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1. INTRODUCTION

Nations of western Europe, Japan, the Soviet Union, and the United
States are working together to demonstrate the practicality of fusion
power before the 21st century. Many remaining difficult physics and
engineering problems make fusion development one of the most formidable
scientific and technological challenges ever attempted. However, the
outlook is safe, economic, and with acceptable environmental effects.

The United States magnetic fusion power development program aims
at producing significant amounts of fusion energy experimentally in
the early 1980's and demonstrating electric power production on a com-
mercial scale before 2000. This prognosis reflects the confidence gained
in scientific successes from the late 1960's through the present.

In response to experimental successes and the perceived importance
of the fusion energy alternative, the United States effort has grown
rapidly. Scientific investigations of plasma physics continue while
planned engineering studies lead toward the practical goal of a commer-
cial technology that will take a prominent place among available energy
sources of the next century. Development of laser and electron beam
fusion proceeds in parallel with magnetically confined fusion research.
Alternative fusion devices are investigated for their potential feasi-
bility while the tokamak and mirror configurations are the principal
experimental devices.



International cooperation continues to be an important factor in
the development of fusion and the achievement of practical fusion power
will be further advanced to the extent that closer cooperation in
specific problem areas and effective, mutually supporting programs can
be developed.

In this review, 1 will first look at the promise of fusion based en
the use of readily available fuels with simple, easily handled waste
products which hold the promise of an inexhaustible source of energy
with a readily manageable environmental impact. Then I will summarize
the challenges of fusion including the problems of confining plasma
under the required conditions, the major engineering snd technological
problems to be solved and the economic uncertainties. Next, I will
describe the progress that has been made to date and the expectations for
currently planned facilities. Finally, using my cloudy crystal ball, I
will look, at the long-term role fusion could fill in the world's energy
picture.

2. PROMISE OF FUSION

The inherent attractiveness of fusion derives from the simple
fuels and innocuous products of burning illustrated in Table I. This
table shows the most promising fusion reactions. As can be seen, the
only elements involved on either side of the equations are isotopes of
hydrogen and helium plus neutrons. Very low energy neutrons can ini-
tiate fission, but the nuclei in fusion are all charged and repel each
other strongly. Thus, high energies corresponding to very high temp-
eratures are needed to initiate the reactions. The hydrogen-hydrogen
reaction of the-.sun is not even shown since its cross-section is down by
a factor of 10 from that for the reactions shown here.

The deuterium needed for the D-D reaction is readily available from
sea or fresh water and provides an essentially inexhaustible supply of
fuel readily available to all the nations on earth. Attractive as the
D-D reaction is, the D-T reaction has one-tenth the threshold energy and
is therefore a much more promising near-term system. What may at
first appear to be an insurmountable obstacle to the use of the D-T
reaction, that is, the need to use tritium which is not available in
nature can be readily overcome. Fortunately the rich neutron source of
the D-T reaction can be used to breed tritium from lithium which is
readily available in nature. Furthermore, two tritons can be generated
for every neutron produced since a fast neutron interacts with Lithium 7
to produce a triton and another neutron which can be absorbed by Lithium
6 to produce the second triton. Of course, none of the neutrons produced
in the D-T reaction are needed directly to maintain the reaction so all
neutrons produced are available for breeding tritium.

The potential benefits of fusion are listed in Table II. First its
basic fuel, deuterium, is an unlimited resource, widely available and
readily and cheaply recovered from water. Even when lithium is required
to breed tritium, fuel is not a serious problem. Ample reserves of
lithium in readily recoverable form are available to sustain full fusion
economy for hundreds of years providing plenty of time for the development
of D-D systems. Fusion is environmentally attractive because it has no
combustion products. The entire fuel cycle takes place in one plant. It
involves the continuous or batch separation of tritium from lithium and



feeding the tritium back into the reactor. The fusion fuel cycle will
not require processing external to the plant nor the transport of radio-
active materials except for the initial charge of tritium required to
start up the reactor. The fuels, deuterium and lithium, are simple non-
radioactive materials and the products of burning, helium and neutrons,
will require no waste disposal. The only waste disposal problem is asso-
ciated with the structural materials of the reactor that become radio-
active from neutron irradiation. Tritium is, of course, radioactive and
must be handled carefully but the necessary techniques are well under-
stood and currently available. Since it is continually recycled through
the reactor, there need be no buildup of inventory beyond that needed to
operate the reactor. In any case, it does not present a long-term stor-
age problem since its half-life is only twelve years. On the whole, the
radioactive residues from the fusion system are greatly reduced in
intensity and have considerably shelter half-lives than the radioactive
residues of the fission process. The total relative biological hazard
potential is lower by a factor of 100 or more.

Further, there is no rational probability of nuclear runaway in a
fusion reactor since there are not enough fuel materials available in the
reactor at one time. Any physical fault stops the reaction. In this
sense, fusion is fail-safe. Moreover, there will be so little afterheat
in fusion reactors that even without an emergency cooling system, melt-
down could iiot occur. Although fusion systems could be designed to breed
plutonium or other fissile materials, those built solely for the produc-
tion of power could not produce plutonium and could not practically be
converted to plutonium breeders. Thus, a fusion power economy would be
almost free of plutonium proliferation problems.

In sum, if a practical fusion system can be developed, it holds
the promise for an energy source with an inexhaustible supply of fuel
that has minimal environmental problems and a greatly reduced prolifera-
tion threat.

3. CHALLENGES OF FUSION

The great promise offered by fusion must not blind us to the chal-
lenges that must be overcome if fusion is to be made practical. They
range froT; understanding the physics well enough to design a system capa-
ble of confining a plasma at 100 million degrees, through the massive
engineering and technological challenge of building the systems that the
physicists require for larger, more powerful experiments, to the end
result that fusion must be economically competitive with other potential
Ions-range energy resources.

The first challenge is to achieve the necessary physical conditions
for the fusion reaction to take place. What are these for the D-T reaction?
Clearly, plasma temperature is an important parameter, but the energy
released will also depend on the density of the interacting ions and the
length of cime the energy in the plasma can be confined; i.e., the energy
confinement time or insulation value of the magnetic field, Tg. In
tact, the product of the density and the confinement time (n<r_) is a
more significant parameter than either alone. A low density and a long
confinement time are equivalent to a high density and a short confinement
time. A useful figure of merit for fusion is the thermonuclear gain.
Gain is defined as the ratio of the fusion power out to the external



power put into the plasma to sustain it. Energy icust be put into the
plasma to sustain it. Energy mus:, be put into the plasma ar a sufficient
rate either from outside or from burning within the plasma to compensate
for the energy carried away from the plasma by escaping particles and by
radiation. The gain is a function of nrE and the temperature, T. It
is shown in Figure 1 for the D-T reaction.

If the fusion power is to equal the energy put. in (a gain of one),
nf's of the order of 10 ' cm -s and particle energies of 7 keV
corresponding to eighty million degrees are required.

Ignition is achieved when the fraction of the total fusion power
that is deposited in the plasma is sufficient to maintain it and^po _
external power is required. This requires nt's exceeding 3 x 10 cm -s
and temperature greater than 10 keV.

It is possible, however, to make a plasma self sustaining without
achieving ignition if the power emitted by the plasma is converted
through external systems to a form that can be put back into the plasma.
If the system is 33% efficient, it is easily shown that the thermonuclear
gain must be 2 for plasma burning to be maintained. This condition is
called the Lawson Criterion [1] for breakeven and requires an nt of
10 cm -s combined with a temperature of 10 keV.

Although useful devices can be devised well short of ignition
conditions, the aims of the fusion program are set for relatively high
gains, i.e., ignition.

Because of the high temperature required, it is clear that material
walls can't be used to confine the fusion reaction. There are three
alternatives: gravitational, inertial, and magnetic.

The first requires a massive body to create the great gravitational
fields necessary to confine the reacting particles by gravitational
attraction. The body must be at least as massive as Jupiter—clearly not
a practical method for an Earth power plant, but it works well in a body
as massive as our sun; in fact, so well that the main solar fusion
reaction is the very low cross-section H-H reaction.

A second method is inertial confinement in which temperature,
density, or both are raised so rapidly that a significant fraction of
the material has reacted before it has had time to disperse. This is
the method used in the hydrogen bomb. It is also the principle underlyng
the use of laser or electron beams to rapidly heat and compress pellets
of D-T to create fusion. In this method, laser or electron beams are
used to irradiate the surface of a D-T pellet as uniformly as possible.
The intense energy of the beams vaporizes the surface of the pellet and
the reaction to the particles escaping the surface rapidly compresses
the remainder of the pellet to many times its initial density further
heating it and initiating fusion. If the pellet can be heated rapidly
enough and compressed to a sufficiently high density, a significant
fraction of the material can react before the pellet disintegrates.
Thus, this method would consist of a series of micro-explosions whose
energy would be absorbed in the walls of the chamber and converted to
electric energy.



The principies of laser fusion appear straightforward but the
practice is very difficult. Many beams must be used to illuminate the
pellet uniformly and simultaneously. The power in the laser beams must
be immense and it must be focused on an object of the order of lOO.mic-
rons in an extremely short burst of the order of 1 nanosecond (10 -s).
This requires tremendous advances in laser technology and the development
of very efficient systems. The details of the laser or electron beam
energy disposition in the pellet must also be thoroughly understood in
order tc design th" most efficient pellets. A..d finally» when these
problems have been solved and adequate thermonuclear gains (~20) from a
single pellet can be achieved, the repetition rate for these microexplo-
sions must be increased to the point where average power generation is
large enough to be useful.

The third approach is to use a magnetic field to confine the hot
fuel. At the necessary temperatures, the fuel would be; in the form of a
completely ionized gas—a [jl-.iuma. Since charged particles trying to move
across a magnetic field are constrained to rotate around the field as
shown in the left of Figure 2, Lhe plasma can be confined by o magnetic
field. However, an ion moving parallel to the magnetic field will move
freely and rapidly escape from the field. This problem can be solved by-
bending the field back on itself to form a torus as shown in the lower
right-hand corner (Figure 2) £>o that there are no ends to the field lines,
or the magnetic field can be shaped as shown in the upper right-hand
corner of Figure 2 with the ends of the field lines constricted. The
stronger fields at the end of the sracuum chamber tend to reflect the ions
back into the region o " the lower magnetic field in the center. In this
latter case, however, chore are always some ions that are still traveling
in the right direction and with the right speed to escape.

Even in the closed field of the torus, the curvature of the ion path
and the magnetic field still allow some ions to escape cut the sides.
This can be compensated by altering the magnetic field so that it twists
as a helix around the torus. The torus machines sro called stellarators
or tokamaks, depending on how the twisting magnetic field is achieved.
Those with the magnetic fields shaped to reflect the ions back from the
open ends are called mirrors. Tckamaks, in which the helical magnetic
field is achieved by magnetically inducing a strong circular current in
the plasma, are presently the most promising option ior fusion energy,
with mirror devices a promising second.

A plasma is a very complex state or matter. Although a plasma
may be. confined in principle, in an equilibrium state it is subject to a
variety of instabilities which cause it to disrupt and be lost. Ways
must be found to heat it without exciting the instabilities and. once
hot, loss of energy by radiation or particle escape must be minimized.
Impurities with higher atomic numbers greatly increase the energy loss
rate so plasma purity must be maintained. All these complex phenomena
must be understood and controlled, AS plasma size and magnetic field
strength change, the physics of the plasma behavior changes. The ion
density (n) and the confinement time (T) should improve as the magnetic
field, plasma size and temperature increase but the relationships
between these par?meters are very complex and a variety of theories have
been developed to describe these relationships.



These so-called scaling laws must be understood so smaller physics
experimenta can be extrapolated to larger devices and ultimately
operating fusion power reactors. Although we are still far from
achieving required reactor conditions, great strides have been made in
the last few years in *"he understanding of these phenomena and we now
have the confidence necessary to undertake the construction of larger
magnetic confinement machines which should aproach the conditions
required for fusion.

Having made major strides in the understanding of plasma physics and
having developed enough confidente to initiate the construction of
advanced, large machines, we come face to face with major engineering
and technological challenges. The major problem areas for magnetic
fusion are summarized in Table III. Many of these problems also apply to
the laser fusion systems but in thor.ie of laser fusion plasma confinement
has been replaced by the challenging problem of concentrating short
bursts of intense energy uniformly over the surface of a tiny pellet and
doing this with such efficiency that the fusion energy released by the
pellet will exceed the energy required tc drive the laser or electron
beams required.

Early tokamak conceptual designs, based on power density consistent
with current technology, indicate that very large reactors of the order
of 5000 MWt would be required for efficient energy production. Unfor-
tunately, the capital cost and operating problems of such large systems
make them unattractive. These reactors had to be very large because the
present tokamak concept will produce only low density power. Recent
theoretical and experimental work, however, indicates that by altering
the plasma shape or by other similar techniques we may achieve signifi-
cant improvement in power density.

Mirror machines are increasingly attractive because they may attain
highsr power density than present tokaraaks. If ion leakage from the
ends can be controlled, they offer promise for a smaller, more practical
reactor. Of course, stronger magnetic fields will also improve power
density. This is the second major challenge on our list.

As fusion experiments approach reactor size, energy and cost con-
si lerations force a departure from conventional copper magnets and power
supplies. Superconducting magnets will be used for confinement in most
fusion reactor concepts and probably for energy storage and transfer.
Accordingly, we have begun a joint effort with industry to build and test
large superconducting magnets for use on the first experimental Dower
reactors.

The operation of fusion reactors will require the containment and
recycling of large amounts of radioactive tritium. Tritium is difficult
to handle because it is radioactive and diffuses readily through many
metals. The handling of tritium is a difficult aspect of the fusion
cycle. Deuterium is a simple nonradioactive gas which is supplied to the
fusion reactor site from external plants that extract it from sea water.
Tritium on the other hand must be bred in a lithium blanket, then ex-
tracted and fed back into the reactor. Although the quantity of tritium
in the plasma at any one time is very 3mall, the total plant inventory
is large and must be handled with care. The problem is not that of
extracting the tritium from a liquid lithium coolant, but rather that of



preventing it from escaping from uhe lithium in an uncontrolled fashion
through heat exchanger walls. Fortunately, there is much experience
available from weapons programs, and most of the basic techniques have
been developed. However, these systems will require extensive engineer-
ing and operational testing.

Material development is obviously important tr. all aspects of :he
fusion program. There is a need for structural materials able to with-
stand high magnetic fields and thermal expansion of superconducting mag-
net coils. First wall materials that can withstand energy fluxes of
2-4 MW/m and fluences of 10 *" neutrons/cm of 14 MeV neutrons must
be developed. Many believe the final solution to economical, practical
fusion power will depend on major advances in fusion materials.

Much of the fission program's work in radiation effects is applica-
ble, but we need additional information on the effects of high energy
neutrons. Irradiation of stainless 316 and stainless 316-titanium in
fission spectr-i indicates that they might have a useful lifetime in
fusion reactors. Similarly, niobium and vanadium look promising. Low
8 ceramic materials are being investigated to serve as shields which
could be more reaHily replaced during the lifetime of a facility. These
shields would prolong the life of the first wall materials.

We are rapidly building a materials program and already designing
several test facilities to provide a more realistic fusion environment
for materials testing.

Maintenance of fusion reactors will require accesü to the plasma
chamber. Since this is a highly radioactive ar^a, maintenance will have
to be minimized and performed by remote devices. The complex configura-
tion of the reactor further complicates this problem. We are starting
work in this area but maintenance needs and problems have not yet been
well defined because the systems engineering of fusion reactors is still
a young field.

Added to the pioblem of understanding plasma physics and the
technological challenge of building the systems to implement the reactor
designs is the problem of doing it all economically. The assessment of
the economies of an energy system which is 20-25 years in the future and
which faces so many technological uncertainties is at best an uncertain
art. Recent advances have already indicated several possible paths lead-
ing to smaller, more economic machines. All that can be said at this
stage is that fusion reactors can be considered economically competitive
when compared to other future e-.iergy sources. The fusion community is
well aware of the importance of developing an economically attractive
system and many of their projects are directed towards exploring ideas
that have the potential for improving fusion reactor economics.

4. PROGRESS TOWARD FUSION

We have seen the promise of fusion and the challenges te be faced.
An attempt has been made to present a basic picture of the fusion
process against which to judge the prospects for a successful fusion
program. Now I shall summarize recent progress.



1976 was another year of important new advances in fusion. Some of
the most important of these are shown in Table IV. The effects of
plasma size and current were measured at higher values in the Princeton
Large Torus (PLT). The data obtained confirmed theoretical predictions
of scaling as the square of tho linear dimension of the plasma. These
renults were duplicated in tho T-10 device in Moscow. Ion temperatures
were raised to 2 keV (a factor of approximately three from minimum temp-
eratures needed for ignition). The product of density times confinement
time (ni), was increased by 100% to a new world record high in Alcator
at MIT to within a factor of three of the Lawsor. Criterion for "break-
even." Predicted advantages of elliptical and doublet plasmas were con-
firmed by direct experiment in Doublet IIA at General Atomic. Perhaps
most important for the implications of tokamaks as practical power
reactors, a general theoretical consensus developed during 1976, that beta
values—the ratio of plasma to magnc-tic pressure—of up to 10% are
achievable. Kxperiments to confirm these theoretical predictions are
planned for the noxt two years. This prediction has grp.it implication
for reduced size, and therefore cost, of tokamak power reactors.

There were also major forward steps in the mirror concept, shown in
Table V. Ion temperatures were doubled to 23 keV, more than twice the
values needed for ignition. Peak values of beta were doubled to more
than 200% resulting in densities up to 2 x 10 . Two new ways were
proposed to reduce end losses in mirrors, which if confirmed by future
theory and experiment, would make this concept far more attractive as a
power reactor.

Table VI shows the major gains made in laser fusion during 1976. .
Ion temperatures of 8 keV and a thermonuclear neutror yield of 1.5 X 10
neutrons (a factor of 100 increse over 1975 results) was achieved. The
time-of-flight confirmation of the thermonuclear origin of observed
neutrons confirmed theoretical predictions and provided the basis for
confidence in extrapolation to future higher-level experiments. The
first demonstration of the compression of D-T gas to high density (10
times liquid density) was achieved and theoretical work predicting
improved electron beam energy depositior rates was confirmed experi-
mentally.

As Table VII shows, 1976 was also a year of important advances in
the technologies which are needed to support further experimentation in
fusion plasma physics, and allow useful commercial application of the
physics when developed. More powerful neutral beam heating sources were
developed at Oak Ridge National Laboratory, and the design of the
neutral beam heaters for the Tokamak Fusion Test Reactor (TFTR), the
largest U.S. machine now under development, was completed.

A national program plan for development of the critical materials
for fusion was worked out, and steps taken to build a tritium systems
test facility to study this important systems aspect of fusion. Three
conceptual designs for superconducting magnets for the Large Coil Pro-
ject were completed by industrial subcontractors. Perhaps most important,
two laboratory-industry teams began conceptual studies of the next
reasonable facility step in fusion development beyond the TFTR.

Because there is considerable controversy about the "feasibility" of
fusion, I would like to take a moment to show you the steady, continued



progress which has been made in world fusion research since its inception
in the. early 1950's.

Figure 3 illustrates the steady progress in our ability to generate,
control and heat fusion plasmas since the earliest fusion research in the
early 1950's, and they also show how near to the conditions needed to
design power reactors we are today.

I believe these charts should cause those outside the fusion
community to conclude, as those in the community already have, that
success is no longer a question of whether, but of when, where and by
whom.

Longer range milestones have been developed for die U.S. program.
Some of the major ones are shown in Table VIII.

These mllesLones have been presented to demonstrate tbp progress
that is being madtî toward fusion energy and the major effort involved.
Some of the longer range milestones are subject to budgetary constraints
and tù cûnLinuous review as the program progresses.

To provide a guide for the development of fusion energy in the U.S.,
a program plan [2] has been developed aimed at operating a demonstration
fusion reactor (DEMO) before the year 2000. It was prepared on the basis
of current technical status and program perspective. A broad overview of
the probable facilities requirements and operational possible technical
paths to a demonstration reactor is presented, as well as a more detailed
plan for ("he R&D program for the next five years. The "plan" is not a
road map to be followed blindly to the end goal. Rather, it is a tool of
management, a dynamic and living document which will change and evolve as
scientific, engineering, technological, commercial, economic and environ-
mental analysis and progress proceeds.

Recognizing that the pace of the program is subject to the per-
ceived urgency of the program and the corresponding budgetary support,
the planning documents considered five logics as shown in Figure 4.
They are differentiated grossly according to the pace of the program.
The effort visualized in Logic I will result in a DEMO far out in time,
or never, while the pace of Logic V reflects great urgency and will
result in a DEMO as soon as is practically possible. The U.S. is
currently pursuing a course somewhere between Logics II and III leading
to a DEMO operation about the year 2000. The plan estimates the total
cost (in FY 1978 dollars) of the whole fusion development program
culminating in the operation of a demonstration reactor. The total
program cost is relatively insensitive to the Logic path followed and
ranges from 15 billion dollars for Logic IV to 20 billion dollars for
Logic V.

In addition to the internal U.S. fusion program, the U.S. is
cooperating very closely with the USSR, Japan and the European community
in many technical areas. This cooperation might be further enhanced and
fusion developed more rapidly and efficiently if an international plan
were developed with shared responsiblities.

5. THE LONG-TERM ROLE OF FUSION

The successful development to practicality of the fusion option
would enable virtually every world government to be independent of for-



eign fuel supplies in the long term for electricity generation providing
base energy supplies.

The most likely scenario for fusion reactors is a gradual incorpora-
tion into the power system over a period of thirty or forty years begin-
ning in 2000 to 2010.

If the breeder reactor is developed and accepted socially, and
economically, it will be a major competitive new technology and definitely
reduce the pace at which fusion penetrates the market. On the other
hand, if the breeder is not acceptable, for any reason, socially, polit-
ically, or economically, the nuclear option is limited and fusion would
make much more rapid inroads.

If the nuclear option is found to be politically unacceptable, and
the environmental problems of coal become a severe restraint, nhere may
be great pressure, for the rapid commercialization of fusion. Rapid com-
mercialization can only take place if the industrial knowhow ia in place.
Thus, it is important to integrate industry into the development of
fusion at as early a date as possible. This would have the further real
benefit of providing a continuing practical experience input into the
program. At this time, industrial commitment is difficult to obtain
because of the long-term nature of the fusion program as well as its level
of risk. A solution that the U.S. is trying to implement at this time
is the utilization of non-government (private corporations) organizations
for manufacturing components and systems as soon as practicable. In
this way, the industrial fusion base will be developed gradually and
should be in place for commercial production and, if necessary, rapid
expansion when required.

Thus I see, after fusion is fully developed and demonstrated—planned
to be about the year 2000—a steady increase in its maturity and useful-
ness. The rate at which such penetration might occur is dependent upon
many factors—political, technical, environmental, sociological, economic—
which only a fool would wish to estimate today. But of two things I am
confident:

1) Fusion will be developed to practical usefulness* It is only
a question of when and by whom.

2) If it is not, this planet will be paying a harsh penalty
environmentally, socially and economically before 2050—
perhaps earlier.

So we have little alternative but to continue as best we are able and
with all the resources of money and intellect we can command to attack
this most difficult challenge to man's ingenuity and will.
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TABLE I. NUCLEAR FUSION REACTIONS

1)

2)

3)

ü+T -:

D4-D -:
D4-D -

D4-3He

> 4He

> 3He
> T 4-

—>

4- n

4- n

P

He 4 p

Energy Released
MeV

17.6

3.3
4.0

18.3

Threshold
keV

A

35

30

A.

A.

3.

Energy
K

5 x IO7

0 x IO8

5 x IO8

TABLE II. BENEFITS OF FUSION

Infinite supply of low cost fuel.

Fuel readily available to almost all nations.

Smaller amounts of radioactive wastes of shorter half-life.

No chemical combustion products.

No weapons grade material.

Inherently safe—no nuclear runaway.

Little afterheat.

Safety permits convenient siting.

TABLE III. TECHNOLOGICAL PROBLEM AREAS

Power Density

Magnetic Fields

Energy Storage and Transfer

Plasma Heating

Plasma Fueling

Plasma Impurities

Vacuum Technology

Tritium Handling

Materials

Maintenance
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TABLE IV. 1976 ACCOMPLISHMENTS IN TOKAMAKS

1. PLT scaled plasma current and confinement to larger size. Theoretical
predictions confirmed. T-10 results agree.

2. Ton temperatures raised to within a factor of three of "ignition"
temperatures. Electron temperatures raised with ion temperatures.

3. nT increased by 100% in Alcator to within a factor of three of Lawson
Criterion for breakeven.

A. Advantages of Elliptical and Doublet plasma shapes confirmed by direct
experiment in Doublet IIA.

5. General theoretical acceptance that betas of about 10% are achievable;
experiments to confirm were begun.

TABLE V. 1976 ACCOMPLISHMENTS IN MIRRORS

1. Ion temperatures were doubled to 23 K@V—more than double values
needed for ignition.

2. Peak values of beta were doubled to more than 200%.

3. Densities were doubled to 2 x 10

A. Two new techniques for Q enhancement proposed.

5. Evidence of field reversal almost conclusive. (If confirmed,
implications may be more important than any results in fusion since
demonstration of tokamaks.)
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TABLE VI. 1976 ACCOMPLISHMENTS IN LASER FUSION

1. Ion temperatures of 8 keV and ') thermonuclear yield of 1.5 x 10°
neutrons achieved.

2. Thermonuclear origin of neutrons c>nfirmed by time-of-flight
measurements.

3. DT gas compressed to ten timps liquid density using JANUS laser system.

A. Recent theoretical work predicting an increase of electron beam energy
deposition in thin shells over earlier simple model predictions has
been confirmed experlmenta.1 ]y.

TABLE VII. 1976 ACCOMPLISHMENTS IN TECHNOLOGY

1. Ion sources operated at ftO KeV and 80 Amperes.

2. Conceptual designs of ion source for TFTR completed.

3. Conceptual designs of superconducting magnets for Large Coil Project
completed by three industrial films.

4. Program plan for Materials Development

5. Conceptual designs of the Next Step beyond TFTR initiated.

6. Conceptual design and responsible laboratory for fritium System Test
Assembly selected.
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TABLE VIIT. MAJOR MILESTONES—FY 1978-82

FY 1978

Initiate operation of Doublet III to achieve reactor-like conditions
with non-circular plasma cross sections.

Operate the Poloidal Divertor Experiment (PDX) to study impurity
control.

Initiate operation ÜÍ Rotating Target Neutron Source cor materials
studies.

FY 1979

Investigate limita of plasma pressure in a Tokamak on Ormak Upgrade.

Study very high magnetic tield and plasma density tokamak operation
in Alcator C.

Test single 3m bore superconducting magnet coils in the large coil
project.

FY 1980

Complete TFTR construction.

Operate Tritium Systems Test Facility.

Operate Large Coil Project.

FY 1981

Begin TFTR operation with hydrogen plasma.

FY 1982

Begin MX operation.
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Fig. 3. Progress in magnetic fusion energy.
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