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The Tokamak;

Model T Fusion Reactor

Don Steiner and John F. Clarke

Fusion power holds promise of using
cheap, abundant fuel and of being rela-
tively low in radiological hazard poten-
tial. To date, experimental results in-
dicate that scientific progress has been
greater in the tokamak approach than in
other magnetic confinement fusion con-
cepts. For this reason, the tokamak con-

potential of the tokamak concept include
reactor size, power output, plant costs,
and plant reliability and maintainability.
Associated with these issues was the
concern that a demonstration program
would require a succession of ‘increas-
ingly large and costly devices. Metz’s
description of the scope of these issues

Summary. During the past several years there have been significant scientific and
technological advances related to the tokamak magnetic confinement scheme. These
are summarized in the context of a recent tokamak reactor design study which em-
phasizes reduced size, higher power density, and enhanced plant reliability and main-
tainability relative to earlier tokamak reactor design studies. The direct plant cost of
the proposed reactor is estimated to be in the range $1000 to $1500 per electrical
kilowatt. A three-phase strategy for demonstrating tokamak fusion power generation
at a committed site is outlined. It is estimated that implementation of the three-phase
program would require about 20 years and a total escalated expenditure of $10 billion
to $15 billion. The tokamak power plant described here is not viewed as definitive but
rather.as a point of departure in the development of a plan to demonstrate tokamak

power generation.

cept enjoys generous financial support
and is the main thrust of the American
and world fusion programs. But the toka-
mak scheme for power generation is not
without obstacles, which have led to
concerns raised by fusion researchers (/)
and representatives of the electric utility
industry (2) about the commercial feasi-
bility of tokamak power. These con-
cerns, which were well articulated by
Metz (3, 4), boil down to two questions.

1) Can the tokamak concept lead to an
economically competitive power sys-
tem?

2) Is the cost of the program required
for developing the tokamak concept ac-
ceptable?

Issues raised regarding the economic
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was based on an examination of tokamak
reactor design studies carried out be-
tween 1971 and 1976, and in particular on
the tokamak reactor design study called
UWMAK I evolved by the University of
Wisconsin Fusion Technology Group in
the early 1970’s. These early studies rep-
resented initial attempts to identify prob-
lems that might be encountered in toka-
mak reactors. They were not intended to
design economically competitive sys-
tems. Subsequent studies have benefited
from the early studies and have focused
more on the requirements for economic
competitiveness. Moreover, they reflect
scientific and technological advances
which have been made over the past sev-
eral years, primarily as a result of an as-
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sociated, significant increase in the U.S.
fusion research budget (see Fig. 1). The
more recent studies indicate that many
of the problems identified earlier are
tractable and therefore should not be
viewed as insurmountable barriers to the
economic potential and development of
tokamak reactors.

At Oak Ridge National Laboratory
(ORNL), for example, we have evolved
a conceptual reactor design which sug-
gests that tokamak power systems can
be economical without being monstrous-
ly large (both in electrical output -and
physical size), that their plant costs need
not greatly exceed those of other ad-
vanced energy systems such as liquid-
metal fast breeder reactors (LMFBR’s)
and solar electric plants, and that their
reliability and maintainability should not
be unacceptably low. Moreover, we
have been able to identify the elements
of a strategy for demonstrating signifi-
cant power generation with acceptable
program costs. This is not to say that our
conception of the tokamak power system
should be regarded as definitive. Viewed
from the perspective of the ultimate
tokamak fusion power system, our pres-
ent concepts will undoubtedly appear as
primitive as a Model T Ford compared to
a modern automobile. However, just as
that Model T bears a recognizable rela-
tion to its distant descendant, we believe
that our present design concept of the
Model T tokamak reactor can provide a
realistic base for assessing the nature of
tokamak fusion power systems of the fu-
ture. '

In this article, we will first describe the
essential elements of the commercial
tokamak power plant that we envision.
Then we will examine the scientific and
technological basis (that is, the scientific
and technological progress during the
past few years) for this view of a com-
mercial tokamak power plant. Next we
will consider the economic potential of
tokamak power plants. Finally, we will
suggest the elements of a strategy to
demonstrate tokamak power generation.

Don Steiner is Advanced Systems Program Man-
ager, Fusion Energy Division, Oak Ridge National
Laboratory, Oak Ridge, Tennessee 37380, and John
Clarke is Deputy Director, Division of Magnetic Fu-
sion Energy, Department of Energy, Washington,
D.C. 20545.
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Commercial Plant

As we envision it (§), the commercial
power plant would consist of multiple
(for example, two to five) tokamak reac-
tor units sharing a number of common
elements, including such key elements as
the pulsed power supplies for driving the
plasma current and the pulsed power
supplies that provide the plasma supple-
mentary heating. Sharing these elements
among multiple units would save about
15 percent in the plant costs of fusion
power relative to the case where each
unit has its own committed power sup-
plies.

Each reactor unit would generate be-
tween 500 and 1000 megawatts electric
(MWe) of output power. The precise val-
ue of the electrical output of each unit
would be determined by both plasma
physics and cost optimization consid-
erations. Note that the large output pow-
ers characteristic of some earlier toka-
mak reactor studies reflected the as-
sumption that single units of large elec-
trical output would be desired by the
utilities. Our studies show that single
units of large electrical output should not
be viewed as an inherent characteristic
of tokamak reactors. For this discussion
we will assume that an electrical utility

would like to develop a particular site for
a total capacity of 1500 MWe. This
would be accomplished by a plant em-
ploying two tokamak reactor units, each
generating 750 MWe.

Reactor unit. The major components
of each tokamak reactor unit are illus-
trated in Fig. 2 and the essential system
parameters are summarized in Table 1.
The toroidal plasma core has a minor
radius of about 1.5 meters and a major
radius of about 6 meters. By com-
parison, note that the UWMAK T design
had a toroidal plasma core with a minor
radius of about 5 m and a major radius of
about 13 m. As indicated in Fig. 2, the
plasma cross section is somewhat elon-
gated; in this case the ratio of the plasma
height to width is about 1.6. The elonga-
tion is expected to result in improved
plasma performance compared to the
case of a circular plasma cross section.
The plasma would operate with a density
of ~2 x 10 particles per cubic centime-
ter, a confinement time of about 1 sec-
ond, and a temperature of ~10% K. Tt
would be brought to the operating tem-
perature in about 10 seconds, using ~50
to 100 MW of neutral beam injection
power. Fueling would be accomplished
by injecting solid fuel pellets into the
plasma, and spent fuel removal would be
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accomplished by guiding charged parti-
cles out of the plasma chamber along di-
verted magnetic field lines generated by
““divertor’ coils.

As noted by Metz (4), the size and cost
of the tokamak power system is a strong
function of the fusion power density.
The fusion power density in the plasma
chamber of each unit is about 5.3 MW/m?
as compared with about 0.8 MW/m? in
the UWMAK 1 design. The plasma vol-
ume of each tokamak reactor unit is
about 15 times smaller than that in the
UWMAK I design, and the thermal pow-
er of each unit is about 45 percent of
that in the UWMAK 1 design. We em-
phasize that these comparisons with the
UWMAK 1 design are not made to criti-
cize that design, which, as Rose and Fei-
tag (6) said, was a problem-finder rather
than a problem-solver. Instead, we wish
to point to the significant reductions in
projected size and power output which
have occurred in the area of tokamak re-
actor design as a result of scientific and
technological progress.

Surrounding the plasma would be a
blanket whose main purpose is to recov-
er the fusion energy as heat and to breed
new tritium for fueling the reactor. The
blanket first wall and structure would be
made of an austenitic stainless steel. The
amount of steel in the blanket is about an
order of magnitude less than that in the
blanket of the UWMAK 1 design. The
optimum structural alloy for the fusion
reactor environment is yet to be identi-
fied, and a materials program to develop
such an alloy is now under way. Never-
theless, preliminary results on the per-
formance of austenitic stainless steels
under simulated fusion neutron irradia-
tions give us considerable optimism
about the prospects for such alloys.
These results will be considered further
in our discussion of economic potential.

At present, there are several promis-
ing coolants for the blanket. One is a salt
consisting of sodium and potassium ni-
trates and nitrites. These salts have been
used extensively as heat transfer media
in the petroleum and chemical process-
ing industries for more than 30 years.
They have relatively low melting points
(~150°C) and are relatively inexpensive
(~$1 per kilogram), and their thermal
stability and compatibility with iron-base
alloys seem acceptable to temperatures
around 500°C. A development program
will be required to determine the ulti-
mate acceptability of such salts in a fu-
sion reactor environment. Other cool-
ants under consideration are helium gas
and liquid lithium. The breeding medium
must consist of lithium in some form
since only lithium offers any promise for
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tritium regeneration through neutron in-
teractions. At present, liquid lithium
seems to offer the greatest potential as
the breeding material.

The blanket region is ~0.8 m thick and
is surrounded by a shielding region ~0.7
m thick whose main purpose is to protect
the superconducting toroidal magnet
coils. A number of materials could be
used for the shielding region, including
iron, boron carbide, and lead. The to-
roidal field coils employ niobium tita-
nium as the superconducting material.
The coils are somewhat D-shaped with
inside dimensions of ~7 by 10 m, ap-
proximately half the inner dimensions of
the coils for the UWMAK I design (~15
by 21 m).

Balance of the plant. Each tokamak
reactor unit would be housed in a circu-
lar containment building ~50 m tall and
~60 m in diameter. The volume of this
containment building would be almost
one order of magnitude less than the vol-
ume of the containment building sug-
gested for the UWMAK 1 reactor and
about the same as that of the contain-
ment building of a fission reactor with
comparable output power.

Each reactor unit would have its own
power conversion system. This would
consist of a primary coolant loop and an
intermediate salt loop coupled to a con-
ventional steam system and turbine. The
main purpose of the intermediate heat
transport loop is to prevent pressur-
ization of the blanket by high-pressure
steam should there be a tube leak in the
steam generator. Assuming a primary
loop exit temperature of around 450°C, a
steam-cycle thermodynamic efficiency of
~35 percent would be achieved with this
power conversion system. Each reactor
unit would operate with a burn time of
~20 minutes and a down time of ~1 min-
ute, thus achieving an overall duty factor
of ~95 percent. Salt storage tanks
coupled to the intermediate heat trans-
port loop would provide the necessary
thermal energy storage to ensure contin-
uous power to the turbine plant during
the entire operating cycle.

The commonly shared power supplies
for initiating the plasma current and pro-
viding the plasma heating would operate
in a phased fashion for the two tokamak
units. Note that these power supplies op-
erate in a pulsed mode and need to be
operating for only 10 seconds at the start
of the initial plasma breakdown and heat-
ing phase. For the assumed conditions,
two tokamak units and a 21-minute cycle

“time, these pulsed power supplies would
have to be pulsed once approximately
every 10 minutes. It appears that the pri-
mary energy storage requirements for
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Table 1. Essential system parameters of the ORNL reactor design and the UWMAK I design.

Parameter ORNL UWMAK I
Plasma radius (m) 1.5 5
Major radius of torus (m) 6 13
Plasma shape Elongated 1.6/1 Circular
Neutral beam injection energy (keV) 150-300 500
Plasma beta (percent) 8 3
Fusion power density (MW/m?) 5.3 0.8
Neutron wall loading (MW/m?) 3.0 1.25
Cycle time (seconds) 1260 5800
Duty factor (percent) 95 93
Average thermal power (MW) 2150 5000
Average electrical output (MW) 750 1500

these power supplies can be satisfied
with motor-generator flywheel sets that
are similar in rating and capacity to those
being proposed for the Tokamak Fusion
Test Reactor (TFTR) to be built at the
Princeton Plasma Physics Laboratory.

Scientific and Technical Basis

The tokamak reactor described above
is attractive on the basis of electrical out-
put and physical size; the question of ec-
onomic potential will be considered la-
ter. At this point we will address the fun-
damental question of whether the reactor
operating characteristics are consistent
with the basic physics of tokamak
plasmas. A secondary question, assum-
ing a positive answer to the first, is
whether these operating characteristics
can be achieved using practical tech-
nologies. At this stage of the fusion re-
search and development program, it is
not possible to give a definitive answer to
either of these questions. However, it
can be said that operation of a tokamak
reactor in the proposed regime is consist-
ent with our present theoretical under-
standing of tokamak plasma behavior,

and that current tokamak experiments
are producing results pointing toward the
proposed regime of operation. Further-
more, the key technologies used to ad-
vance the plasma performance in these
experiments seem to be capable of ex-
trapolation to the requirements of reac-
tors.

Progress toward the reactor regime. A
tokamak reactor plasma will operate in
the ‘‘ignition’’ regime. In this regime the
fusion energy deposited within the
plasma exceeds the energy lost from the
plasma by heat conduction and radia-
tion; thus, the fusion plasma can be self-
sustaining. To operate in the reactor
(that is, ignition) regime with a deute-
rium-tritium-burning plasma, the plasma
ion temperature must exceed about 40 X
108 K and the plasma energy confine-
ment, measured by the product of
plasma density and energy confinement
time, must exceed about 6 x 10'3 ¢cm™3
sec. Note that the plasma in the pro-
posed reactor operates with a temper-
ature of about 100 x 10 K and with an
energy confinement of about 2 x 10
cm™3 sec.

Figure 3 illustrates progress toward
the reactor regime within the U.S. toka-
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mak experimental program. By 1974
tokamaks heated only by the toroidal
current flowing in the plasma (that is,
ohmic heating) had advanced closer to
the reactor regime than any other fusion
confinement scheme (7). By 1975 the ap-
plication of extremely high magnetic
fields in the ALCATOR experiment at
Massachusetts Institute of Technology
(MIT) produced a factor of 10 increase in
the energy confinement (8). By 1976 sup-
plementary heating experiments at Oak
Ridge (9) on ORMAK with newly devel-
oped neutral beam injectors had demon-
strated that the plasma ions could be
heated to 20 x 108 K. At the same time,
experimental data from the heating ex-
periments at Oak Ridge indicated that
the improvement in energy confinement
seen at MIT could also be produced by
the neutral heating technique (9). This
finding is shown by the second ORMAK
point in Fig. 3, which represents opera-
tion designed to optimize energy con-
finement rather than heating.

The performance projected for the
next generation of experiments is also
shown in Fig. 3. The hatched area in-
dicates the operating regime expected in
the neutral beam heating experiments on
the PLT (Princeton Large Torus) and
ISX (Impurity Studies Experiment, at
Oak Ridge). The ALCATOR C point in-
dicates the maximum achievement in en-
ergy confinement anticipated in the new
high-field experiment at MIT. These ex-
periments collectively should exceed the
minimum requirements for temperature
and energy confinement in a tokamak re-
actor. Following closely on these experi-
ments are the DOUBLET III device (at
General Atomic) and the TFTR device
(at Princeton). The DOUBLET III de-
vice has the goal of achieving simultane-
ously minimum reactor level temper-
atures and energy confinement (that is,
the boundary of the ‘‘reactor regime’” in
Fig. 3) in hydrogen. The TFTR has the
goal of achieving simultaneously mini-
mum reactor level temperatures and en-
ergy confinement first in hydrogen and
then in deuterium-tritium plasmas. It is
emphasized that while the TFTR and
DOUBLET 11 will approach the bound-
ary of the reactor regime they will not
enter it. It is also noted that similar toka-
mak experimental programs are being
pursued in Europe, Japan, and the So-
viet Union.

Although optimism within the program
is high, there are still a number of uncer-
tainties to be confronted by these experi-
ments. Although ALCATOR has demon-
strated extremely clean plasma opera-
tion (8), the mechanism for this impurity-
free behavior is not well understood. All
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other devices contain contaminants of ei-
ther light elements, such as carbon and
oxygen, or heavy metals, such as iron
and tungsten. These impurities radiate
large amounts of energy and, without
techniques for their control, could prove
to be a serious impediment to reaching
the reactor regime. In recent experi-
ments on the DITE tokamak (Divertor
and Injection Tokamak Experiment, at
Culham, England) impurities have been
actively controlled by diverting surface
plasma into a burial chamber, thus
shielding the inner plasma from wall-
originated impurity atoms (/0). The im-
purity studies on PDX (at Princeton) and
ISX will further examine the evolution,
transport, and-control of impurities (with
and without divertors) in tokamaks.

Furthermore, although the energy
confinement of the ions in current exper-
iments is very close to that expected on
the basis of classical kinetic theory, the
electron energy confinement is one to
two orders of magnitude less than classi-
cal (7). The precise mechanism for this
anomaly is not established although sev-
eral theoretical explanations are avail-
able. Without a firm theoretical under-
standing, we cannot predict with con-
fidence the behavior of the electron ener-
gy confinement as our experiments ap-
proach the reactor regime. Fortunately,
the data from all existing experiments
operating over a wide range of parame-
ters indicate that it will improve at least
with the square of the plasma radius (/7).
This gives us confidence that the ignition
regime can be entered in devices larger
than TFTR and DOUBLET III. How-
ever, the question remains, how much
larger? The answer requires some addi-
tional discussion of the scaling of energy
confinement.

Scaling to the reactor regime. We can
measure energy confinement in present
experiments as a function of plasma pa-
rameters such as size, temperature, and
density. These measurements can then
be used to derive a scaling model to pre-
dict the tokamak plasma size required to
achieve the reactor levels of temperature
and energy confinement. This *‘empirical
scaling model’’ (9) predicts ignition con-
ditions in plasmas roughly 1 m in radius
if the product of plasma pressure and the
magnetic field strength can be made suf-
ficiently large. However, the current em-
pirical scaling model is based pre-
dominantly on experiments without sup-
plementary heating. In these experi-
ments there is an implicit dependence of
the plasma temperature on the magnetic
field, which disguises the actual temper-
ature and magnetic field dependence of
energy confinement. Within a few years

there will be sufficient data from toka-
mak experiments with supplementary
heating to test this scaling model at reac-
tor temperatures.

An alternative approach is to attempt
to predict the energy confinement in the
reactor regime from basic principles of
plasma physics. The resulting scaling
based on classical collision processes in-
dicates that ignition can be attained in
very small devices (/2). Although the
ions in our experiments seem to behave
in accord with this theory (I3), the elec-
trons do not. Their energy confinement
appears to be dominated by plasma tur-
bulence caused by a variety of fine-
grained plasma instabilities. The worst of
these instabilities predicted for the reac-
tor regime are known as trapped particle
modes (/4). They have not been clearly
identified in experiments to date, and as
a result their effect on a reactor tokamak
plasma can only be estimated from theo-
retical calculations. Because of the com-
plexity of the calculations, there is a
great deal of uncertainty in the result.
However, the scaling model resulting
from this theory is remarkably similar to
the empirical scaling model in its depen-
dence on the product of magnetic field
and plasma pressure. This model also
predicts ignition conditions with roughly
a 1-m radius if the plasma pressure and
magnetic field are sufficiently large.

The net result is that current scaling
models based on either empirical or the-
oretical grounds predict that the reactor
regime could be entered with devices on-
ly slightly larger than DOUBLET III and
TFTR. (Note, for example, that the
plasma radius in the TFTR is about 85
cm.) The uncertainties in these scaling
laws will be reduced by the current and
planned tokamak experimental pro-
grams, and within several years the ex-
act size of a reactor plasma should be
predictable with a high level of con-
fidence. However, even at present it ap-
pears that the reactor plasma radius can
be expected to be in the range 1 to 2 m
and that the plasma radius of the pro-
posed reactor (~1.5 m) is a reasonable
choice for engineering design studies.
This statement is based on the strong de-
pendence of energy confinement on
plasma pressure and magnetic field as
evidenced in the current scaling models.
This dependence should suffice to ac-
commodate errors in our present esti-
mates of the coefficients in the scaling
models.

Limits on plasma pressure. Plasma
pressure is normally measured in a toka-
mak in units of the toroidal magnetic
field energy density. The ratio of plasma
pressure to toroidal magnetic field ener-
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gy density, known as beta, is an impor-
tant parameter describing the perform-
ance of tokamak fusion reactors. Beta is
a measure of the efficiency with which
the system utilizes the magnetic field
provided by the expensive toroidal field
coils. Both the empirical and trapped
particle mode scaling models referred to
above indicate that the plasma radius of
a reactor is reduced as beta (15) and the
applied toroidal field (/6) are increased.
To produce the most economiical toka-
mak fusion reactor, we would like to
work at the lowest possible value of mag-
netic field and consequently the highest
practical value of the plasma beta.

Until recently, it was assumed that a
simple tokamak plasma could not be
maintained at an equilibrium position
within the surrounding reactor structure
for betas greater than a few percent. At
such low values of plasma beta, one
would require either a very large plasma
or very high magnetic fields to enter the
reactor regime according to either of the
scaling models given above. The early
fusion reactor studies were performed in
accordance with this assumed restriction
on beta (see Table 1), and therefore it is
not surprising that they resulted in large,
expensive reactor systems.

Recent work analyzing the behavior of
tokamak plasmas undergoing the intense
heating required to raise them to reactor
temperatures (/7) has revealed that this
equilibrium limit on plasma beta is non-
existent and that a tokamak plasma equi-
librium can be maintained for beta ap-
proaching 100 percent. Experimental re-
sults from fast pinch experiments (I8)
show the existence of these equilibria at
betas of ~70 percent for short periods of
time.

The beta of the proposed reactor (~8
percent) lies in the range S to 10 percent.
Although plasma equilibria exist for this
range of betas, there has been some con-
cern about the stability of these equi-
libria (19). It is known theoretically that
as the plasma pressure is raised in a toka-
mak, a point is reached at which an
aneurism called a ballooning instability
develops in the magnetic field confining
the plasma, and the equilibrium is de-
stroyed. Calculations obtained from re-
cently developed computer codes in-
dicate that the beta limit set by this insta-
bility is in the range 5 to 10 percent for
elongated plasmas (/9). The ORMAK
experiment at Oak Ridge has produced
an average beta of just over 1 percent
(20), a factor of about 3 short of the mini-
mum beta required for ignition in typical
reactor configurations and a factor of
about S short of the minimum beta re-
quired for economic interest. Plasma
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UWMAK I Design ORNL Design

Fig. 4. If the expected value of beta is at-
tained, it is possible to envision a compact
tokamak reactor whose toroidal coil size is
only a fraction of that assumed in earlier de-
signs. This diagram shows the difference in to-
roidal coil size when the coil in the UWMAK 1
reactor design is compared with that in the
ORNL reactor design.

shapes predicted to be compatible with
the beta range of reactor interest will be
explored during 1978 and 1979 in the
ISX, PDX, and DOUBLET III experi-
ments.

Technological implications. If betas in
the range 5 to 10 percent can be
achieved, relatively compact tokamak
reactors can be constructed with maxi-
mum field requirements (that is, the field
at the coil) in the range of 8 to 12 tesla
(5). Figure 4 illustrates the reduction in
toroidal coil size that has resulted from
the’ improved prospects with regard to
achievable plasma beta. In Fig. 4 the to-
roidal coil in the UWMAK 1 reactor
design is compared with the coil in the
ORNL reactor design. Both coils are as-
sumed to operate with a maximum field
of about 8 T at the coil winding; how-
ever, a plasma beta of ~8 percent is as-
sumed in the ORNL design while a beta
of ~3 percent is assumed in the
UWMAK I design.

As the size of the superconducting
coils required for the reactor is reduced,
the technological extrapolation required
to produce these coils becomes much
more reasonable and likely to be
achieved in the near term (2/). The
Large Coil Program at Oak Ridge has
just let contracts for the design and con-
struction of superconducting coils about
half the size required for our compact re-
actor. Coils made of niobium titanium
(with the potential of operating in the
range 8 to 10 T) and coils made of nio-
bium tin (potential operating range, 10 to
12 T) will be constructed. These coils
will be assembled and tested in a toroidal
geometry in the early 1980’s. The goal of
the Large Coil Program is to provide the
technological base for constructing coils
of the size required in reactors.

The development of tokamak reactors
will also require a technique for heating

the plasma to reactor temperatures. In-
jection of powerful beams of neutral hy-
drogen atoms into a confined tokamak
plasma provides such a technique. The
proposed reactor would require 50 to 100
MW of neutral beam power at an energy
of roughly 150 to 300 kiloelectron volts
to achieve sufficient heating (22). Be-
cause of the reduced plasma radius, the
beam energy required to penetrate to the
center of the plasma is a factor of 2 to 3
lower in this reactor design than in the
earlier reactor studies (see Table 1). To
date, low-power 120-keV beams have
been operated in initial experiments with
the TFTR beam test facilities at Oak
Ridge and Lawrence Berkeley laborato-
ries. In addition, neutral beam injectors
at 40 keV with 700 kW of power and ca-
pable of almost continuous operation
have been produced at Oak Ridge (23).
Data from these experiments lead us to
conclude that we will be able to supply
the 20 MW of 120-keV neutral beams re-
quired for the TFTR experiment and that
the higher-energy beams required for the
power reactor can be developed from
this technology base.

In addition to the injection of energetic
hydrogen particles to heat the plasma,
one must also deal with the problem of
injecting cold hydrogen to refuel the
plasma during the extended burn. The
most promising technique proposed for
fueling is the injection of pellets of frozen
hydrogen at high velocity, greater than
10° m/sec (24). Recent experiments in
which hydrogen-ice pellets were injected
into ORMAK demonstrated the basic
feasibility of this technique (25). In these
experiments 30-um pellets were acceler-
ated in a hypersonic gas jet to roughly
10> m/sec. One potential technique. for
producing the higher velocities and
larger pellets needed for reactor-size
plasmas is mechanical acceleration in an
advanced centrifuge. The first test of this
advanced fueling technique is scheduled
for 1978 (26).

Superconducting magnets, neutral
beam heaters, and fueling mechanisms
have been singled out for discussion be-
cause they represent the most novel
technologies that will be required for re-
actor operation. In addition to these
technological developments, there are a
host of engineering problems which must
be solved for successful operation of the
reactor. Over the past few years, studies
of tokamak devices following the TFTR
have been undertaken in order to uncov-
er these engineering problems (27, 28).
Major components of a device which
would demonstrate all of the character-
istics of the fusion core of a power reac-
tor were evaluated with regard to engi-
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neering feasibility and cost, and compre-
hensive systems models were developed
so that changes in the operating charac-
teristics of the device could be evaluated
in terms of their effect on individual com-
ponents. These systems models provide
us for the first time with tools for eval-
uating the sensitivity of an overall sys-
tem design to the precise operating de-
tails of the tokamak plasma.

As part of these studies, the develop-
ment problems which will have to be ad-
dressed in order to provide the required
device components were evaluated in
the context of the range of possible
plasma operating parameters. A careful
study of the technological requirements
to build this fusion core demonstration
device in the light of these plasma uncer-
tainties was completed (29). The general
conclusion of this analysis is that, with a
few exceptions, the major technological
issues are the subject of active develop-
ment programs which are scheduled for
completion in the early 1980’s. The ex-
ceptions identified in the analysis are
such that they could also be addressed in
this period if the relevant programs are
initiated soon. Consequently, it appears
that with adequate support we will be
able, by the early 1980’s, to develop the
technologies necessary to demonstrate
the characteristics of the fusion core of a
tokamak power reactor.

Economic Potential

Power generation cost is generally di-
vided into three components: capital
cost, fuel cost, and operation and main-
tenance cost. For example, the light-wa-
ter fission reactor power generation cost
is presently distributed with about 70
percent capital cost, 20 percent fuel cost,
and 10 percent operation and mainte-
nance cost. Fission power generation is
said to be highly ‘‘capital-cost in-
tensive’’; that is, the power cost is to a
large extent determined by capital-cost
investment and to a lesser extent by fuel
cost. Fusion reactors will be even more
capital-cost intensive: about 90 percent
of the power generation cost for fusion
reactors will be capital expenditures and
about 10 percent will be operation and
maintenance; the fuel cost of fusion pow-
er should be less than 1 percent of the
total. The capital cost (in mills per kilo-
watt-hour) is derived from the installed
plant cost (dollars per kilowatt electric)
and the plant capacity factor (the ratio of
the average generated load for a period
to the total rated capacity of the plant).
The capacity factor is a measure of the
plant performance which reflects system
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Table 2. Representative plant cost estimates
for a tokamak and an LMFBR. The estimates
are in 1976 dollars and do not include interest
during construction or escalation.

Cost ($/kWe)

Tokamak LMFBR
Reactor systems 450 100
Balance of plant 800 700
Total 1250 800

reliability and maintainability. In this
section we will consider the plant costs
and the reliability and maintainability of
tokamak power systems.

Plant costs. At the outset it is empha-
sized that estimates of plant costs for
power systems based on advanced ener-
gy sources must be regarded as approxi-
mate and somewhat speculative at this
time. Nevertheless, such estimates are
instructive in comparative assessments
of alternate energy sources.

Based on a model developed at Oak
Ridge (5), the direct plant cost of the
conceptual tokamak power plant de-
scribed earlier has been estimated to be
in the range $1000 to $1500 per kilowatt
electric, in 1976 dollars. On the same
basis (1976 dollars) the direct plant cost
of the LMFBR is estimated to be in the
range $600 to $1000 per kilowatt electric
(30) and that of solar electric plants is es-
timated to be in the range $1500 to $3000
per kilowatt electric (37). It is noted that
the direct plant cost does not include in-
terest during construction or the effects
of escalation. Such factors are usually
expressed as percentage increments rela-
tive to the direct plant cost and should be
independent of the energy source. Thus,
current estimates suggest that tokamak
plant costs would be somewhat higher
than LMFBR plant costs and somewhat
lower than solar electric plant costs.

Since a tokamak reactor represents a
more extensive set of advanced tech-
nologies than does the LMFBR, it might
at first appear that tokamak plant costs
should be much greater than LMFBR
plant costs. In this context it is most illu-
minating to examine the figures in Table
2, which show representative, estimated
direct plant costs for a tokamak and an
LMFBR broken down into reactor
systems costs and balance of plant
costs. The following points are em-
phasized.

1) The reactor systems cost of the
tokamak is greater than that of the
LMFBR by about a factor of 4 to 5, re-
flecting differences in the respective
technologies.

2) The balance of plant costs is com-
parable for both systems.

3) The balance of plant costs is the
dominant cost of both systems.

Thus, although the reactor systems
cost of a tokamak may indeed be much
greater than that of the LMFBR, the to-
tal plant costs of the two systems might
differ by only ~50 percent.

System reliability and maintainability.
Although it is too early in the develop-
ment of fusion power to project a mean-
ingful value for the plant capacity factor,
it is very important to consider the areas
of system reliability and maintainability
in conceptual design studies. In the ini-
tial fusion reactor design studies, relia-
bility and maintainability were examined
by extrapolating experience gained from
the operation of fission reactors and
small-scale plasma confinement experi-
ments. Although such an approach was
useful in identifying potential problems,
it did not allow for creative approaches
to system reliability and maintainability
based on the unique features of large fu-
sion devices. As discussed below, recent
experimental results in the area of mate-
rials performance and current design
studies that take advantage of the unique
features of fusion systems indicate that
the prospects for reliability and main-
tainability of fusion devices are encour-
aging.

A major issue associated with the
question of fusion power plant reliability
is the limitation on the service life of the
blanket structure arising from neutron ir-
radiation effects. It is well known from
fission reactor experience that dele-
terious changes in physical and mechani-
cal properties occur-in structural materi-
als as a result of neutron-induced atomic
displacements and transmutation gas
products—particularly helium, which
has a very low solubility in the metal lat-
tice. Calculations indicate that, in gener-
al, atomic displacement rates will be
comparable in the first-wall region of a
fusion reactor blanket and in the high-
flux region of advanced fission reactors;
however, the helium production rates
will be much higher in the fusion reactor
environment because of the difference in
neutron energy spectrum between fusion
and fission reactors.

Early projections (32) of the perform-
ance of stainless steel when used as the
structural material of a fusion reactor
blanket were based on extrapolations of
low-fluence fast fission reactor data. Be-
cause of the nature of the neutron energy
spectrum of a fast fission reactor, the he-
lium generation rates associated with
these data were orders of magnitude too
low for simulating fusion reactor condi-
tions. These extrapolations suggested
that even without a high helium content,
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loss of ductility might limit the service
life of a stainless steel first wall to about
2 years when it is operated at a temper-
ature of ~500°C. Thus, the early projec-
tions of blanket structure performance
had ominous implications for fusion
power reliability.

In 1975 it was noted (33) that mixed-
spectrum fission reactors (reactors in
which both the fast flux and the thermal
flux are high) could simulate the ratio of
the fusion displacement rate to the heli-
um production rate very closely in alloys
such as stainless steel which contain sig-
nificant amounts of nickel. Helium is
produced by the reaction sequence with
thermal neutrons ‘

Ni + ng, — *Ni + y
®Ni + ny, — *6Fe + *He

Simultaneously, displacement damage is
produced by the fast neutrons. Extrapo-
lations of recent data obtained in a
mixed-spectrum fission reactor, at high
fluence and with high helium production,
suggest that the service life of a stainless
steel first wall might approach 10 years if
it is operated at ~400°C (34). The reduc-
tion in first-wall temperature does not se-

1’4" STEEL LINER PLATF

3'-0'* CONCRETE

DISASSEMBLY AREA L
———————

ENCLOSURE
DOOR NO 2

SAFETY RELIEF VALVE

4 ]— -0 concreTE

riously affect the plant thermal efficien-
cy, and an efficiency of ~35 percent
should be possible. Thus, the prospects
for extended wall life appear encourag-
ing at this point, and although a major al-
loy development program will be re-
quired to identify and qualify the most
suitable - blanket structural material,
structure life should not adversely affect
fusion power reliability.

In previous tokamak reactor design
studies, it was generally assumed that
the first wall of the blanket would also
serve as the major vacuum boundary be-
tween the plasma and atmospheric pres-
sure. This usually required that the first
wall contain hundreds to thousands of
lineal meters of welds. Should an oper-
ating failure such as a pinhole leak devel-
op in a radioactive first wall, it is doubt-
ful that it could be repaired without un-
reasonable kdifﬁculty. Therefore, in the
reference power plant it has been pro-
posed that the tokamak reactor system
be enclosed in a vacuum building. This
completely changes the character of the
first-wall surface from a welded structure
with absolute vacuum integrity to one
that can have mechanical joints and only
requires high pumping impedance (it can
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be slightly leaky because the pressures
on both sides are about the same). It is
believed that such an approach has sig-
nificant assembly, disassembly, and re-
pair advantages over the vacuum first-
wall approach. ‘

Vacuum enclosures of the physical
size needed to house a fusion reactor are
structurally reasonable, as demonstrated
by the Plum Brook facility of the Nation-
al Aeronautics and Space Administration
(NASA). A cross section of that facility
is reproduced in Fig. 5, which also shows
the approximate dimensions of the refer-
ence tokamak reactor. The facility vol-
ume and the radiation shielding provided
by the concrete structure appear to be
consistent with the reactor require-
ments. It is also noted that such a build-
ing is comparable in size to the contain-
ment building of fission reactors.

To further minimize downtime and fa-
cilitate maintenance, a modular ap-
proach has been taken for the blanket de-
sign, which eases the problems of remote
maintenance. Small, easily replaced
blanket modules have been emphasized
(see Fig. 6) to eliminate the need for re-
mote maneuvering and welding of mas-
sive components in tight quarters.
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Fig. 5. The ORNL reactor design superimposed on a cross section of the NASA Plum Brook vacuum facility at Sandusky, Ohio (36). A vacuum
building of the approximate size needed to house a fusion reactor is structurally reasonablé. Such a building is comparable in size to the
containment building of fission reactors. As discussed in the text, it is believed that a vacuum building approach would enhance the reliability and

maintainability of fusion reactors.
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Strategy to Demonstrate Power

Generation

Initial estimates of the facility and cost
requirements for demonstrating tokamak
power generation reflected the large size
of the early reactor designs and the con-
cerns about first-wall service life. When
these early designs (plasma radius, ~35
m) were compared with the TFTR
(plasma radius, ~1 m), it appeared that a
succession of increasingly larger and
more expensive devices would be re-
quired to reach reactor-size systems. At
the same time, the pessimistic projec-
tions about the performance of stainless
steels as first-wall materials suggested
that a very extensive and expensive ma-
terials program would be needed to iden-
tify a first-wall material. As part of this
program, several expensive high-energy
neutron-irradiation facilities would have
to be developed and built.

As a result of the continued progress
in understanding tokamak physics, the
projected plasma radius of power reac-
tors is now about 1.5 m, or within a fac-
tor of 2 of that of TFTR. Moreover, re-
cent data on the performance of stainless
steels as first-wall materials are encour-
aging, and it appears that much of the ir-
radiation testing could be accomplished
in existing mixed-spectrum fission reac-
tors, although some high-energy neutron
facility (35) will be required for correla-
tion purposes.

In view of the current situation, we be-
lieve that the facility and cost require-
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ments for demonstrating tokamak fusion
power can be significantly reduced com-
pared to those reflected in the initial
planning exercises. In particular, we sug-
gest that a committed-site, multiple-unit
strategy be adopted to demonstrate pow-
er generation after the operation of
DOUBLET III and the TFTR. This
strategy would consist of three phases:
(i) a fusion reactor core demonstration,
(ii) a power technology demonstration,
and (iii) a commercial prototype demon-
stration. These phases are described be-
low.

During the reactor core demonstration
phase, a central pulsed electrical plant
would be built to provide pulsed power
for all the units. Concurrently, a single
tokamak would be built and connected to
the central pulsed electrical plant. The
device would consist primarily of a
to_rus,‘ a nonbreeding blanket, a shield,
toroidal field coils, poloidal field coils,
neutral beam injectors, and a divertor
system. The scope of this phase is to
establish a controlled fusion energy
source.

During the power technology demon-
stration phase, lithium would be in-
troduced into the blanket and a heat
transport system, a turbine system, and
a tritium recovery system would be add-
ed to the basic facility. Electrical power
produced during this phase could be fed
into a commercial grid. The scope of this
phase is to establish technical feasibility.

During the commercial prototype
demonstration phase, improved units

Fig. 6. Remote main-
tenance of the blanket
is receiving major em-
phasis in current reac-
tor designs. This dia-
gram shows remote
removal of individual
blanket modules that
have been damaged
by radiation. In this
arrangement there is a
five-step sequence to
remove the middle
module (4). The outer
modules (B) are then
moved to the free
space and the se-
quence is repeated.
Such a procedure
could be carried out
without having to
move the toroidal
field coils.

FIRST BLANKET ZONE
MODULES

(for example, ~750 MWe per unit) would
be added and tied into the central pulsed
electrical plant. The purpose of this
phase is to demonstrate system reliabil-
ity under practical utility conditions. The
scope of this phase is to establish eco-
nomic feasibility. ,

The strategy outlined above is moti-
vated by the following considerations.

1) The plasma size requirements are
essentially the same for the reactor core
demonstration device and the com-
mercial prototype. A succession of in-
creasingly larger devices is not required
to demonstrate power generation.

2) Capital equipment is conserved
during all phases of the demonstration
program.

" 3) Increasing amounts of power are
supplied to the electrical grid as each ad-
ditional unit is added at the site.

The facility-cost for the three phases is
estimated to be between $2 billion and $3
billion (in 1976 dollars). This does not in-
clude engineering or contingency costs,
nor does it include indirect capital costs.
In addition, it is noted that development
costs would accompany the demonstra-
tion program. The total program cost in-
cluding engineering, contingency, and
development, but excluding escalation,
is estimated to be ~$5 billion to $8 billion
(in 1976 dollars), or ~$10 billion to $15
billion if escalation is included. The esca-
lated figures are based on preliminary
projections which suggest that prototype
operation could commence approximate-
ly 20 years after a commitment had been
made to the three-phase demonstration
program. It appears that a $10 billion to
$15 billion expenditure represents an ac-
ceptable cost for developing a new ener-
gy source.

Concluding Remarks

The tokamak power plant described in
this article is based on a specific set of
assumed technological directions, design
approaches, and plasma characteristics.
It is emphasized that there is no unique
set of technologies, engineering ap-
proaches, and plasma characteristics
that will lead to commercial fusion pow-
er. Several acceptable sets no doubt ex-
ist, and the set described here should be
viewed in this context.

The technology base required to real-
ize the reference plant described here is,
for the most part, being addressed in on-
going programs. At this point it appears
that uncertainties about tokamak fusion
power are primarily related to the ex-
pected plasma physics performance and
not to foreseeable limitations in the areas
of technology and engineering. Within
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the next 3 to 5 years these uncertainties
should be resolved.

A three-phase strategy for demonstrat-
ing fusion power generation at a com-
mitted site has been proposed in this ar-
ticle. It is emphasized that this is a strat-
egy and not a detailed plan. Never-
theless, the strategy outlined here sug-
gests that tokamak fusion power could
be demonstrated with reasonable ex-
penditures of money.
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Engineering Limitations of
Fusion Power Plants

Problems related to radiation damage and plant costs

may prevent the practical application of fusion.
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nary engineering studies of possible fu-
sion reactor power plants. These studies
have employed the best available theo-
retical extrapolations of results of con-
finement experiments in order to predict
operational parameters for the power-
producing plasma. While no net power-
producing fusion plasma has yet been
demonstrated, the engineering studies
are important in providing guidance to
the development program and in pointing
out significant practical problems to be
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useful thermonuclear reacting condi-
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tions. This article does not deal with the
difficulty or probability of success of
plasma confinement, but instead focuses
on engineering aspects of proposed full-
scale plants believed to be of critical im-
portance to the future of fusion power.
One problem area that has been
stressed is the difficulty of processing
and containing the tritium in a fusion
plant employing the deuterium-tritium
(D-T) reaction. This subject was eval-
uated in a section of the first report of the
Atomic Industrial Forum Committee on
Fusion (/). The conclusion was that the
technology is available to meet the oper-
ational requirements and that the princi-
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pal concern is the impact that plant de-
sign features for tritium handling might
have on total capital costs. Another
problem area treated was related to the
acceptability of plant operation from the
environmental and safety standpoints.
Again, it was concluded that fusion
plants will be able to meet all environ-
mental and safety requirements. The
greatest difficulty appears to be that of
adequately limiting the release of tritium
during normal plant operation and as a
result of postulated accidents. This then
reflects back on the plant design features
that will ensure adequate tritium contain-
ment, and the effect on capital costs
again becomes a principal point of con-
cern.

There are other features inherent in a
fusion reactor plant that will force in-
creases in the cost of the initial installa-
tion, and the magnitude of the total in-
vestment is recognized to be a problem
of critical importance to the eventual
successful application of fusion power
(1). In this article some of the engineer-
ing factors bearing on capital costs will
be evaluated. A second very serious en-
gineering problem area discussed is that
of the limited operating life of the reactor
vessel, caused by the deleterious effects
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