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Kans' quest for energy from a nuclear fusion reactor has heen long and arduous, 
but successful in -ts steady progress toward that goal. We stand now on the 
threshold of achieving the first major goal of the program, that of demonstrating 
the feasibility of producing fusion energy by iraking as imcb fusion power in an 
experiment?l facility as it takes to sustain the reacting plasma. 

Tc do so has reguired a considerable effort in understanding the basic science 
of plasma physics, particularly as it pertains to containing the hot, ionized D-T 
fuel of a fusion reactor. There have been numerous inventions and ideas, as well 
as setbacks, in formulating concepts for the production and containment of fuel 
•whose ions sre at energies of 5 to 10 keV. This evolution is c e n t r i n g and the 
final reactor concept has not, and should not yet be chosen. In fact, it has been 
the policy of the Department of Energy to develop competing concepts so that the 
highest potential of fusion can eventually be realized. 

i ortunately, to maintain breadth in the conceptual approaches to fusion power 
has not required radically different technologies to lest these approaches. 
Rather, there is a commonality of technologies in fusion with differences in the 
engineering practice as opposed to the engineering science. In a broad sense, the 
differences are in those technologies required to produce the plasma as opposed to 
those needed to extract energy and breed the tritium fuel. 

F'^ion technologies are defined more precisely in Table I, grouped into 
nuclear, system, and plasma production technologies. To produce plasmas in the 
large devices found in the fusion program today (see Figs, 1 and 2) has required 
the development of all the technologies in the first column, many of them at levels 
approaching those needed in reactors. However, most of them will need further 
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Table I. Three classes of fusion technologies. 
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Fig. 1. The Tokamak Fusion Test Reactor (TFTR) at the Princeton Plasma Physics 
Laboratory, designed to demonstrate energy breakeven by producing 20 MW of 
DT neutrons when heated by 20 MW of neutral beams during 1/2 s of the 
steady current phase of the experimental pulse. Shielding and remote 
maintenance are required for DT operations in this copper coil machine. 



Fig. I. The Mirror Test Facility-B (HFTF-B) at the Laurence Livermore National 
Laboratory, designed to create and confine 15 keV ions in the central cell, 
giving plasma conditions nearly equivalent to energy breakeven. The 
machine features all superconducting coils and long pulse (30 s) beam and 
ECRH systems. 

work, both to extend basic parameters and to develop a needed reliability in the 
more harsh radiation environment of a power reactor. Technologies in the nuclear 
and system areas are those to be emphasized in the coming program to show the 
engineering feasibility of producing fusion power. 

This paper summarizes the status of fusion technology and discusses the re
quirements to be met in order to build a demonstration fusion plant. Strategies 
and programmatic considerations in pursuing engineering feasibility are also 
outlined. 
STATUS OF TECHNOLOGY 

The earliest required technologies needed to produce plasmas were magnet and 
vacuum technologies and some plasma heating techniques. While early experiments 
were not generally technology limited, an exception was in vacuum systems, where 
very low pressures and clean surfaces were required in fairly large devices in 
order to produce low impurity plasmas. Small amounts of impurity cause very large 
line radiation losses in plasmas at electron temperatures between 10 and 100 eV. 
Even today, this radiation "barrier" can be limiting in trying to raise plasma 
energies above this level if there is insufficient heating power or if the vacuum 
vessel is not clean and well pumped. 

An example of the size and sophistication of todays vacuum systems is the 
vessel and pumping systems for the large tandem mirror, MFTF-B, at Lawrence 
Livermore National Laboratory (LLNL). Shown in Fig. 3, the vessel has a volume of 
about 5000 nfi and is pumped by a combination of eryopumps, including over 1000 n? 
of liquid helium cooled cryopanels inside the 66 m long vessel. A base pressure 
of 10 -8 Torr for all gases, including helium, hydrogen, and deuterium is specified. 
An 11,000 W helium rerrigerator and a 500 kw liquid nitrogen refrigerator are part 
of the vacuum system. The scale of this and other large vacuum systems in 
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Fig. 3. MFTF-B vacuum and cryogenic systems to pump the 5 million liter volume to 
a base pressure of 10"° torr, and cool magnets and pumping surfaces with 
liquid nitrogen and helium. 

experiments now underway or in construction is such that the technology is es
sentially ready for use in future devices. 

Magnetic confinement schemes have required a great variety of magnets over the 
years and the technology is continually being pushed to its limits. Hi<ih field 
strengths are required and steady state fusion systems are generally preferable to 
those that are pulsed. Consequently, large superconducting magnets are fundamental 
to fusion. Presently, three such large coils are being built by industry for the 
Large Coil Program (LCP) at the Oak Ridge National Laboratory ana all 22 coils for 
MFTF-B will be NbTi superconducting magnets. The LCP coils are D-shaped as re
quired in modern tokamaks with a bore of 3 in by 4 m. One of these coils is 
pictured in Fig. 4 as it is being wound by General Dynamics, Convair Division. 
The other 2 coils are being built by General Electric and Westinghouse. In MFTF-B, 
m o n of the magnets are 5 m bore circular coils, but the coils on the ends (called 
yin-yang coils) are shaped like a washer bent in half. Each pair of these stores 
500 MJ and weighs 750,000 lb with the structural steel. 

All three LCP coils will be completed in the next year and tesf-1 along with 3 
additional foreign-maoe coils at ORNL in 1983. The MFTF-B yin-yai.<; coil is now in 
test at LLNL. These programs represent the state-of-the-art for large super
conducting fusion magnets. 

mother major technology area is that of plasma heating, accomplished by ohmic 
currents, high energy neutral particle beams, or powerful rf or microwave sources 
jf energy. Perhaps the single most important ingredient in the successful drive 
to create and sustain reactor grade plasmas has been the high power neutral beam 
sources developed for the fusion program. Ion beams of 40 to 100 A at voltages of 
20 to 120 kV, neutralized in transit through a low density gas, have been used on 



Fig. 4. One of the Large Coil Program magnets, this one by the Convair Division of 
General Dynamics, being wound on the D-shaped coil form. Two other coils 
for the program are being wound in the United States, one by Westinghouse 
and the other by General Electric. 

fusion devices during the 1970's with remarkable success. From a 400 cm? aperture 
in a plasma arc chamber one can extract more than 6 MW of beam, providing a unique 
tool for the efficient deposition of particles and energy into a plasma. A typical 
application is the Poloidal Divertor Experiment (PDX) beamline at the Princeton 
Plasma Physics Laboratory (PPPL).. seen in Fig. 5. 

Over the last decade the total extracted energy from a single unit has in
creased by extending the voltage, pulse lengths, and current as depicted in Fig. 6. 
Shortly, there will be a demonstration of a 50 A, 80 kV source operating for 30 s. 
Since thermal equilibrium is typically reached in 5 s, this amounts to a demon
stration of steady state current extraction. 

for certain applications, where the particle deposition is not fundamental to 
the fision concept, energy at near this power density can also be provided by rf 
sources, Power levels of about 1 MW per launcher at 50 MHz for ion cyclotron 
heating, or 1/2 MW at 800 M!iz for lower hybrid heating have been demonstrated. 
Efficiencies greater than 755S for cyclotron heating and 505! for lower hybrid 
heating have been achieved. The best, power densities in the electromagnetic wave 
are lower but comparable to that in a neutral be--m, T-10 to 15 kW/cm?, These rf 
systems may have advantages when neutron shielding of the plasma heating system 
becomes important. In Fig. 7 are the lower hybrid launching slots (furthest back) 
a M the ion cyclotron half loop antennas (foreground) used in the Princeton Large 
Toius (PLT). 

Electron heating with powerful microwave tubes has advanced remarkably in 
recent years. To date, more than 300 kW from a 28 GHz tube has been produced, and 
60 GHz tubes are in development. This technology will be important for various 
applications in all confinement schemes receiving major funding today. 

Of the remaining plasma production technologies in Table I, plasma fueling by 
pellet injection and the direct recovery of energy from particles (in mirror 
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Fig. 5. A typical beamline, this one for the Poloidal Divertor Experiment at the 
Princeton Plasma Physics Laboratory, required for injecting beams of 
neutral particles into the plasma. Ions from the source are neutralized 
in the gas diffusion cell at a pressure of 10'^ torr in the region of 
the main cryopaneis, and ions not neutralized are deflected by a magnet 
onto an ion dump. Differentia) pumping by the forward cryopaneis allows 
the beamline to open into the main fusion vessel. 
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Fig. 6. Progress in developing neu
tral beam sources, as measured by the 
total power output from one source, 
over the last decade. Except for the 
NFTF-B sources, all of these units rely 
on edge cooled grids, inertially cooled 
during the pulse (heat removed between 
pulses). The MFTF-B sources are 
actively cooled and capable of steady 
state operation. 



Fig. 7, Wave launching structures in the Princeton Large Torus. The parallel 
slots in the vacuum vessel wall admits 500 kW of energy at 800 MHz for 
lower hybrid heating. The pair of half loop antennas launch ion cyclotron 
waves at 42 MHz, at power levels around 1500 kW. 

systems) have been demonstrated at modest levels in laboratory tests, but their 
need in current experiments has not yet arisen. Power supply and energy storage 
systems are not major problems in steady state or long pulse machines, but in
ventive engineering is sometimes required in the variety of applications for a 
given machine. 

Turning to the system technologies, these; have been developed to a limited 
extent by constructing large fusion experiments. They have a degree of difficulty 
somewhat in proportion to the size and cost of the devices being built. The TFTR, 
sirce it will burn a D-T mixture, and the MFTr-B, producing neutrons from its D-D 
reactions, both require extensive integration, instrumentation, computerized 
control and data acquisition, maintenance planning, and safety systems. However, 
compared to high duty cyclt or steady state machines operating at hundreds of MW 
of fusion power these are in many ways only beginning steps. 

In the area of nuclear technology our preparation to date is based largely on 
designs and studies of fusion reactors, and on engineering facilities like the 
Tritium Systems Test Assembly (TSTA) at the Los Alamos National Laboratory. Some 
modest experience in shielding is coming from the design and construction of TFTR, 
and the Electric Power Research Institute is sponsoring a lithium blanket module 
test (see Fig. 8) in TFTR. At Argonne National Laboratories a lithium processing 
loop has been run end their "in-pile" solid breeder capsule test will be carried 
out in an Oak Ridge fission reactor. 

In TSTA, a continuous process loop handling 180 moles of tritium per day, as 
shown in Fig. 9, will be running later this year. With an inventory of 150 to 
200 g of tritium, compared to a few kilograms needed for a next generation tokamak 
device, a program to demonstrate tritium fuel handling, processing, and monitoring 
can be carried out. Impurity removal, isotope separation, maintenance methods, and 
emergency cleanup can be demonstrated at levels whicr assure that this technology 
is in hand for the next generation uf D-T burning m« 'lines. 



Fig. 8. A lithium blanket module built by the General Atomic Company with funding 
from the Electric Power Research Institute for TFTR tests of low level 
tritium breeding in LiO2 pellets. 

With the lithium processing loop at ANL, depicted in Fig. 10, removal of 
tritium from lithium by a molten salt extraction process was demonstrated to one 
part in 10", as assumed in reactor blanket system designs. Also at ANL, a capsule 
.ontaining Li Al 02 solid breeder material (see Fig. 11) will be irradiated in a 
fission reactor to breed tritium. Tritium will diffuse from a packed bed of 
breeder material and be swept away by He gas which cools and flushes the tlanket. 
These are the beginnings of a program on blanket technology which must grow 
substantially before we demonstrate power recovery and fuel breeding in situ in a 
fusion test facility. 

FUSION TECHNOLOGY REQUIREMENTS 
To know what technology is required to produce fusion energy is to know what a 

fusion reactor looks like. To the extent that our vision is imperfect we cannot 
with certainty specify the need. iJonetheless, there is sufficient experience with 
fusion devices and enough practice in designing possible reactor facilities based 
on the leading concepts that the engineering sciences, if not their practice, can 
be surmised. 

Turning first to the technologies for plasma production, the major development 
areas are in magnetics and plasma heating. In magnetics, a major scale-'jp in s u e 
and a shift toward Nb3$n technology are indicated for tokamaks and pe rnaps, in 
addition, small high-field circular copper insert ceils (to 20 T and higher) for 
mirrors. Radiation hardening, particularly in the winding pack insulation, must 
be achieved by a choice of materials. Finally, extremely high reliability must be 
sought because magnet costs are a high fraction of the base costs for a fusion 
plant and in many instances their removal through remote handling techniques is 
very difficult. 

Plasma heating by wave-plasma interaction centers on ion cyclotron heating in 
the 10 to ICO MHz range, lower hybrid heating at -v.1 GHz, and ECRH heating at 25 
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fig. 9. A tritium processing loop in the Tritium Systems Test Assembly at the Los 
Alamos National Laboratory. Designed to show that tritium can be extracted 
from exhausc gases and safely handled, the facility will be a demonstration 
of the feasibility of these processes for use in future devices. 

to 10P GHz. Bulk heating, current profile control, startup, current drive in 
tokamaks, electron heating of magnetically trapped electrons for thermal barrier 
formation and of potential-trapped electrons for potential formation in mirrors 
are among the applications. Bulk heating, if entirely by rf waves, requires 50 to 
?00 Vii of power, so the issues center on high power transmission and launching 
Structures compatible with good coupling to the plasma. For the higher frequencies 
the si2e of individual microwave tubes should be increased to minimize the power 
conditioning problems of a system with multiple sources. Coupling efficiency, 
reliability, radiation hardness, and maintainability are generic issues for wave 
heating systems. 

Neutral beams for plasma heating become inefficient at high voltages if the 
beams are produced by the neutralization of positive ions. Above 100 keV/amu this 
efficiency is 1>;5S than 20*, so negative ion beams must be developed. Neutrali
zation efficiencies approaching 100%, independent of energy, are possible. Appli
cations include bulk heating, current drive, fueling, ion pumping, and density 
profile control. Higher voltages, greater reliability, radiation hardening, and 
maintainability are areas for development. 

Vacuum components consistent with steady state operation, tritium handling, 
and operation in a radiation environment must be used in future devices. Host of 
the issues here are associated with the nuclear (fuel handling) and system tech
nologies, following the breakdown in Table I. However, considering for the moment 
only the evacuation of the fusion vessel and beamlines, steady state cryopanel 
pumping schemes must be developed. This requires some method for regenerating the 
surfaces in situ. Hot gettering with zirconium aluminum may also be developed. 
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Fi|). 10. A lithium processing loop at the Argonne National I_aboratory, where 
tritium was extracted from liquid lithium by a molten salt extr?ction 
procedure to 1 part in 10 6. 

Pellet fueling techniques have been developed to some degree, but no device 
operating today requires their use. Since reactors will certainly require such 
methods, the technology must be developed to operate in a radiation environment 
with direct neutron streaming into the injector. 

Finally, mirror systems have the unique opportunity to recover particle energy 
from ions lost over the potential hill at the ends of a tandem. Laboratory experi
ments with modest sized units have been operated at high efficiency but their use 
on a machine containing a reacting plasma awaits future developments. This tech
nology can play an important role in improving the plant efficiency of tandem 
mirrors. 

Nuclear technologies are those concerned wuh fueling, energy recovery, and 
protection of apparatus from neutro, s. Shielding can be costly, and the ability 
to accurately predict the correct amount of shielding in complex 3-dimensional 
geometries will be important. 
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Fig. 11. A capsule of Li Al 02 
solid breeder material built by the 
Argonni National Laboratory for 
fission reactor irradiation at the 
Oak Ridge Reactor (ORR). Tritium 
bred in these pellets will diffuse 
out of the pellets and be swpnt 
away by the helium (coolant.) .,as 
for recovery in an external pro
cessing loop. 

Protection of the first wall in a reactor is singled out in importance because 
it is subjected to high heat and radiation loads, must be a good barrier to 
tritium, and is a source of particles to the plasma through sputtering and 
desorption. The lifetime of the first v.--11 and 'ts design for ease of maintenance 
or replacement is a major technical issue in tokamaks, 

Blankets to breed tritium full and recovery energy nave been the object of 
numerous design studies to determine the best balance ;,n dieting requirements of 
safety, low activation, minimum tritium inventory, and long life The choice of 
materials for structure and breeding can vary widely, the methods of cooling can 
differ, and ways to accommodate maintenance will impact design. Also, the geo
metrical differences among fusion concepts will have an influence on details of 
the design, At issua is not the ability to design and construct working blankets, 
rather it is to optimize them in a broad sense against the sometimes conflicting 
requirements. Too, testing of designs in special facilities and experience in a 
fusion device will be required to validate with precision the codes and data used 
to do the neutronic nd thermal/hydraulic design of the blanket. Finally, ex
perience in the operation of blankets should start as soon as possible since 
engineering optimization can be a long sequential process. 

Fuel cycle questions must be addressed in a working environment before con
fidence in our ability to produce fusion power can be established. Fuel must be 
reprocessed from the plasma exhaust, off cryopanel surfaces, and from the breeding 
material in the blanket, in a manner which minimizes inventory, allows account
ability, and safely contains the tritium. A system demonstration in a large 
fusion device is required, once design and component questions are resolved, 
before proceeding tn a demc.iSi-ration reactor. 

System technology covers a loosely defined collection of problems dealing with 
issues of coupling between systems. Treating in isolation the questions of each 
technology misses interactive problems. Predominant among the areas involved are 
instrumentation and control, safety and environmental impact, and the maintenance 
and remote handling schemes necessary for long life and high plant availability. 



These problems are not easily pinpointed and experience is valuable in identifying 
them. Consequently, to satisfy requirements in this area a large power producing 
fusion device should be operated. 
ENGINEERING FEASIBILITY 

Three somewhat distinct phases in the push to produce energy from fusion can 
be identified. The first is the scientific feasibility of the endeavor, and is 
near to being demonstrated. The second and third are engineering and commercial 
feasibility, the last requiring economic viability, which in turn will require a 
reliable and highly available plant. Engineering feasibility we define as the 
readiness to build a fusion demonstration plant, and should be the goal of the 
fusion program in this decade. A demonstration plant need not be economic and 
need not have the availability of a working reactor. It should be encouraging on 
both counts, should produce net electrical power, and breed its own fuel. With 
this definition, readiness to proceed with such a plant takes on specific meaning 
for detailed definition and program planning. 

There are a number of strategies for setting the course of a program to show 
engineering feasibility but three serve to illustrate the options. Option 1 would 
build a single lirge fusion device, one whose design, construction, and operation 
would encompass all the major issues of engineering feasibility. Option 2 woulH 
address all issues in isolation without an integrating device, ano optinn 3 vvould 
have a more modest device than option 1 and a complementary program derived by 
exclusion. Option 3 Nearly allows a range of devices (in complexity-, cost, and 
comoleteness in solving the finite set of problems which constitute feasibility) 
to integrate fusion technologies. 

Without some integrating device a program might lack focus and even cost more, 
but does not require expenditure for a major device. Attempting to do everything 
in one device gives a strong program focus and would be the most appropriate 
course if the final fusion concept were selected, However, a large expenditure is 
necessary ana the technical risk is high because the device would be a large 
extrapolation from the basis available today. 

Option 3 would appear the most favorable and the definition of an appropriate 
device and supplemental program should be decided on the basis of overall program 
cost, schedule for completing such a program, and flexibility in addressing issues. 
The Fusion Engineering Oevice (FED) itself should have a well defined mission, and 
as defined by the Technical Management Board established by the Office of Fusion 
Energy it is 

• The sustained production of fusion power in order to extract energy from a 
blanket module under conditions that extrapolate to net power production in 
a fusion demonstration plant. 

• To demonstrate full fuel cycle opration in the above blar.'et module, 
including tritium breeding and recovery, to assure approximate fuel 
self-sufficiency for a fusion demonstration plant. 

* To demonstrate that one can construct, safely operate, and maintain a device 
integrating technologies representative of a fusion demonstration plant. 

Even when optimizing the device to meet this mission for minimum cost there will 
be engineering feasibility issues not fully addressed. Table II lis's those tech
nology areas fully addressed by FED and those left to i complementary program when 
this mission is defined. For reference, information roming from large machines 
and facilities in the present program are listed. 

In response to this mission a community-wide effort to define a tokamak FED, 
focused at the Fusion Engineering Design Center located at Oak Ridge, was orches
trated by the Technical Management Board in 1981. The resulting device, shown in 
Fig, 12, with key parameters listed in Table III was the result. Such a device is 
capable of furthering the goal of t. "•' .eering feasibility, as could other devices 
which will be studied in 1982. 



Tahle II. Technology demonstrations of engineering feasibility. 

Technology 

TFTR 
MFTF-B 
EBT-P 

FHIT Complementary 
TSTA RTNS-I1 FED program 

Plasma production 

Magnets 

Cryogenic systems 

Radio-frequency systems 

Plasma fueling 

Plasma direct recovery 

Neutral beam system 
Positive ions 
Negative ions 

Vacuum systems 
Surface treatment 
Continuous pump 

Power supplies/energy storage 

NiC 1 ear technology 

First wall components 
Keutronii property 
ThermeVnyd^aul ic 

Blankets 
Neutronics 
Thermal hydraulic 

Fuel handling 
Plasma exnaust 
Blanket rpcovery 

Shielding 

System technology 

Instrument/control 

Safety/environmental 

l'?intenance/remote handling 

•Supporting information 

**Significant contribution 

•"Necessary for Engineering feasibil ity 

* x * 



To conclude, programmatic strategies have been considered and they contain 
goals which are a h o algorithms for program planning, ','hat planning is wel! 
underway and the first steps toward engineering feasibility can soon be made. 
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Fig. 12. A tokamak Fusion Engineering Device for producing POO MW of fusion 
power in high duty cycle operation. Test space for blanket modul?s is 
provided at a neutron flux as high as 1 MW/m? when operating at 10 T 
magnetic field. 



Table 111. Operating characteristics of the fusion engineering device 

Nominal High power 
Quantity operation operation 

Peak fusion power, MW 

Average fusion power, HW 

Energy gain in plasma 

Fusion energy per pulse, GJ 

Pulse duration, s 

Duty factor, % 

Plasma current, MA 

f ield strength at 
superconduct'ng coil, T 

Peak nuclear energy flux on 0.5 1.? 
test module ( f i rs t wall 
neutron flux), MW/m? 

Plasma major radius, m 5.0 

Plasma half width, m 1.3 

Maximum «rea of single "vl0 
test moou>, m? 

Total area of nuclear test >30 
modules, m? 

180 450 

117 216 

5 CD 

18 22.5 

>100 >50 

65 48 

5.1 6.7 

8 10 
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