studying other possi- 
bIllties such as gas blankets, plasma guns, and low 
neutral beam 1nIectlon 

--Materials. Current state-of-the-art in materials 
technology would limit the first wall life of fusion 
reactors to 10 years or less due to radiation damage. 
Efforts are underway to explore using other materials 
which would help resolve the problem In addltlon, 
DOE 1s studying modular construction designs which 
would allow periodic change-outs of inner walls or 
other damaged structures. 

--Radlatlon. Trltlum, if not properly handled and con- 
tanned, could pose a radlologlcal hazard. DOE has 
recognized this potential problem and has a malor 
effort underway in trltlum containment and control. 
Analyses performed to date Indicate that current 
cleanup system technologies would adequately control 
antlclpated trltlum releases from fusion reactors. 

--Wastes. RadioactIve waste associated with fusion 
powerplants may pose handling and disposal problems. 
DOE does not believe radloactlve wastes from fusion 
plants will prove to be a malor problem because such 
wastes will be produced only by actlvatlon of struc- 
tural material, and not as a direct product of the fu- 
slon reaction Itself. Hence, when compared to flsslon 
reactions, the magnitude of the problem 1s relatively 
small, with fusion expected to produce only a tenth 
as much waste as the flsslon process. However, DOE 
1s making efforts to minimize the quantltles of radlo- 
active waste and to ensure that the waste is In a 
form which could be easily handled and disposed 

Commercial feaslblllty -I__- 

To successfully commerclallze fusion, not only does Its 
breakeven, and sclentlflc and englneerlng feaslblllty need to 
be proven, but It must be (1) economically competitive with 
other energy sources and (2) acceptable to the general public 
as a safe and environmentally compatible technology. Because 
portions of magnetic confinement fusion are still in the basic 
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research phase of development, it is premature to expect that 
all the economic, safety, and envlronmental issues have been 
identified, let alone resolved. For example, the state-of- 
the-art has not yet advanced to a point where reliable cost 
estimates can be-made for constructing and operating a commer- 
cial fusion reactor. Hence, a multitude of problems remain to 
be solved before magnetic confinement fusion becomes a commer- 
cial energy source. 

PROBLEMS IMPEDING THE 
DEVELOPMENT OF INERTIAL 
CONFINEMENT FUSION 

Much as with magnetic confinement fusion, researchers 
seeking to develop lnertlal confinement fusion as an energy 
source face a multitude of problems. Sclentlflc breakeven 
has not yet been achieved, and much of the work on this con- 
cept is In the basic research phase. DOE is continuing its 
efforts to achieve sclentlflc breakeven and hopes to reach 
that point during the period 1984 through 1988. 

Currently, DOE is concentrating its lnertlal confinement 
fusion efforts In three maJor problem areas: 

--Developing more powerful and efficient drivers. 

--Galnlng a complete understanding of the highly complex 
physical process of lnteractlng drivers and fuel pel- 
lets or targets. 

--Developing a process to mass produce sufficient usable 
targets. 

Driver development ---- 

A mayor problem facing researchers 1s developing a driver 
which deposits sufflclently large amounts of energy on tar- 
gets to sustain a large number of fusion reactlons so that 
energy can be produced. To achieve an energy gain sufflclent 
to produce electrlclty, the driver must efficiently deliver 
energy to the target. The ratlo of the energy yielded from 
a target to the energy input by the driver 1s called pellet 
gain. To generate electrlclty In a commercial inertial con- 
flnement reactor, researchers estimate that the pellet gain 
ratio needs to be In excess of 20 to 1. To date, the highest 
ratio achieved In an lnertlal confinement fusion experiment 
has been about 1 to 100, a net loss of energy. Hence, it 1s 
obvrous that much work remains to be done to improve the power 
of drivers If commercial power 1s to be generated from an In- 
ertial confinement fusion reactor. 
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DOE is exploring several types of drivers because each 
has different characteristics and can serve different pur- 
poses. Currently, glass lasers are being used In efforts to 
achieve sclentlflc breakeven, carbon dioxide gas and other 
advanced lasers are being evaluated for potential use in 
powerplants; and particle, electron, and ion beams are being 
used in experiments designed to gain a better understanding 
of the physics in the reactlons between different pellets 
and drivers. Although glass lasers are being developed to 
achieve sclentlflc breakeven, most fusion researchers do not 
consider such lasers acceptable as drivers in a future com- 
mercial powerplant. The reason is that heat builds up ln 
the glass, which prevents the laser from being repeatedly 
fired at the rates believed to be necessary in a commercial 
power system. Glass lasers can be fired only about once an 
hour, whereas a commercial driver 1s expected to be fired 
about 10 times per second. Consequently, DOE does not cur- 
rently plan to develop glass lasers beyond sclentlflc break- 
even and other drivers are being developed for possible use 
in a commercial reactor. 

Carbon dloxlde gas laser beams are being developed for 
potential powerplant use because they have relatively high 
efficiency, are considered adaptable for scaling up to larger 
sizes, and can be fired repeatedly. However, the long wave- 
length associated with gas laser beams requires special optl- 
cal equipment. The lenses currently avallable are either 
not completely satisfactory or dlfflcult to make. In addl- 
tion, the long wavelength may adversely affect implosion phys- 
ics phenomena and reduce the potential for achlevlng high 
pellet or energy gains. 

In comparison to laser driver systems, experiments have 
indicated that light ions and electron beam drivers may be 
relatively simple, lnexpenslve, and efficient. Efficiencies 
have been estimated up to 50 percent, whereas an extremely 
efflclent laser driver only may attain a 15-percent efflclency. 
However, research in such particle beams is in its infancy, 
and much development work must still be performed before the 
potential of particle beams as drivers of inertial conflne- 
ment fusion systems 1s known. For example, sclentlsts at 
Sandra Laboratorles are concerned that certain physical and 
technical constraints could limit the maximum amount of power 
that can flow from an accelerator and cause serious dlffl- 
cultles in scaling to higher power levels. Techniques for 
overcoming these problems are to be explored with an "Elec- 
tron Beam Fusion Accelerator," now being built at Sandra 
Laboratorles ln New IJlexlco. Another potential problem 1s 
undesirable blast and radiation damage. This matter is under 
study at Sandra Laboratories, and theoretlcal and experimental 
results to date lndlcate that the problem can be overcome. 
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Drlver/tarset interaction 

The interaction, or energy coupling, of the driver and 
the target and the subsequent compression and heating of the 
fuel involve highly complex physical processes. While much 
has been learned about these processes, existing laser and 
particle beam systems cannot focus enough energy and power 
on targets to resolve the remaining uncertalntles. DOE 1s 
seeking to successfully complete and operate experiments with 
more powerful driver systems in the next few years so that 
scientists can resolve the uncertainties. 

To implode a target, the energy from the driver must be 
efficiently coupled with the target, and the energy deposited 
must effectively compress and heat the target. Counteracting 
physical processes inherent in both the driver and target 
contribute to the existing uncertainties. For example, tur- 
bulence in the fuel could either enhance its energy-absorbing 
efficiency or impede it. The turbulence might also pre-heat 
the fuel in the core of the pellet, making compression more 
dlfflcult. 

Uncertainties also exist about the physical processes 
that affect stability of pellet compression. Microscopically 
irregular ridges and depressions on the surface of the fuel 
pellet or between layers of pellet materials can adversely 
affect the stablllty and uniformity of the compression. Some 
physical processes enhance the growth of these lnstabllrtles, 
while others tend to dampen growth. A better understandlng 
of the conditions under which these physical processes occur 
1s needed. 

These and other uncertainties, some of which are classi- 
fled, exist because the theoretical predictions of which phys- 
ical processes will prevail when targets are irradiated by 
more powerful laser and/or particle beam pulses have not been 
experimentally confirmed. It 1s possible that some of the 
problems may not exist at higher energy levels or that other 
problems may surface. 

Target fabrication ----- 

The ability to fabricate targets to required specifi- 
cations 1s as important to the program as the development of 
high-powered driver systems. Each target must meet micro- 
scoplc design specifications to be suitable for fusion re- 
search. As drivers become more powerful, larger targets will 
be required, and fabrlcatlon may be less drfflcult. However, 
new target designs may require development of new fabrication 
techniques or may pose other unforeseen problems. 
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Target fabrication 1s a complex process requlrlng batch 

processing of bllllons of prefabricated hollow glass micro- 
spheres ranging in diameter from 40 to 600 micrometers. Un- 
til recently, only 1 In 100 mllllon microspheres produced was 
sultable; however, with new productlon methods, about 1 in 
100 is suitable. Further improvements are expected 

Target fabrication requires filling selected targets with 
fuel; advanced targets may require the solldlflcatlon of this 
fuel as a frozen film on the inside surface of the microsphere. 
Because the fuel freezes at minus 253 degrees Celsius--20 de- 
grees above absolute zero-- cryogenic fabrlcatlng and handling 
techniques will have to be developed. Developing mass produc- 
tion processes will require analyzing a wide variety of materl- 
als so that those with physical properties that are experlmen- 
tally useful, machlneable, and compatible with other materials 
can be selected. 

After fabrlcatlon, a highly sophlstlcated examlnatlon 
procedure 1s needed. Each pellet and layer wlthln a pellet 
must be examined for thickness and lrregularltles. Since 
an enormous number of microscopic pellets will be required, 
unique electronic scanning procedures must be developed and 
employed 

Target design and fabrication actlvltles to date have 
centered on producing single, high-cost fusion targets for 
experimental purposes. An Inertial confinement fusion reac- 
tion may require from 100,000 to 1 million fuel pellets a 
day. Thus, economical mass production techniques for pro- 
duclng reliable, high-quality pellets must be developed to 
enable this fusion process to be economically feasible 

Classification requirements 
are potential zedlments -- - 

Much of the inertial confinement fusion target fabrlca- 
tlon and design criteria, many of the related theoretlcal stud- 
ies and computer modeling programs, and experlmental results 
are classlfled because lnertlal confinement fusion research 
and experiments can contribute to an understandlng of nuclear 
weapons physics. The classification of lnformatlon results 
In a lack of freedom to fully exchange Ideas about driver/ 
target lnteractlon and target lmploslon physics with sclen- 
tests who do not have the required security clearance. The 
remaining unclasslfled lnformatlon cannot always fully de- 
scribe the knowledge that has been accumulated from research. 
DOE program managers are concerned that this restriction may 
adversely affect the program. Consequently, program officials 
have recently taken action to increase unlverslty and industry 
involvement In lnertlal confinement fusion research efforts. 
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SIX private firms and unlverslty groups have been selected to 
perform classified research. Program officials plan to annu- 
ally determine the need for additional participation. 

Other areas of concerq 

If scientific breakeven 1s achieved, scientific feaslbll- 
lty 1s demonstrated, and research emphasis 1s shifted to dem- 
onstrating engineering feasibility, industry involvement 1s 
expected to rapidly increase. DOE hopes these efforts will 
culminate with an experimental power reactor capable of gener- 
ating limited electrical power before the year 2000. About 
2005, DOE plans to demonstrate commercial feasibility by hav- 
ing utility companies construct and operate a prototype power 
reactor in a safe, reliable, economic, and environmentally 
acceptable manner. 

As with a magnetic confinement fusion system, a signif- 
icant portion of the inertial confinement fusion program is 
still in the basic research phase, and it 1s premature to as- 
sume that all the economic, safety, and environmental problems 
have been identified or solved. Hence, as research continues, 
it 1s inevitable that additional physics, engineering, eco- 
nomic, safety, and environmental problems will need to be re- 
solved. 

MANAGEMENT APPROACH TO OVERCOME -- 
PROBLEMS ANDDEMONSTRATE 
COMMERCIAL FEASIBILITY 

Both the Offices of Fusion Energy and Inertial Fusion 
centrally manage their respective programs. Each office 
provides program direction, establishes priorities and mile- 
stones, monitors work progress, evaluates results, and gen- 
erally decides what and when work should be done. In manag- 
ing the program, Fusion Energy obtains advice from advisory 
panels and Inertial Fusion from the DOE laboratories. Al- 
though inertial confinement fusion efforts are directed in 
the near-term toward weapons development rather than energy, 
their research and demonstration strategies are also similar. 
Each office's management strategy has been to prioritize the 
concepts, based on potential for near-term achievement of 
sclentlflc breakeven, and emphasize work on the highest prior- 
ity concept. Recognizing that concepts used to achieve sclen- 
tlflc feasibility may not be suitable as commercial reactors, 
however, lower keyed efforts are being continued on other con- 
cepts. 
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Strategy for magnetic_ 
confinement-fusion 

The Office of Fusion Energy's planned strategy to 
demonstrate commercial magnetic confinement fusion centers 
around three malor milestones. The first is breakeven (and 
generally wlthln the same time frame, sclentlflc feaslblllty); 
the second, englneerlng feaslblllty; and the third, commercial 
feaslblllty. This strategy has been crltlclzed by some ex- 
perts for inadequately mitigating the risks Involved. Al- 
though program offlclals recognize these risks, they believe 
it 1s important to achieve sclentlflc breakeven as soon as 
possible so that the physics involved In fusion reactions of 
that magnitude can be studied. 

The Office of Fusion Energy has been emphasizing work 
on the tokamak concept because it is the most scientifically 
advanced and is currently the most promising for achlevlng 
sclentlflc breakeven, However because scientific feaslbll- 
lty has not yet been achieved and other problems must be 
overcome before ultimately producing commercial power, the 
Office of Fusion Energy is also proceeding with work on other 
concepts which it belleves show some promise. 

Engineering feaslblllty would demonstrate all the phys- 
1cs and engineering required for a complete energy system on 
a small and relatively inefficient scale. Fusion Energy has 
been carrying out some llmlted efforts designed to ldentlfy 
and solve englneerlng problems, so that excessive delays to- 
ward fusion's development will not occur after sclentlflc 
breakeven is achieved. After breakeven 1s achieved, a device 
tentatively titled the "Fusion Test Facility" is planned to 
be constructed to prove engineering feaslblllty. 

To demonstrate commercial feaslblllty, a device will have 
to generate reliable electric power using a magnetic conflne- 
ment fusion reactor In an economic, safe, and environmentally 
acceptable manner. It 1s planned that a device called the 
"Demonstration Fusion Power Reactor" will be built to provide 
the technical and economic groundwork necessary for introduc- 
lng commercial fusion power reactors into the Natlon's elec- 
tric grid 

This strategy recently has been reviewed by two separate 
groups. In June 1978, an ad hoc advisory group, establlshed 
by DOE to provide a concise assessment of the content and 
balance of DOE's fusion programs, reported that the research 
efforts in the magnetic fusion program should be broadened. 
The group recommended that greater basic research efforts 
should be carried out among more concepts and that greater 
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efforts should be directed toward englneerlng problems. The 
group explained its rationale by stating, in part: 

"In our Judgment it is too risky at this stage to 
select and provide specific emphasis on one of the 
several malor concepts. Also, it 1s too risky at 
"this time to concentrate lust on the physics exper- 
iments and delay to a later time conslderatlons of 
downstream engineering problems. Rather, with dll- 
lgence and good luck we would hope to find one or 
more acceptable combinations of physics and engl- 
neerlng concepts which would seem to provide viable 
paths to fusion energy." 

Also in June 1978, the Working Group on Basic Research, 
establlshed by the Office of Science and Technology Policy, 
reported on the results of its study of the scope and quality 
of basic research by DOE. A portion of that report addressed 
fusion energy. The working group cited both the magnetic and 
inertial confinement fusion programs for "attempts to move 
ahead too rapidly without adequate theoretical, experimental 
and engineering assessment of existing results." The group 
further noted that: 

"The highly competitive nature of the two programs 
has accentuated the tendency of trying to leapfrog 
the normal states of evolution of a difficult and 
not-yet-well-understood technology." 

The group recommended a broadly based fusion research program 
ln which (1) basic research is supported; (2) unlversitles play 
an expanded role; and (3) the pace of large-scale, expensive 
experiments is set to extract maximum value from investments 
in facilities. 

In regard to the expansion of university roles, the ve- 
hicle for unlversltles to become involved in fusion research 
1s unsollclted proposals, which DOE generally reviews and 
funds annually. In a separate letter report to the Secretary 
of Energy, we pointed out that improvements were needed in 
DOE's evaluation system for unsolicited fusion research pro- 
posals. I/ 

With respect to the broadening of the fusion research 
efforts, we agree that expanded efforts on more concepts would 
he:p mitigate the uncertainties involved in seeking to 

&/(EMD-78-63, Apr. 26, 1978). 
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eventually commercialize fusion as an energy source. Some 
broadening of these research efforts has occurred since these 
reports were issued and it appears that DOE's present program 
1s appropriately balanced. We agree with DOE's approach of 
placing greatest research emphasis on those concepts which, 
based on the latest experimental and scientific data and tech- 
nical Judgements, have the greatest potential for achlevlng 
sclentlflc breakeven. 

Fusion, along with flsslon (with some type of breeder) 
and solar power, 1s one of the few essentially inexhaustible 
energy technologies that can help solve the Natlon's long- 
range energy problems. Expanded research in each concept, 
regardless of currently expected potential of success, may 
improve the chances of eventual success, but fund llmita- 
tlons would result in a decreased potential of success and 
extend the time frame for reaching scientific breakeven. 
Hence, research in fusion, in our view, should continue to 
be directed toward achieving scientific breakeven. 

To some extent, fund llmltatlons have already adversely 
affected the magnetic confinement fusion program In July 
1976, program offlclals devised a plan (currently being re- 
vised) which set out five different loglcs or scenarios for 
magnetic confinement fusion development. 

--Logic I. Program at a maintenance level under which a 
demonstration reactor will be built far in the future, 
if at all. No malor facilities would be built. 

--Logic II. A moderately expanding, sequential program 
ilmlted by the availability of funds. 

--Logic III An aggressive program effort with adequate 
fundlng,but reasonably llmlted. 

--Logic IV. An accelerated program effort. Funds are 
not unlimited, but reasonably limited. 

--Logic v. A maximum effort with facllltles and funds 
available on a prlorlty basis. 

The following table shows the operation dates estimated in 
1976 for malor magnetic confinement fusion tokamak devices 
under the various loglcs. 
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Logics and - 
I 

Target Dates 
II III IV-- V -- -- 

Scientific 
feasibility Indeterminate 1981 1981 1981 1981 

Engineering 
feaslblllty Indeterminate 1997 1991 1985 1985 

Commercial 
feasibility Indeterminate 2005 1998 1993 1990 

Even after commercial feaslblllty is demonstrated, DOE offi- 
clals believe it would take another 20 years before fusion can 
be a widespread commercial energy source. MIlestone dates for 
mirror devices, if needed, would be scheduled further in the 
future because the mirror 1s not as far advanced as the toka- 
mak. 

According to Fusion Energy officials, until recently the 
magnetic confinement fusion program was operating under Logic 
III. These offlclals informed us that the program has not re- 
celved the funding levels they requested in the last few years, 
and Logic III milestones will not be met. In fiscal year 1977, 
funding was $12 million or 7 percent less than requested and, 
In fiscal year 1978, funding was $59 mllllon or 28 percent less 
than requested by the Offlce of Fusion Energy. 

To mitigate the effects of llmlted funding, program of- 
ficials decided to concentrate resources in theory and phys- 
1cs research. The most slgnlflcant reduction was made in 
long-range efforts to develop the englneerlng and technology 
base for a fusion reactor. For example, In fiscal year 1977, 
the reactor englneerlng budget was decreased by $13 mllllon, 
or 22 percent; In fiscal year 1978 it was decreased by $25 
million, or 33 percent. In light of budget strlngencles this 
change in emphasis seemed appropriate to us because, should 
efforts to achieve sclentlflc breakeven with the Tokamak Fu- 
slon Test Reactor fall, the increased effort on engineering 
experiments could provide only marglnal benefit. Hence, It 
seemed more prudent to use llmlted resources to emphasize 
work on the theoretical and physical problems which will first 
have to be resolved 

Fusion Energy and laboratory offlclals told us that fund- 
lng llmltatlons have already delayed some other program aspects 
and will have addItIona effects. They noted that the final 
cost of the Tokamak Fusion Test Reactor will increase, and the 
completion date will slip from June 1980 to March 1982. Llm- 
lted funding 1s also expected to have a negative impact on 
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plasma-heating work at Lawrence Llvermore and Lawrence B$rkel"ey 
Laboratorles. 

Because It 1s not certain whether the tokamak--or for 
that matter, any of the magnetic confinement fusion concepts-- 
will achieve commercial fusion, Fusion Energy has scheduled 
decision points to determine which concepts should be pursued. 
Program officials will decide for each concept whether to pro- 
ceed, accelerate, or terminate work. To facllltate these de- 
cisions, program offlclals plan to conduct critical assess- 
ments of the physics and engineering for tokamaks in 1979, for 
mirrors in 1982, and for alternate concepts during the period 
1980 through 1986. If either the physics, englneerlng, or com- 
merclallzatlon prospects are rated poor tar a given concept, 
DOE plans a reassessment followed by an appropriate shift in 
program emphasis. 

Strategy for Inertial 
confinement fusion 

The Office of Inertial Fusion's inertial confinement fu- 
sion program goal 1s to develop the technology for 

--near-term appllcatlons to nuclear weapons development 
and testing and 

--long-term appllcatlons as an inexhaustible energy 
source. 

To accomplish this goal, Inertial Fusion belleves it 1s 
essential to achieve sclentlflc breakeven and demonstrate scl- 
entlflc and englneerlng feaslblllty as soon as possible. In 
line with this strategy, funding prlorltles were established 
as follows: 

--Achieve sclentlflc breakeven using glass lasers. 

--Conduct experiments using drivers other than glass 
lasers. 

--Develop and evaluate advanced driver technologies. 

--Develop mass production techniques for targets 

--Develop reactor technology. 

In the mid-1980s, If breakeven and scientific feasibility 
are achieved, efforts will focus on demonstrating englneerlng 
and commercial feaslblllty At that time, Inertial Fusion 
plans to transfer much of the program's development effort 
from DOE's weapons laboratories to private Industry. Inertial 
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Fusion offlclals believe that the current state-of-the-art 
precludes setting deflnltlve mid-term goals, but they have 
outlined a number of hoped-for achievements= 

--Build two experlmental power reactors before proceed- 
ing to a prototype power reactor. 

--Resolve materials problems common to inertial and 
magnetic confinement fusion. 

--Build a materials test facility to resolve materials 
problems peculiar to inertial confinement fusion. 

--Develop pellet design and fabrlcatlon technology fast 
enough so that pellet avallablllty problems do not 
delay reactor development. 

The oblectlve of the two experimental power reactors 
would be to demonstrate englneerlng feasibility in smaller, 
less costly reactors by verlfylng the physics and englneerlng 
principles required for a prototype power reactor. A proto- 
type power reactor, currently planned for about the year 2005, 
1s to demonstrate commercial feaslblllty and produce electri- 
cal power in a safe, reliable, and environmentally acceptable 
manner. 

Inertial Fusion has given first priority to achieving 
sclentlflc breakeven using glass lasers largely because such 
lasers are the most sclentlflcally advanced inertial confine- 
ment driver. However, experlmental data has shown that glass 
lasers have llmlted potential for use in commercial power- 
plants. 

Inertial Fusion program offlclals told us they are empha- 
sizing the achievement of sclentlflc breakeven with glass 
lasers --even though glass lasers are not expected to be used 
in a commercial powerplant --because It 1s important to tackle 
the high risk-task of achieving energy gain as soon as It 1s 
feasible in order to keep total program costs low in the event 
high-energy gain IS found to be either impossible to attain 
or uneconomical, compared to other avallable energy supply op- 
tions. They added that glass laser experiments can be used 
as a surrogate for most fuel pellet or target experiments that 
otherwise would be needed for advanced lasers or particle 
beams. (Inertial Fusion officials informed us that the strat- 
egy described above 1s still in effect; however, a new strat- 
egy 1s currently being developed and will be announced during 
the summer of 1979). 

There has been some congressional concern that the pur- 
suit of military goals In inertial confinement fusion may 
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, 
retard its development for clvlllan-oriented energy use. In' 
its conslderatlon of DOE's fiscal year 1979 budget, the House 
Committee on Science and Technology recommended that $8.8 
mllllon be authorized for initiating an inertial confinement 
fusion clvlllan applications program in DOE to develop, dem- 
onstrate, and use inertial confinement fusion for domestic 
energy. The House Committee on Appropriations similarly pro- 
vided $8.8 million for lnertlal confinement civilian energy 
applications. However, the Senate Commlttee on Appropria- 
tlons did not approve funds for this purpose. Instead, the 
committee stated that the primary focus of the inertial con- 
finement program 1s related to natlonal security ob]ectlves. 
The commlttee further noted that at an appropriate time, after 
sclentlflc feaslblllty has been demonstrated, the program 
goals will be redirected to include clvllian energy appllca- 
tions. In commenting on the issue of separate funding for 
clvlllan lnertlal confinement fusion appllcatlons, the Com- 
mittee of Conference reported that rt is appropriate for work 
related to clvlllan appllcatlons to be funded along with that 
related to mllltary applications. 

We generally agree that a separately funded clvlllan 
use program is not yet needed. Such a program would undoubt- 
edly devote addltlonal resources toward addresslng the poten- 
teal engineering, economic, safety, and envlronmental problems 
associated with developing lnertlal confinement fusion for use 
in a commercial powerplant. We belleve that research efforts 
should continue to emphasize the resolution of the fundamental 
theoretical and physical problems so that the sclentlflc feasl- 
blllty of inertial confinement fusion 1s known as early as 
possible. In view of the uncertainty involved In proving that 
energy gains can be produced from inertial confinement fusion 
reactions and the commonality of the research (85 to 90 per- 
cent 1s estimated to be common to both mllltary and clvlllan 
applications), we belleve that the prudent course of action 
1s to achieve sclentlflc breakeven before commlttlng slgnlfl- 
cant addltlonal resources to a separate clvillan use program. 
Only after sclentlflc breakeven is achieved and the chances 
of ultimately achlevlng a commercial inertial confinement 
powerplant better known, can a declslon to establish a separ- 
ate civilian use program be made with reasonable confidence. 

PRACTICAL POTENTIAL NOT -- 
YET DETERMINED 

Theoretically, energy from the fusion process would be 
virtually lnexhaustlble. However, the practical potential 
of fusion can only be determined after it 1s known that scl- 
entlsts can generate energy using this process. Thus, the 
achievement of sclentlflc breakeven and feaslblllty, and dem- 
onstration of englneerlng feaslblllty must be accomplished 
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before an educated estimate can be made of the potential 
energy that can be produced. 

DOE officials are optimistic that scientific breakeven 
can be proven with the Tokamak Fusion Test Reactor currently 
under construction. However, this reactor 1s only a start 
toward developing a commercial reactor; there will still be 
malor engineering problems to be faced. Even the most optl- 
mlstlc estimates predict that a magnetic confinement fusion 
demonstration reactor cannot be built until about the year 
2000. Similarly, the most advanced inertial confinement fu- 
slon system uses a glass laser as the driver for transporting 
and focusing energy on the fuel pellet or target. This system 
1s expected to achieve scientific breakeven in the mid-1980s. 
However, glass lasers are not expected to be suitable for a 
commercial powerplant, and other lasers or drivers must be 
developed. Even If scientific breakeven 1s achieved, inertial 
confinement fusion will require research well into the next 
century to develop into a significant commercial power source. 
Consequently, it will be well into the next century, if at 
all, before fusion can become a commercially viable energy 
source. DOE estimates that it will cost $18 billion to reach 
that goal. 

If fusion power can be developed to expectations, it 
could replace most other forms of electric power in the United 
States by the middle of the 21st century. This would free the 
Natlon from the need to use precious and dwindling supplies of 
fossil fuels in powerplants. Coal, oil, and gas would not be 
needed for electric power, and power would flow from the vir- 
tually lnexhaustlble fuel reserves of deuterlum extracted from 
oceans. Studies made in recent years indicate that fusion sys- 
tems also could be used directly or indirectly for the manu- 
facture of combustible fuels, such as hydrogen, synthetic nat- 
ural gas, and alcohol from water and gases found in the air. 
However, based on the state-of-the-art to date, it is uncer- 
tain whether fusion will ever be an economic source of commer- 
cial power; at best it 1s only a possible option for solving 
long-term energy problems. 
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CHAPTER 4 

CONCLUSIONS, MATTERS FOR CONSIDERATION 

BY THE CONGRESS, AND RECOMMENDATION 

TO THE SECRETARY OF ENERGY 

CONCLUSIONS 

Since 1951, the Federal Government has been sponsoring 
fusion research for the purpose of developing a new source 
of energy. When developed, fusion 1s expected to be a vlr- 
tually lnexhaustlble energy source. However, sclentlsts have 
not yet been able to reach the point where energy generated 
from a fusion reaction equals the amount of energy spent to 
initiate the reaction (sclentlflc breakeven). 

Although researchers are optimistic that fusion will be 
proven to be sclentlflcally feasible in the mid-1980s, In the 
past, similar optimism has proven to be unfounded. For 
example, it was orlglnally thought that sclentlflc breakeven 
could be achieved in the 1960s. But problems encountered 
with pursued concepts caused shifts of emphasis to other 
concepts; and, consequently, milestone dates slipped. 

Once breakeven 1s achieved and fusion 1s proven to be 
sclentlflcally feasible, engineering feaslblllty will have to 
be demonstrated to show that fusion reactions can be scaled 
up to sizes large enough to generate vast amounts of energy. 
Although fusion research is considered as being in the applied 
research phase , portions of this research remain in the basic 
research phase. It lS, therefore, premature to assume that 
all of the problems that may be encountered have been lden- 
tlfled. Experimental data have indicated that some formrdable 
physics and engineering problems remain. Only after such 
problems are resolved and engineering feaslblllty is demon- 
strated can fusion's practical potential as an energy source 
be determined. 

The commerclallzation phase is to include the develop- 
ment and operation of commercial demonstration reactors and 
the widespread deployment of fusion technology in the economy. 
The mlnlmum time from the beglnnlng of the commerclallzatlon 
stage until fusion can contribute significantly to the Na- 
tion's energy supply 1s estimated to be about two decades. 
The declslon whether to ultimately use fusion for commercial 
power will be made in the context of the promise of other 
energy optlons available at that time. 
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In both magnetic and inertial confinement fusion, the 
most sclentlflcally advanced concepts are being emphasized for 
achieving sclentlflc breakeven, while vigorous backup efforts 
are being malntalned to develop alternative candidates which 
may ultimately prove to be better suited for economic commer- 
cialization. 

During its conslderatlon of the fiscal year 1979 budget, 
the Congress addressed the issue of establlshlng a separate 
inertial confinement fusion program for civilian uses. It 
chose not to establish such a program at that time, but to 
continue efforts in inertial confinement fusion principally 
for weapons purposes --at least until sclentlflc feaslblllty 
1s proven. We agree that only after sclentlflc feaslblllty 
is proven, and the chances of eventually achlevlng a com- 
mercial Inertial confinement powerplant are better known, 
can a decision to establish a separate civilian use program 
be made with reasonable confidence. 

MATTERS FOR CONSIDERATION 
BY THE CONGRESS 

The annual funding level for fusion programs has in- 
creased in the wake of the Arab 011 embargo of 1973-74. The 
funding for these programs during the 6-year period, fiscal 
years 1974 to 1979, totals nearly one and a half times as 
much as the total cumulative funding for these programs dur- 
ing the preceding 23 years. These funding increases can be 
attributed, in part, to a general belief that fusion will 
help solve the Nation's energy problems. There are also 
lndlcatlons that such a belief has been somewhat reinforced 
by a number of public statements of optlmlsm by Government 
offlclals concerning the prospects for fusion power. Even 
DOE's annual budget reflects optimistic views of fusion as 
an energy source, without effective balancing statements 
which (1) characterize fusion as a long-term energy option 
with unknown potential for becoming a viable energy source 
and (2) describe the program in terms of its present status 
and near-term goals. 

We caution, however, that dlsappolntments are possible 
in the fusion effort because a number of elements or questlons 
affecting the fusion program require basic or fundamental re- 
search. Thus, at this time fusion's commercial potential for 
becoming a viable energy source IS unknown. While continued 
funding of fusion research 1s needed to keep this possible 
energy option open, such fundlng must be made with the knowl- 
edge that fusion will not supply energy in the near- or mid- 
term. Even if current predlctlons of achlevlng scientific 
breakeven by the mid-1980s are achieved and the milestones 
for achlevlng sclentlflc, englneerlng, and commercial 
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feasibility are met, it will still be sometime during the 
second quarter of the next century before fusion can become a 
significant energy source. Thus, the Congress, in conslderlng 
the adequacy of requested annual funding levels for fusion, 
should not look upon fusion as a means for solving the NatIon's 
near- or mid-term energy problems. In carrying out its legis- 
lative and oversight functions, therefore, the Congress should 
Instead view fusion as a possible option for solving long-term 
energy problems. 

In this connection, we recommend that the Secretary of 
Energy take steps to ensure that the Department's budget JUS- 
tlflcatlons for the fusion programs and its public announce- 
ments relating to program accomplishments do not overstate 
the prospects for commercial fusion power. This is especially 
important to ensure that during congressional dellberatlons 
on the administration's budget request for energy, fusion is 
viewed as a energy option with unknown potential for becoming 
a viable commercial energy source. The appropriateness of the 
requested funding levels should be considered In light of the 
levels requested for other comparable or similar energy re- 
search and development programs. 

RECOMMENDATION TO THE 
SECRETARY 0~ ENERGY 

The Congress, as part of its authorlzatlon and approprla- 
tion process, should have access to accurate information re- 
latlng to the current status and actual potential of federally 
supported energy technologies. Therefore, we are recommending 
that the Secretary of Energy ensure that, in future budget 
submlsslons, fusion 1s clearly described as a long-term energy 
optlon with unknown potential for becoming a viable commercial 
energy source. We are also recommending that future public 
statements concerning the actlvltles and accomplishments of 
the fusion programs avoid language which may lead to the be- 
llef that fusion energy may become commercially viable In the 
near- or mid-term, unless evidence clearly lndlcates otherwise. 
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EXECUTIVE OFFICE OF THE PRESIDENT 
OFFICE OF SCIENCE AND TECHNOLOGY POLICY 

WASHiNGTON DC 20500 

May 9, 1979 

Mr. Harry S Havens 
Director, Program Analysis 

Divlslon 
U S General Accounting Office 
WashIngton, D C 20548 

Dear Mr Havens 

Dr Press asked me to respond to your letter of April 24, which 
requested our comments on a draft of your report to the Congress en- 
titled "Fusion -- A l-llgh Risk Optlon for Solving Long-Term Energy 
Problems )1 [See GAO note 1, p 44 1 

As the report mdlcates, fusion power 1s very unlikely to con- 
tribute to the Nation's near- or mid-term energy supply OSTP 1s thus 
in agreement with the report's main thrust -- fusion's contrlbutlon ~111 
arise only In the long-term However, the specific recommendations do 
give me some pause 

The report recommends that the Secretary of Energy coordinate with 
OSTP to determine the fusion programs' future funding level and program 
emphasis I do not feel it 1s necessary at this time for OSTP to assume 
so central a role m the development of the Department's program 
First, the Secretary has had the benefit of a careful and very complete 
review of the fusion program by an advisory committee chaired by John 
Foster This group is technically competent and it has made, or 1s 
making, carefully considered recommendations as to both funding and 
emphasis Thus, the Department 1s open to advlce from outside experts 
and accordingly, the need for OSTP surveillance 1s reduced Second, 
OSTP has the opportunity to review funding levels and program emphasis 
in the normal budget process We thus do not feel that any addItIona 
intrusion is necessary at this time 

The report also alleges that the Department has made "mlsleadlng 
inferences on the Justification of the programs," and has improperly 
failed to characterize the program as basic research In the absence of 
documentation, the claim of "misleading inferences" seems somewhat 
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harsh And your recommendation that the program be called basic re- 
search may place undue emphasis on labels Indeed, the argument for 
purity In labeling seems somewhat incongruous In light of the earlier 
characterlzatlon of magnetx confinement fu-slon-as one in the "basic 
applied research phase of development u /P 31j 

We appreciate the opportunity to comment on the draft 

Smcerely, J 

Rrchard A Meserve 
Senior Policy Analyst 

GAO note 1 Title of draft report was changed to "Fusion-- 
A Possible Option for Solving Long-Term Energy 
Problems." 

GAO note 2 The recommendation which appeared on page 37 
of the draft report has been deleted from this 
flnal report. 
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Department of Energy 
Washmgton, D C 20545 

May 9, 1979 

Mr J Dexter Peach, Dlrector 
Energy and Mineral Divlslon 
U S General Accountrng Offlce 
WashIngton, D C 20548 

Dear Mr Peach 

We appreciate the opportunity to review and comment on the GAO draft 
report entltled r'Fuslon -- A High Risk Option For Solving Long-Term 
Energy Problems " Our views with respect to the text of the report and 
recommendations contarned thereln are dlscussed below [see GAO note 1 p 46 1 

The draft report points out that one cannot, at this time, be overly 
confident about the favorable economics of fusion energy when sclentlflc 
feasibility remains to be demonstrated and, even after that occurs, a 
very dlffrcult engineering development and multi-decade commerclaliza- 
tlon phase remains to be accomplished DOE recognizes the present 
strategy for developing fusion energy as being of high risk and that the 
mlnlmum time from the commerclalrzatlon phase until fusion can contrl- 
bute slgnlflcantly to the Natlon's energy supply IS estimated to be 
about two decades 

The report characterizes fusion research and development as "basic 
research " DOE's basic research 1s defined as the "Systematic, funda- 
mental study directed toward fuller sclentlflc knowledge or understand- 
lng of subJects bearing on natlonal energy needs -- efforts to increase 
knowledge and quantitative understandlng of natural phenomena and envlron- 
ment " Applied research 1s defined as the "Systematic study directed 
toward fuller sclentlflc knowledge or understanding for direct use In 
fulfilling specific requirements -- those efforts directed toward the 
solution of problems In the physical, blologlcal, behavioral, social, 
and engineering sciences which have no clear-cut appllcablllty to 
specific proJects This includes the technical means of obtaining the 
knowledge, understanding, and solution " Both fusion programs are 
recognized as being in the Technology Base portlon (which includes bas1.c 
research, applied research, and exploratory development) of DOE's R & D 
However, we do not characterize fusion programs as "basic research" In 
the conventional sense of only increasing knowledge about some phenom- 
enon Because the actlvlties in the fusion program are focused on steps 
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fir J Dexter Peach, Dlrector 

to reach a highly desirable natlonal goal, the maJor part of the effort 
1s more appropriately termed applied research and the fundlng prlorltles 
appropriately consider the potential very high payoff of a successful 
development process, while recognlzrng the high risks along the way A 
good statement of the potential payoff appears in the last paragraph on 
page/387of the report For balance, this payoff statement should be 
lncliidzd in the Digest section 

DOE works closely with the Office of Science and Technology Policy 
(OSlP) In many matters and we belleve that fusion should be coordinated 
with OSTP In the same manner as other basic research programs The 
organlzatlonal placement of the fusion programs wlthln DOE has had 
little to do with either program emphasis or budget It exists largely 
for hlstorlcal reasons, In Energy Technology m the case of magnetic 
fusion and for security reasons m Defense Programs In the case of 
inertial fusion Organlzatzonal relocation would not necessarily direct- 
ly affect the program strategy 

We agree that policy statements by DOE should not be mlsleadlng or In- 
appropriately optimistic 

Comments of an editorial nature have been provided to members of your 
staff 

We appreciate your conslderatlon of these comments in the preparation of 
the final report and ~111 be pleased to provide any addltlonal comments 
you may desire 

gzepiFA 

Donald C Gestlehr 
Dlrector 
GAO Liaison 

GAO note l- Title of draft report was changed to "Fusion-- 
A Possible Optlon for Solving Long-Term Energy 
Problems." 

GAO note 2 The recommendation which appeared on page 37 
of the draft report has been deleted from this 
final report. 
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REPORT CHANGES RESULTING 

APPENDIX III 

FROM AGENCY COMMENTS 

COORDINATION WITH THE OFFICE 
OF SCIENCE AND TECHNOLOGY 
POLICY 

A draft of this report included a proposal that the 
Secretary of Energy coordinate with the Offlce of Science and 
Technology Policy to determine the fusion program's future 
funding levels and program emphasis. The Office of Science 
and Technology Policy responded to that recommendation stating 
that they 

'I* * * do not feel it is necessary at this time for 
OSTP to assume so central a role in the development 
of the Department's program. First, the Secretary 
has had the benefit of a careful and very complete 
review of the fusion program by an advisory commlt- 
tee chalred by John Foster. This group 1s technl- 
tally competent and it has made, or is making, care- 
fully considered recommendations as to both funding 
and emphasis. Thus, the Department is open to 
advice from outside experts and accordingly, the 
need for OSTP surveillance is reduced. Second, 
OSTP has the opportunity to review funding levels 
and program emphasis in the normal budget process. 
We thus do not feel that any additional intrusion 
1s necessary at this time." 

In view of these comments, we reexamined certain aspects 
of DOE's budgetary process for fusion programs and held dls- 
cusslons with Office of Management and Budget officials. We 
believe that the function of this proposal is essentially 
being served through various Informal mechanisms during the 
normal budget process, at least for the time being. For that 
reason, the recommendation has been deleted from this report. 

FUSION PROGRAMS--APPLIED OR --------- 
BASIC RESEARCH 

Both DOE and the Office of Science and Technology Policy 
commented on the characterization of fusion research as being 
In the "basic research phase." DOE commented that: 

"The report characterizes fusion research and de- 
velopment as 'basic research.' DOE's basic research 
1s defined as the 'Systematic, fundamental study 
directed toward fuller scientlflc knowledge or 
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"understanding of sub]ects bearing on national 
energy needs --efforts to increase knowledge ana 
quantltatlve understandlng ot natural phenomena 
and environment.' Applied research 1s defined 
as the 'bystematlc study directed toward fuller 
scientific knowledge or understandlny for direct 
use in fulfilling speclflc requirements--those 
efforts dlrected toward the solution of problems 
in the physical, blologlcal, behavioral, social, 
and englneerlng sciences which have no clear-cut 
applicability to speclflc prolects. This In- 
cludes the technical means of obtalnlng the 
knowledge, understanding, and solution.' Both 
fusion programs are recognized as being in the 
Technology Base portion (which includes basic 
research, applied research, ana exploratory 
development) of DOE's R&D. However, we do not 
characterize fusion programs as 'basic research' 
in the conventional sense ot only lncreaslng 
knowledge about some phenomenon. Because the 
actlvltles in the fusion program are focused on 
steps to reach a highly desirable natlonal goal, 
the malor part of the effort 1s more approprl- 
ately termed applied research ana the funding 
priorltles appropriately consider the potential 
very high payoff of a successful development 
process, while recognlzlng the high risks along 
the way. A good statement of the potential 
payoff appears in the last paragraph on page 
54 of the report iwhich is on p. 38 of this 
report]. For balance, this payoff statement 
should be included in the Digest sectlon." 

After detailed dlscusslons with DOE ofiiclals, we have 
deleted references 111 the report which characterize fusion 
as being entirely basic research. The report now points out 
that the fusion programs are categorized as ayplled research 
with portlons of the related work still in the basic research 
phase. Related to this topic was a proposal that the fusion 
programs' budgets should not be included with other energy 
development programs, due to the basic research nature of 
fusion. Accordingly, thls proposal was deleted from 
this report. 

Perhaps the most appropriate comment on this sublect was 
a statement oy the Otfice of Science and Technology Policy 
which indicated that we may be placing too much emphasis on 
labels, whether predomlnatly basic or applied research. 
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We believe the most important characterlzatlon of the fusion 
program is that of a long-term energy option with an unknown 
potential for becoming a viable commercial energy source. 
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