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ommend the construction of a steady-state toka-
mak.10

In 1991, however, it became clear that BPX
would not be built. The estimated cost of the facil-
ity had reached $1.4 billion and the Secretary of
Energy Advisory Board (SEAB) Task Force on
Energy Research Priorities recommended that
DOE not proceed with BPX but concentrate on
ITER.ll Secretary of Energy Watkins ordered the
cancellation of the project. Without the operation
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of a BPX, it became necessary to transfer its areas
of investigation to ITER. In other words, ITER
would have to be a test bed for examining the
physics of burning plasmas in addition to its other
missions. It appeared that the demise of BPX
meant an extension in the physics operating phase
of ITER.

In addition, the added responsibilities would
increase the overall project risk. Since ITER’s
principal function was to be an engineering test fa-

10A number of proposals for steady-state tokamaks had been put forward by different researchers. See for example,General Atomics and

Lawrence Livermore National Laboratory, Technology and Physics in the Tokamak Program: The Need for an Integrated, Steady-State R&D

Tokamak Experiment,” GA-A19305, UCID-21404, May 1988.
11 Ronald C. Davidson, memorandum to John Sheffield, Oct. 30, 1991.
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cility, it depended on most if not all of the physics
being resolved prior to its operations. If there were
substantial, unexpected problems with burning
plasma stability—most likely as a result of the
presence and actions of the alpha particles created
by the D-T fusion reactions, a considerable delay
in investigating the engineering issues of a fusion
reactor would result. Nevertheless, the decision to
cancel BPX plus the likelihood that no other ITER
partner would build a burning plasma facility,
made it necessary that ITER perform that role.

Also contained in the Task Force report was the
suggestion that DOE look for a “less costly fol-
low-on device” once TFTR concluded its experi-
ments.12 This charge was passed on to the Fusion
Energy Advisory Committee. The committee ac-
cepted the Task Force recommendation to termi-
nate the BPX program, and recommended a new
experimental facility to follow TFTR. The recom-
mendations of the two advisory groups focused on
a device costing “in the $500 million class” that
would “investigate improvements in the tokamak
concept,” support the ITER project, and maintain
the scientific momentum of the U.S. program.13

The SEAB report specifically requested that the
new device investigate improvements “that could
suggest new operating modes for ITER. . . .”14

One of the major concerns of DOE at the time was
that when TFTR finished its work in the
mid1990s, there would be a decade at least in
which there would be no major facility for U.S. fu-
sion researchers to have access. ITER is not sched-
uled for completion until 2005 at the earliest.

Upon receiving the recommendations, DOE
began to plan for the new machine. It set up a Na-

tional Task Force on Post-TFTR Initiatives to de-
velop a set of the most promising design options
for more detailed study and to identify the pre-
ferred design options. The New Initiatives Task
Force was asked to solicit a broad range of input
from the fusion research community, including
forming groups from the advocates of the various
options. The Task Force was asked to provide
DOE with guidance on the critical physics and
technology issues that could be investigated by
this new machine. While the Task Force was given
considerable scientific and engineering latitude,
the constraint that the construction cost of any
new facility should be in the $500-million range
was firm.

The Task Force finished its work in March
1992.15 It recommended that the new facility be a
long-pulse tokamak capable of investigating ad-
vanced operating regimes. It defined a long pulse
as that required to ensure conditions within the
plasma had reached a steady state, and that all
equipment—power supplies, particle exhaust,
etc.—would have to operate in a steady-state
mode. In essence, this facility would fulfill the
third of the four facilities recommended by FPAC,
a steady-state advanced tokamak (SSAT). The
Task Force recommended that the new facility
limit most of its operations to deuterium plasmas,
since providing the facility with the capability of
extensive D-T operation at high energy gain
would force the costs to go well beyond the
$500-million limit. Finally, in a follow-on report
in May 1992, the Task Force recommended super-
conducting magnets for the machine. All of this

12 Ibid.
13 Ibid.
14 Charles H. Townes, letter to Secretary James D. Watkins, Oct. 20, 1992.
15 J. Sheffield et al., “Report of the New Initiatives Task Force,” Mar. 10, 1992.
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could be accomplished, according to the Task
Force, within the $500-million total project cost
limit.16 The recommendation was accepted by
DOE and design has proceeded. The TPX propos-
al at an estimated construction cost of $597 mil-
lion (in as spent dollars) was endorsed by the
SEAB Task Force.

DESCRIPTION OF TPX

❚ Scientific Features
The New Initiatives Task Force report identified
the class of initiatives it reviewed as TPX. That
name has now been adopted for the SSAT recom-
mended by the Task Force. The mission of TPX is
to “develop the scientific basis for an economical,
more compact, and continuously operating toka-
mak fusion reactor.”17 Its principal feature will be
its ability to operate at near steady-state condi-
tions. TPX is being designed to achieve plasma
pulse lengths of 1,000 seconds. This time is suffi-
cient to ensure that the plasma has come to a
steady-state equilibrium, both internally and with
the surrounding vacuum vessel. To achieve this
pulse length, a plasma current driven by the plas-
ma itself—the “bootstrap” current—must be gen-
erated. In addition, current drive is to be assisted
by the external heating mechanism. The bootstrap
current, however, will make up about 70 to 90 per-
cent of the total plasma current. While bootstrap
current fractions in this range have been generated
in some existing tokamaks, none of the experi-
ments lasted long enough to reach a condition of

steady-state equilibrium, which is one of the goals
of TPX.

TPX will also attempt to operate in an advanced
tokamak regime. This regime can be characterized
by parameters that measure the potential power
density of the fusion plasma if operated with deu-
terium and tritium, and the efficiency of the con-
finement system.18 Higher values of the potential
power density permit a tokamak operating with
deuterium and tritium and generating a given
amount of fusion power to be smaller and/or re-
quire a lower magnetic field, and, therefore, to be
less costly. Higher confinement efficiency is also
important because it allows the device to be small-
er and/or operate with a lower magnetic field
while confining the energy from the fusion reac-
tions sufficiently long to produce significant ener-
gy gain.

TPX is being designed to operate in a regime,
defined by these two parameters, well beyond that
of largest existing machines—JET and JT-60U
(upgrade)—and greater than that assumed in the
ITER design. Existing tokamaks with configura-
tions closer to that proposed for TPX (most nota-
bly the DIII-D device at General Atomics) have
achieved values of potential power density and
confinement efficiency near that planned for TPX
but not under steady-state conditions. Figure 3-1
shows the goals for TPX, their relationship to the
other three machines and representative data
points from the DIII-D device. The quantities on
the two axes have no dimensions and are propor-
tional to the parameter beta. As one moves up the

16 The original charge to the Task Force (Davidson, op. cit., footnote 11) specified that the new device should be “in the $500 million” range.
Although no indication was given in the memorandum about the reference point for those dollars, a September 1992 report by the Fusion Ener-
gy Advisory Committee on Program Strategy for U.S. Magnetic Fusion Energy Research stated that the amount was in “as-spent” dollars. The
Task Force in its March 1992 report on the SSAT, estimated the cost of the machine at $429 million in fiscal year 1992 dollars. In its fiscal year
1995 budget submission to Congress, DOE gave a cost estimates of $597 million for total facility cost (actual construction cost) and $694 mil-
lion for total project cost. These figures are in as spent dollars as calculated using DOE construction cost escalation rates. That is, this number is
the sum of the dollar amounts in the years the money is actually spent. Taking the Task Force estimate and projecting it forward using the same
rates yields a figure of about $540 million. Therefore, the original cost estimate was reasonably close—within 10 percent—to that determined
after substantially more engineering design.

17 The scientific features of TPX are described in detail in Princeton Plasma Physics Laboratory, “TPX: A National Facility for Steady-State

Advanced Tokamak Research,” briefing paper prepared for OTA, July 13, 1994; and see footnote 29.

18 Both of the potential power density and confinement efficiency are characterized by a parameter called beta, which is the ratio of pressure

exerted by the hot plasma to the pressure exerted by the external magnetic field.
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vertical scale at a given point on the horizontal
axis, the magnetic field and/or machine size re-
quired to achieve a given fusion power gain de-
crease. Moving in the horizontal direction at a
given point on the vertical scale allows a machine
to produce a given amount of fusion power at a re-
duced magnetic field and/or size. In either case,
the cost per unit of fusion power would decrease
because of the importance of the magnetic field
size to machine cost. The parameters selected for
TPX are those that, if achieved, could consider-
ably reduce the cost of an eventual tokamak fusion
powerplant.

While the TPX design values have been
reached on other experimental devices, they have
not been matched at steady-state conditions. In-
deed, in cases where similar values of beta-about
5 to 6 percent—have been reached, the plasma has
proved unstable after a few seconds. A key goal of
TPX is to investigate the physics necessary to
eliminate this instability and allow the parameters
to be held continuously as will be required in a to-
kamak fusion power reactor. Theoretical predic-
tions show that these instabilities can be

controlled by adjusting the shape of the main toka-
mak current. Such changes will be made on TPX
with the external heating mechanisms (see be-
low). Machines where the instability has been ob-
served do not yet have as much flexibility for
changing plasma current shape as is planned for
TPX.

Reaching the parameters planned for TPX re-
quires the ability to form the cross-section of the
plasma into a shape resembling the letter D. This
change has been shown to improve both confine-
ment efficiency and potential power density. In
short, such shaping allows a tokamak plasma to
operate at a higher beta value than if it had a circu-
lar cross-section. Figure 3-2 shows cross-sections
of various tokamak plasmas now in operation
comparted to that proposed for TPX. Note the D-
shapes for DIII-D and TPX compared to the circu-
lar cross section for TFTR. There are two
parameters that characterize the plasma cross-sec-
tion: elongation (referring to the stretching of the
plasma) and triangularity (referring to the approx-
imate triangular shape). A circular plasma cross-
section has an elongation of 1 and a triangularity
of 0. TPX is being designed to have an elongation
of 2 and a triangularity of 0.8. These parameters
are similar to those on the DIII-D device.

TPX will have three heating options. The plas-
ma can be heated by injecting energetic beams of
neutral particles-+ ailed neutral beam injection
heating—as is now done on TFTR, or it can be
heated by pumping electromagnetic power into
the plasma. If the frequency of the electromagnet-
ic power resonates with a characteristic frequency
of the ions in the plasma, heating can take place.
Two such frequencies are particularly useful.
These methods are called ion cyclotron radiofre-
quency heating and lower hybrid current drive
heating. External heating will also contribute to
the steady-state current in the plasma and to shap-
ing the plasma current for stability purposes as
discussed above. As with the other characteristics
discussed above, these heating methods have been
applied to other tokamaks with success. Operating
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these heating methods in a steady-state environ-
ment, however, remains to be investigated.19

TPX will operate with deuterium to form the
plasma since it is more desirable than hydrogen
for achieving advanced operating conditions.20

The use of deuterium, however, will produce fu-
sion reactions and a significant quantity of neu-
trons (although considerably fewer than would
result if deuterium and tritium were used). The

presence of neutrons will require remote handling
and shielding that would not be necessary if only
hydrogen were being used. To achieve the perfor-
mance sought for TPX with hydrogen, however,
would require a much larger machine and neutral
beam system than with deuterium alone. The net
result of these two competing cost factors is a less
costly machine with deuterium.

1 9It should be noted that current reactor design studies conclude that neutral beam heating and lower hybrid current drive are not likely to be

practical for fusion powerplants.
20 Robert Goldston, Princeton Plasma Physics Laboratory, personalcommunication,  July 13, 1994.
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DIII-D = General Atomics, USA;
JET = Joint European Torus, European Community, Culham Laboratory, U. K.;
JT-60U = JT-60 Upgrade, Japanese Atomic Energy Research Institute, Japan;
TFTR = Tokamak Fusion Test Reactor, Princeton Plasma Physics Laboratory, USA;
TPX = Tokamak Plasma Experiment, Princeton Plasma Physics Laboratory, USA

SOURCE: Office of Technology Assessment, 1995, based on a figure provided by David Overskei, General Atomics.

❚ Technological Features
There are several important technology issues that
will be investigated on TPX.21 First, TPX will be
a fully superconducting tokamak. That is, all of
the external magnet systems will be supercon-
ducting. While other tokamaks have had super-
conducting magnets, they have been confined to
the main toroidal (donut-shaped) fields. The other
major magnet system, called the poloidal field
system, which is responsible for inducing the ini-
tial plasma current and shaping the plasma cross-

section, has not been superconducting on any
previous tokamak. The second feature will be the
requirement that the superconducting magnets be
capable of running essentially steady state. Be-
cause TPX will be operating with current pulses
1,000 seconds or longer, the toriodal magnetic
field must be on continuously. Previous supercon-
ducting tokamaks have only had plasma pulse
lengths of up to 60 seconds. It should be noted,
however, that the superconducting toroidal field
coils of the Tore Supra tokamak (a large tokamak

21 For a discussion of the technological features, see Sheffield et al., op. cit., footnote 15.
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operating in France) have been kept on for eight to
10 hours at a time.

Full-power operation of TPX is now projected
to be about 200,000 seconds (55 hours) per year.
While a small fraction of the total number of hours
in a year, this period is considerably greater than
current tokamaks. The limiting factor will be the
degree of human access required for maintenance
in the region outside the vacuum vessel. Because
the vessel will become radioactive as a result of
being struck by neutrons from the plasma, such
access will require that the flux of neutrons be kept
below a certain level, hence a limitation on the
number of hours the machine can operate. This
feature will be discussed more completely below.
Not all of TPX experimental runs would be at the
full 1,000-second pulse. Rather, runs with pulse
lengths on the order of 100 to 200 seconds would
be made testing various operating conditions.
Only for those conditions that appear to be partic-
ularly interesting in terms of the TPX goals would
1,000-second or longer pulses be operated. Final-
ly, the machine will be designed to operate for
500,000 seconds (about 140 hours) per year at re-
duced power. It is expected that these conditions
will be used during startup of the machine.

Another critical area of investigation for TPX
will be the divertor. Interaction between the plas-
ma and the wall of the surrounding vacuum vessel
takes place at the divertor. In any tokamak plasma,
energy eventually escapes through the loss of the
energetic particles making up the plasma and by
radiation. The divertor is designed to capture and
cool these escaping particles. The charged par-
ticles are also neutralized at the divertor and the
resultant gas is exhausted from the vacuum cham-
ber. Because the heat and particle load leaving a
typical fusion reactor plasma will be very large,
design of a divertor that can withstand such a load
is critical. It is one of the factors that will deter-
mine the size of the tokamak. The higher the heat
load that can be handled by a given divertor, the
smaller the entire machine can be for a given pow-

er output. TPX is being designed to test different
configurations. The TPX divertor system will be
completely replaceable using remote handling
technology. The divertor design is being made as
flexible as possible. Finally, the steady-state na-
ture of TPX is critical to investigating the steady-
state behavior of various divertor arrangements.

Remote handling is another technological area
that will be investigated on TPX. As described
above, there will be significant numbers of neu-
trons formed during TPX operations. It will be
necessary, therefore, to be able to make changes
within the machine remotely using robotics. Since
such handling will also be necessary on any fusion
power reactor, the ability to test and develop these
remote handling capabilities is a key feature of
TPX. The radiation environment inside the ma-
chine will be kept low enough, however, to allow
limited human access. The vacuum vessel, and
many of its internal components, will be
constructed of a material that produces a low
quantity of radioactive byproducts when sub-
jected to the flux of neutrons. Such materials are
called low-activation materials. It is also possible
that TPX can be a test facility for exposing differ-
ent kinds of low-activation materials to a steady-
state tokamak environment. Similarly, shielding
in the wall of the vacuum vessel surrounding the
plasma will be necessary to keep neutrons from
the superconducting magnets. If neutrons reach
the magnets in sufficient numbers, the resultant
heating would cause them to heat up and lose their
superconductivity. Testing shielding technologies
will be useful for eventual fusion power reactors.

ISSUES

❚ Relation to Existing Tokamaks
TPX is being designed as a national facility.22 The
design team is made up of members from various
universities, other national laboratories, and rep-
resentatives of industry. Once completed, TPX
operations will be guided by an oversight council

22 U.S. Department of Energy, op. cit., footnote 2.
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with similar representation. Experiments will be
performed by researchers from participating insti-
tutions throughout the nation under the guidance
of this council. TPX will be integrated into the na-
tional information infrastructure so that research-
ers can perform experiments from their home
institution. This situation is being created in order
to facilitate one of the principal functions of
TPX—that it be a centerpiece in maintaining a
strong national research capability in fusion sci-
ence and engineering.

The New Initiatives Task Force made an as-
sessment of several existing tokamaks to see if the
goals of TPX could be met on one of them.23

There are two other large, superconducting toka-
maks in existence, the Tore Supra in France and
the T-15 in Russia. Both devices have supercon-
ducting toroidal coils like TPX, but neither have
superconducting poloidal coils. The Tore Supra
appears to have the potential for long-pulse (about
600 second) operation. Both, however, have fu-
sion plasmas with circular cross-sections and,
therefore, are incapable of achieving the advanced
operating parameters designed for TPX. The DIII-
D device at General Atomics in San Diego has the
necessary plasma shaping capability to test the ad-
vanced features and create the high bootstrap cur-
rent fractions that are features of TPX. The
DIII-D, however, cannot maintain the long pulses
because its current magnet power supply configu-
ration and plasma heating supplies are incapable
of operation for the long periods needed for the
1,000-second pulses. Also, the DIII-D device can-
not accommodate the large divertors planned for
TPX without a significant reduction in plasma
size.

The remaining large tokamaks are JET,
JT-60U, and TFTR. None of these machines oper-

ates with superconducting magnets. Further, both
JET and TFTR are committed for investigation of
D-T plasma operation for the rest of their opera-
tional life. While capable of operating in advanced
modes, as seen in figure 3-1, JT-60U will not be
able to match the planned operating conditions of
TPX, nor of sustaining very long pulses. Based on
the capability of its magnet system, pulses of 45
seconds are about as long as could be expected on
that machine. The Japanese have also carried out a
conceptual design of a superconducting machine
called the JT-60 Super Upgrade.24 It would have
many of the features planned for TPX and would
be larger and more powerful. Construction has not
been approved, however, and its fate may depend
on funding resources in Japan and whether TPX is
built. In any case, the JT-60 Super Upgrade is seen
as possible by Japanese research funding authori-
ties only if ITER is not sited in Japan.

Finally, none of the current machines can
match the planned, high-duty cycle of TPX. A key
parameter in determining duty cycle is the annual
flux of neutrons produced by fusion reactions of
the deuterium used for TPX plasma. These neu-
trons will impinge on the inner wall of the vacuum
vessel and on the divertor resulting in a steady
buildup of radioactive material in these structures.
In addition, neutrons that escape the ports in the
vacuum vessel will activate structures outside the
vessel. To keep the activation levels of such mate-
rial below that which can be handled without cost-
ly procedures puts a upper limit on the neutron
flux that can strike these structures. Also, DOE’s
site boundary dose limits (30 times lower than
background) must be observed. TPX is being de-
signed to accept an annual neutron flux of 6x1021

neutrons. The other machines are limited to neu-

23 Sheffield et al., op. cit., footnote 15, ch. 3.
24 H. Ninomiya et al., “Conceptual Design of JT-60 Super Upgrade,” paper presented at the 15th International Conference on Plasma Phys-

ics and Controlled Nuclear Fusion Research, Seville, Spain, Sept. 26 - Oct. 1, 1994.
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The JT-60U tokamak in Japan.

tron fluxes 10 to 100 times less than TPX design
because of their structural materials. Table 3-1
summarizes the principal parameters of the toka-
maks discussed in this section compared to
TPX. 25

❚ Relation to ITER
The FPAC report included both an engineering
test reactor and a steady-state advanced tokamak
among its recommended facilities. Much of the
conceptual design activity (CDA) work on ITER
was complete before the TPX initiative began,

however, and the final report of the CDA was
vague about whether a TPX-like machine would
be operative in time to provide ITER with any de-
sign or operational guidance.26 Indeed, it was as-
sumed at the time that a burning plasma facility
would be the one constructed. The ITER CDA re-
port did define physics and technology R&D that
would be needed to “validate the scientific and
technical basis and assumptions” for the ITER de-
sign.27 Included were several of the areas that are

planned to be investigated by TPX such as long-
pulse operation, improved divertor performance,

25 Sheffield et al., op. cit., footnote 15, ch. 3; and Princeton Plasma Physics Laboratory, op. cit., footnote 17.
26 International Atomic Energy Agency, ITER Conceptual Design Activities: Final Report, ITER Documentation Series, No. 16 (Vienna,

Austria: 1991).
27 Ibid., p. 14.
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TORE
Parameter TPX SUPRA T-15 DIII-D JT-60U JET

Major radius (meters) 2.25 2.38 2.43 1.67 3.4 3.1

Minor radius (meters) 0.5 0.75 0.70 0.67 0.85 1.1

Toriodal field (T) 4 4.5 3.5 2.1 4.2 3.4
Plasma current (MA) 2 2 1.4 2.1 6.0 6.0

Elongation 2 1.0 1.0 2.0 1.6 1.8

Pulse length (see) 1,000 20 ? 10-60 20-30 15-30
Neutron budget (ns/yr) 6x102 I 1.2X1020 ? 3X1018 <1021 >1021

Country Proposed U.S. France Russia Us. Japan U.K.

KEY

JET = Joint European Torus
MA = mega-amperes
ns/yr = neutrons per year
T = tesla
TPX = Tokamak Physics Experiment

SOURCE: J. Sheffield et al., “Report of the New Initiates Task Force,” Mar. 10, 1992.

superconducting magnets, remote handling, and
plasma heating and current drive systems. The
ITER CDA assumed that this research and devel-
opment (R&D) would be done on existing toka-
maks and that ITER would be responsible for
integrating all these features along with its other
goals. 28 On that basis, one could conclude that the
ITER project was proceeding under the assump-
tion that no steady-state advanced tokamak would
be built.

While it is planned that TPX will investigate
many of these ITER CDA R&D needs, operation
is not scheduled to begin until ITER construction
is underway according to the current plans. This
situation was recognized by the team that devel-
oped the report on TPX (SSAT) to the New Initia-
tives Task Force early in 1992. The report stated
that TPX operations would be able to provide
valuable operating experience on long-pulse,
high-duty factor operation for later operations of

28 Ibid.

ITER.29 In addition, construction of the supercon-
ducting magnets would give U.S. industry impor-
tant experience as a prelude to the task of
constructing the ITER magnets. Finally, TPX
would serve as a central research facility for U.S.
researchers while ITER was under construction.

The ITER design activity seems to be attempt-
ing to make a greater connection between it and
TPX. There have been discussions between TPX
and ITER design teams about divertor systems.
Currently, the two machines are using different
divertor designs with ITER proposing a more con-
servative configuration. TPX, however, has the
capability of investigating the divertor configura-
tions planned for ITER. Comparison of the differ-
ent designs should permit TPX to make important
contributions to the divertor choice for DEMO. A
more important connection concerns the ad-
vanced operating mode investigations of TPX.

29 Keith Thomassen et al., Lawrence Livermore National Laboratory, Steady State Advanced Tokamak (SSAT); The Mission and the Ma-

chine (Springfield, VA: National Technical Information Service, March 1992).
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Currently, ITER is being designed fairly conser-
vatively in terms of the confinement efficiency
and potential power density parameters. From fig-
ure 3-1 above, it lies considerably below the de-
sign variables for TPX. Originally, ITER was to
be configured to operate in a regime closer to that
of TPX. These parameters were changed because
such operation would have entailed more risk for
ITER, since the fusion power produced would
have taxed the limits of the materials used for the
vacuum vessel. While TPX proposal did not spark
these changes, results from TPX related to the ad-
vanced operating regimes, as discussed below,
would be useful for ITER.

The ITER design group recently indicated its
desire to maintain the flexibility of performance in
steady-state advanced tokamak regimes in the lat-
er phases of its operation to permit study of ad-
vanced operating regimes in ITER. Significant
upgrades to auxiliary systems may be required for
these tests, but it appears that ITER could ulti-
mately approach TPX conditions in a D-T plasma
operating at high energy gain. A major question is
the cost involved. To build in the flexibility so that
ITER could fully explore this advanced, steady-
state regime may be very expensive. Recent work
has shown that while ITER is being designed for
lower elongation and triangularity (see figure 3-1)
than TPX, calculations indicate that values ap-
proaching those of TPX can be attained in ITER at
reduced plasma current.30 At this time, the ITER
design team seems intent on preserving this capa-
bility. The ITER interim design, expected in June
1995, should allow a better assessment of whether
this is indeed the case.

Achieving the ideal operating conditions will
require optimizing several parameters. Whether
TPX, with its ability to shape the plasma cross-
section to a greater degree than ITER, is more suc-
cessful than ITER at reaching these conditions
remains to be determined by experiment. Results

from TPX in this context should be valuable for
ITER.

In addition, in many of the technology areas—
such as superconducting magnets and remote han-
dling and shielding—ITER will have to be
operating at least on par with TPX if not in
advance of it, since ITER demands will be sub-
stantially greater due to its D-T operation. Exper-
imental results on TPX, if they precede ITER
operation by a sufficient period, could be of value.

Unless they can be tested in ITER, there will
likely be considerable uncertainty about integrat-
ing TPX results with those from ITER in design-
ing and building DEMO. There is no question that
successful achievement of many of the goals to be
investigated by TPX—steady-state operation, su-
perconducting magnets, remote handling, and ad-
vanced divertor design in particular—will be
necessary if a tokamak-based fusion power reac-
tor is to become a reality. As discussed above,
these areas can be incorporated in ITER from the
start or be integrated into it after testing elsewhere,
preferably on TPX. Integration of advanced toka-
mak operations results into ITER, however, may
be more limited and require significant upgrades.
Since successful demonstration of these opera-
tions can have significant consequences for the
economics of a fusion power reactor using the to-
kamak concept, it will be important to build them
into the DEMO design. Indeed, if operation in the
advanced regimes has not been demonstrated, the
economics of a tokamak fusion powerplant may
be not be attractive enough to be accepted by the
market. Demonstrating advanced operations may
be the most important contribution of TPX. TPX,
therefore, is designed to be upgradeable for opera-
tion with deuterium and tritium. Doing so, how-
ever, would eventually add to the cost of TPX.
Such expenditures may prove beneficial since
D-T operation in TPX could complement D-T ex-
periments in ITER and provide important data for

30 W. Nevins et al., “ITER Steady-State Operation and Advanced Scenarios,” IAEA-CN-60/E-P-5, paper presented at the 15th International

Conference on Plasma Physics and Controlled Nuclear Fusion, Seville, Spain, Sept. 26-Oct. 1, 1994.
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The DIII-D Tokamak at General Atomics in San Diego.

DEMO. It is likely that DEMO will be designed
rather conservatively because of the potentially
high cost of that machine. To the degree that ad-
vanced operation has not been tested in a D-T,
steady-state device such as ITER, the risk of in-
corporating that feature into DEMO may be too
great.

❚ Stand-Alone Machine
Supporters of TPX argue that the machine’s value
is not dependent on the ITER even though many
of the scientific and technical issues that TPX will
investigate are important for ITER. They say that
some of the results from TPX will be useful re-
gardless of the path fusion power development
takes. In particular, operation of superconducting
magnets and remote handling will be necessary on
arty magnetic fusion reactor. In addition, there will
be need for a divertor or similar device to remove
heat and particles from a burning plasma. There-
sults of physics investigations on steady-state and
advanced operations can also be useful to a variety
of other magnetically confined concepts since
they, too, will have to operate continuously and
will be concerned with some of the same issues
about power density and confinement efficiency

gain. Much of the steady-state and advanced op-
eration issues to be investigated by TPX, how-
ever, are unique to the tokamak concept. For that
reason, the results of the advanced operation ex-
periments may be essential in evaluating the toka-
mak against alternative concepts should the latter
fusion program be redirected toward more effort
on such concepts.

Another important function of TPX, as de-
scribed above, is to serve as a national facility.
Without such a machine, there does not seem any
prospect for a new large, magnetic fusion exper-
imental facility in the United States in the next
several years after TFTR shuts down. Several oth-
er U.S. tokamaks would remain in operation,
however, the largest of which is the DIII-D facility
at General Atomics in San Diego. While possess-
ing many of the features of TPX, DIII-D is not
now capable of steady-state operation for the rea-
sons described above. In addition, it is not now a
national facility in the sense that TPX is intended
to be. Access to DIII-D by researchers outside of
General Atomics, however, has been quite good.

Another possible scenario for the magnetic fu-
sion energy program is that ITER is indefinitely
postponed, but no other alternative concept
emerges to challenge the tokamak.31 In that case,
TPX could be of even more value than currently is
the case. As previously stated, the physics and
technology it is investigating are fundamental for
the development of any tokamak-based fusion
power reactor. It also seems clear that while TPX
will expand the state of knowledge about ad-
vanced tokamak operation, successful steady-
state operation in that regime is by no means
certain. Particular issues that need resolution con-
cern how steady-state operation affects density
and current profile-shaping for generating the
bootstrap current and attaining higher values of
potential power density and confinement efficien-
cy. Similarly, there is still much R&D to be done
to come up with a divertor that can operate reliably

31 For one discussion of different timing and mix of major tokamak facilities leading to a demonstration powerplant, see Stephen O. Dean,

Fusion Power Development Pathways,” Journal of Fusion Energy, vol. 12, No. 4, 1993, pp. 415-420.
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under steady-state conditions. If TPX is built and
these important physics and engineering prob-
lems are solved, the possibility of developing a
successful tokamak-based fusion power reactor
would be significantly higher.

❚ cost
As proposed in the DOE fiscal year 1995 budget
request to Congress, the total project cost estimate
of TPX is $694 million to completion. This esti-
mate includes $597 million for actual construc-
tion and $97 million for associated research
during the construction period and other related
costs. These costs are all in as spent dollars. The
cost profile as envisioned in the fiscal year 1995
request is given in figure 3-3. This plan called for
$66.9 million in fiscal year 1995. Congress, how-
ever, appropriated $42 million and did not grant
approval to start construction. At this time, the fis-
cal year 1996 budget request is uncertain. In addi-
tion, the spending profile will also change, but,
assuming project construction is approved, the
annual amounts needed are not likely to decline

from those shown. Currently, DOE is projecting
annual operating costs of $150 million (in fiscal
year 2000 dollars) for the 10-year life of the
facility.

The budget requirements for TPX construction
when combined with DOE commitments to the
ITER program, even before its construction,
would result in a large increase in the total MFE
budget unless the base program is greatly reduced.
While some reduction can be expected as TFTR
operations are phased out, it is not likely to be suf-
ficient to keep the total budget requirements from
growing sharply. At the same time, there have
been calls to reduce the magnetic fusion energy
budget by as much as 50 percent. It is clear, there-
fore, that gaining approval to begin TPX construc-
tion is likely to be difficult. Given the Japanese
interest in a machine with similar characteris-
tics—the JT-60 Super Upgrade—it may be desir-
able to explore the possibility of making TPX an
international venture just as the ITER project, or
otherwise integrating it more fully into the in-
ternational fusion energy effort.
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ver the past several decades, the tokamak has emerged as
the most scientifically successful fusion energy concept,
and is emphasized in U.S. and world programs. There
are, however, a number of alternate concepts (i.e., nonto-

kamak) for fusion energy for which the knowledge base is more
limited (see table 4-1). Some of these may have potentially attrac-
tive characteristics. In the past several years, alternate concepts
have received a declining fraction of the federal fusion energy
program budget, leading to the current state in which nearly all
emphasis is placed on the tokamak. This chapter addresses the
following questions regarding alternate concepts:

� What is the rationale for pursuing alternate concepts as part of
a fusion energy program?

� What is the current status of knowledge for alternate concepts?
� What activities are involved in pursuing an alternate concept?
� What is the Department of Energy’s (DOE’s)

current program for alternate concepts?

REASONS TO PURSUE ALTERNATE
FUSION CONCEPTS
There is widespread agreement that examination of alternate fu-
sion confinement concepts is an important component of a fusion
energy program. The Office of Technology Assessment’s 1987
report found that “the characteristics, advantages, and disadvan-
tages of various confinement concepts need further study”1 for

1 U.S. Congress, Office of Technology Assessment, Starpower: The U.S. and the In-
ternational Quest for Fusion Energy, OTA-E-336 (Washington, DC: U.S. Government
Printing Office, October 1987), p. 11.
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Low density magnetic confinement
Tokamak
Field reversed configuration

Spheromak
Spherical tokamak
Reversed field pinch
Stellarator

Inertial fusion energy (l FE)
Conventional IFE (e.g., heavy-ion, laser)
Advanced, decoupled-ignition, target systems
Magnetized-target IFE
Focused-ion fast ignition
Z-pinch fast ignition

High density magnetic confinement
Z-pinch

Z-Flow-through pinch

Wall-confined, magnetically insulated

Nonthermonuclear
Inertial electrostatic confinement

Colliding beam systems (e.g., MIGMA)

Coulomb barrier reduction
Muon catalysis
Others (e.g., antiproton catalysis)

SOURCE: R. Paul Drake et al., Lawrence Livermore National Laborato-

ry, “Advanced Fusion Assessment,” Aug. 19, 1994

several reasons, including uncertainty about
which concept can form the basis of an attractive
fusion powerplant. In 1990, the Secretary of Ener-
gy’s Fusion Policy Advisory Committee (FPAC)
reported:

. . . there must be an independent program of
concept improvement, including study, and
where promising, development of alternative

configurations that may be more suitable for
commercialization. 2

Similarly, in its June 1992 report to the DOE Di-
rector of Energy Research, the Fusion Energy Ad-
visory Committee (FEAC) recommended:

. . . a non-tokamak fusion concept program, at
some level, should be supported as a matter of
policy. FEAC recommends that DOE retain the
flexibility to test some non-tokamak concepts at
intermediate scale when warranted by their
technical readiness and promise as a reactor.3

There are several reasons for supporting alter-
nate concepts as part of a fusion energy program,
including reducing risk, identifying more com-
mercially attractive concepts, identifying toka-
mak enhancements, and promoting competition
in research. Reducing risk and identifying poten-
tially more attractive prospects have been most
widely cited, including by FPAC, FEAC, and
OTA.

❚ Reduce Risk
The tokamak has clearly emerged as the most
scientifically successful fusion energy concept.
However, while there is widespread agreement
that a tokamak powerplant is likely to be scientifi-
cally and technically feasible, it may ultimately
prove not to be, and thus pursuit of alternate con-
cepts reduces the risk of having no fusion energy
option should the tokamak prove infeasible. The
remaining physics challenges and uncertainties in
developing a tokamak fusion energy device are
substantial. For example, it is still to be demon-
strated that a tokamak plasma can be ignited and
that an ignited plasma can be maintained in steady
state. There are extensive technology challenges
as well, such as developing a divertor (a device to
control impurities and remove reaction products)

2 U.S. Department of Energy, Fusion Policy Advisory Committee, Report of the Technical Panel on Magnetic Fusion of the Energy Re-

search Advisory Board, Final Report, DOE/S-0081 (Washington, DC: September 1990), p. 4.
3 Fusion Energy Advisory Committee, Advice  and Recommendations  to the Department of Energy in Partial Response to the Charge Letter

of September 24, 1991: Part D, DOE\ER-0555T (Washington, DC: U.S. Department of Energy, Office of Energy Research, June 1992), June
1992, p. 11.
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Characteristic Cost/performance implication
Low power density High capital cost per kW produced
High complexity Low perceived reliability/maintainability
Large unit sizes of >2 GW (thermal) Inflexible for power system planning

Deuterion and tritium fuel Not radioactively benign
Very high development costs

SOURCE: R Paul Drake et al , Lawrence Livermore National Laboratory, “Advanced Fusion Assessment, ” Aug. 19,
1994.

and developing advanced materials well suited for
the challenging environment of a magnetic fusion
energy (MFE) reactor. 4 In all, tokamak propo-
nents suggest that meeting the existing challenges
to making a demonstration fusion powerplant will
take a continuous, high-level effort extending
more than three decades. This multidecade time
horizon for fusion energy development and the
substantial challenges ahead suggest the impor-
tance of breadth and flexibility in the program.

❚ Identify More Commercially
Attractive Concepts

Even if a tokamak energy device ultimately
proves scientifically and technically feasible
(which most observers believe is likely), it may
not be commercially attractive. There are several
tokamak concept characteristics that may lead to a
commercially unattractive reactor product. With-
out significant technical breakthroughs, these
characteristics could cause tokamak energy de-
vices to have inherently high capital costs, diffi-
cult maintenance, large unit sizes, and other
unattractive features, as shown in table 4-2.5 Re-

cent reactor studies performed for the fusion ener-
gy program indicated that the cost of electricity
from a fusion powerplant based on the tokamak
concept would be somewhat in excess of today’s
best fission powerplants, assuming all scientific
and technical feasibility challenges are met over
the next several decades.b Table 4-3 summarizes
criteria identified by electric utility industry per-
sonnel as important for practical fusion power
systems.

Pursuing alternate concepts, including novel
ones, may provide a breakthrough for an ultimate-
ly more economic fusion energy device. There are
several alternate concepts that in theory address
some of the challenges associated with the toka-
mak. However, their scientific and technical de-
velopment remains inadequate to determine likely
feasibility. It should be noted that there is at pres-
ent no alternate concept that appears superior to
the tokamak. Rather, there is insufficient informat-
ion to determine the long-term prospects of many
alternate concepts. While an alternate concept
may appear promising, the relative lack of in-
formation and technical development for most

4 Many technology challenges facing the tokamak would also have to be addressed by some alternate concepts, but there are many excep--

tions. For example, by using a liquid wall of materials not subject to neutron activation or degradation, by its very nature, the inertial fusion
energy concept need not require the same advanced materials. Similarly, alternate concepts involving fusion of certain fuels other than deuteri-
um and tritium such as helium-3 would result in less extensive production of high-energy neutrons, and thus may not require the same develop-
ments in advanced materials as needed for the tokamak.

5L.J. Perkins et al., Lawrence Livermore National Laboratory, “Fusion, the Competition and the Need for Advanced Fusion Concepts,”

paper prepared for OTA Workshop on Fusion Energy, June 8, 1994.
6 F. Najmabadi et al., “The ARIES-I Tokamak Reactor Study,” UCLA-PPG-1323, 1991.
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Economics-lower Iifecycle costs than competitors
Plant size flexibility

Short, simple construction schedule
Design simplicity
High reliability, availability
Low fuel costs
Long life
Low end-of-life costs

Public acceptance
Environmental attractiveness, minimal radioactive
wastes

Low costs
Maximum safety

Licensing simplicity

SOURCE: Office of Technology Assessment, adapted from Jack Kas-
Iow, Electric Power Research Institute, “Criteria for Practical Fusion
Power Systems, ” presentation to the Fusion Energy Advisory Commit-

tee, Dec. 1-2, 1994.

makes that promise speculative. In contrast, the
advanced state of development of the tokamak
makes it relatively easy to identify its likely short-
comings—less well developed alternate concepts
may well have shortcomings that will not be iden-
tified without further development efforts.

❚ Identify Tokamak Enhancements
Even if the tokamak proves to be the most com-
mercially attractive fusion concept, research on
alternate concepts can support tokamak improve-
ment and technology development. A current ex-
ample is the field reversed configuration (FRC)
concept, a toroidal MFE concept at a relatively
low level of development. The largest FRC de-
vice, the Large S Experiment (LSX) was built by
Spectrum Technologies, Inc. between 1986 and
1990 at a cost of $14 million with a planned yearly

operating budget of about $3 million. Although
DOE decided in late 1990 to terminate funding for
LSX experiments examining the feasibility of the
FRC fusion concept (see below), LSX received
partial funding to explore its use as a technology
for refueling of tokamaks.7

❚ Promote Competition in Research
and Development

Finally, pursuing more than one fusion concept
may provide the discipline that comes with com-
petition. Providing a competitor for the tokamak
was one of the reasons for supporting the now-
abandoned magnetic mirror concept during the
1970s and early 1980s.8 Similarly, in the late
1980s, then-Energy Secretary Watkins proposed a
head-to-head competition between the tokamak
and inertial fusion energy (IFE).

STATUS AND PROSPECTS OF
ALTERNATE CONCEPTS
There are several alternate fusion concepts with a
wide range of maturity levels or development of
the information base. Over the past decades, the
primary focus of the fusion energy program has
been on several MFE concepts.9 Extensive re-
search relevant to IFE has also been performed,
largely for its potential defense applications. As a
result, many MFE and IFE concepts generally en-
joy afar more advanced knowledge base than oth-
er fusion concepts such as the colliding beam and
inertial electrostatic concepts. Past efforts have
been much less extensive both in theory and ex-
periment, and knowledge about the prospects is
far more speculative.

The likelihood that some alternate concept may
attain and exceed the expected technical and eco-
nomic performance of the tokamak remains spec-
ulative. Developing comparative information
judging the relative strengths and weakness of a
broad range of alternate concepts and assessing

7 Alan L. Hoffman, University of Washington, letter to OTA, May 9, 1994.
8 See, e.g., “Fusion’s $372-Million Mothball,” Science, vol.  238, Oct. 9, 1987, p. 153.
9 For a primer on various magnetic confinement fusion concepts, see Office of Technology Assessment, op. cit., footnote 1.
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the information base has not been a priority of the
fusion energy program. In particular, there is no
current, published DOE-sponsored analysis of the
comparative technical prospects and challenges of
the broad array of fusion concepts including novel
ones or those previously examined and no longer
pursued. DOE has sponsored and published, how-
ever, reviews of alternate MFE concepts that dis-
cuss their relative level of development and likely
prospects,10 and has supported some analyses of
the relative prospects of IFE.ll The lack of com-
parative assessment of non-MFE or IFE concepts
is consistent with the fusion energy program’s pri-
mary focus on MFE concepts rather than a broader
array of fusion concepts.

❚ MFE Concepts
Prior to the 1990s, DOE pursued a variety of MFE
concepts that use magnetic fields to control the
range of motion of the plasma. This research effort
included construction of several small and inter-
mediate facilities to examine such diverse MFE
concepts as stellarators, mirrors, reversed field
pinch; and FRC. Notably, only the stellarator has
come close to attaining the plasma conditions
(e.g., confinement times, temperatures, and densi-
ties) attained by tokamaks. The lower levels of
performance, however, may be due to a lack of fol-
low-through rather than a lack of potential. Many
major alternate concept experiments have been ei-
ther canceled prior to completion of construction,
or kept to a limited experimental effort primarily
for budgetary reasons rather than poor technical
promise. As noted by DOE in its fiscal year (FY)
1993 budget request:

. . . fiscal constraints have required the program
to prematurely narrow its focus to the tokamak
concept, including tokamak improvement acti-
vities, and to eliminate major alternate magnetic
confinement program elements.

The  Advanced  To rod ida l  Fac i l i t y  S te l l a ra to ra t  Oak  R idge
Nat iona l  Labora to ry  in  Tennessee.

Table 4-4 shows the status of several exper-
imental facilities for alternate magnetic fusion
concepts that were under development but were
canceled, mothballed, or operated minimally
since the mid- 1980s. The FRC case provides one
example of a technically successful alternate con-
cept with a limited knowledge base that DOE
largely discontinued due to budgetary consider-
ations. FRCs have highly complex effects that are
not well understood, requiring experimental work
to determine the physics of stability and confine-
ment. If the physics turnout to be favorable, how-
ever, FRC may present an attractive reactor
concept, with high output power densities and the
potential for relatively simple engineering
compared to the tokamak (e.g., a natural divertor
to exhaust reaction products and heat, based on the
device’s linear geometry). Work on small FRCs at
Los Alamos National Laboratory and Spectra
Technology, Inc. in the late 1970s and 1980s was
promising, leading to a DOE decision to build a
larger device--the $14 mi1lion LSX to explore the
physics in a regime more relevant to reactors.

10 For example, see Fusion Energy Advisory Committee, op. cit., footnote 3; and Argonne National Laboratory, Fusion Power Program,

"Technical Planning Activity: Final Report," prepared for the U.S. Department of Energy, Office of Fusion Energy, January 1987.
11 For example, see Fusion Policy Advisory Committee, op. cit., footnote 2.
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Construction cost
Concept Facility ($ in millions) Status

Mirror MFTF-B $372 Closed in 1986, upon completion of
construction.

Stellarator ATF $19 Operated intermittently since opening in
1990, mothballed 1994.

Field reversed configuration LSX $14 Operated minimally upon completion in
1992; being relocated since 1993 to be
used for tokamak fueling experiments.

Reversed field pinch CPRF $58 Canceled during construction, 1992.
(unfinished)

Reversed field pinch MST $4 Operated at reduced budget since open-
ing in 1988.

Spheromak MS $4 Maryland Spheromak was phased out in
1992 without attaining anticipated perfor-
mance.

Spheromak s-l $9 Constructed at the Princeton Plasma
Physics Laboratory in 1983, operated un-
til 1987, demonstrating some fundamental
physics of the concept.

1 
There are a number of alternate concepts that have been pursued in other countries in addition to the U.S. facilities Iisted here

SOURCE: Office of Technology Assessment, 1995.

However, the anticipated $3 million annual fund-
ing to conduct experiments on the LSX to explore
the prospects of FRC for a potential fusion energy
device was dropped in 1991, the year after
construction was completed. A more limited ex-
perimental course was continued at about one-
quarter the planned budget, examining the use of
the FRC concept for tokamak refueling.

The reversed field pinch (RFP) concept has a
limited knowledge base and has been greatly cut
back due to budgetary considerations. As with
FRC, RFP has physics challenges (primarily, poor
energy confinement) requiring experimental
work. However, if techniques can be developed to
improve confinement, RFP offers some potential-
ly attractive features. A key benefit is that the
magnetic field required is about one-tenth that of
the tokamak, which could lead to a more compact,

high-power density fusion powerplant. In the
early 1990s, DOE canceled construction of a
$75-million RFP device, the ZT-H, that was about
75 percent complete, again for budgetary reasons.
A much smaller RFP device, MST, continues par-
tial operation at the University of Wisconsin. Op-
eration of an Italian RFP device called the RFX of
similar size to the ZT-H began in 1991.12

The largest fusion energy project cancellation
is the Mirror Fusion Test Facility-B (MFTF-B), a
$372-million (as spent) alternate concept device
that was mothballed due to budget constraints the
day after completing construction in 1986, but
prior to its commissioning.13 MFTF-B did face
considerable technical challenges identified dur-
ing the last two years of its construction, as experi-
ments at much smaller mirror facilities gave

12 Fusion Energy Advisory Committee, op. cit., footnote 3, p. 7.
13 “Fusion’s $372-Million Mothball,” op. cit., footnote 8, pp. 152-155.
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disappointing results for the mirror concept gener-
ally. MFTF-B would also have been expensive to
operate, costing tens of millions of dollars annual-
ly. However, as it was never operated, MFTF-B
did not provide experimental evidence either sup-
porting or rejecting the mirror concept. As shown
in table 4-4, several other major facilities were
built during the 1980s to test a variety of alternate
concepts, most of which were retired early or pur-
sued a limited course of experimental studies.

Some alternate MFE concepts previously in-
vestigated and found less promising than the toka-
mak may warrant reconsideration, based on
improvements in technology and theoretical un-
derstanding. For example, one of the major chal-
lenges with the stellarator concept was designing
and fabricating the relatively intricate magnets re-
quired. However, advanced computer-based ana-
lytical capabilities continue to improve the ability
to design and manufacture magnets. Some of
these techniques were developed and used in pro-
ducing the now prematurely retired Advanced
Toroidal Facility (ATF), the most recent stellara-
tor.14 While the stellarator may not ultimately
prove more attractive than the tokamak, improv-
ing magnet technology continues to reduce one of
its principal drawbacks. Advantages relative to
the tokamak include that they are inherently
steady state, have no plasma current, and thus do
not suffer from disruptions and instabilities of the
plasma. The approximately $1-billion Large Heli-
cal Device (LHD), under construction in Japan, is
a superconducting stellarator similar to ATF in
concept, but closer to TPX in scope and cost. A
similar scale stellarator has been proposed in Ger-
many. A much smaller stellarator with a cost of
about $3 million is under construction at the Uni-
versity of Wisconsin as part of DOE’s small pro-
gram for alternate fusion concepts.

End magnets for the Mirror Fusion Test Facility (MFTF-B)
Lawrence L ivermore Nat iona l  Laboratory

DOE last sponsored a detailed examination of
the prospects for tokamaks and alternate magnetic
confinement concepts in the mid- 1980s, which re-
sulted in a January 1987 report, “Technical Plan-
ning Activity: Final Report” (TPA).15 While that
document remains a useful source of information,
there has been considerable change since it was
produced. For example, there have been major
advances in tokamak performance, some limited
experimental efforts on some alternate MFE con-
cepts, and a continuing improvement in the broad
base of physics and technology related to fusion.
Thus, the TPA does not provide an entirely up-to-
date foundation for evaluating the current merits
of alternate fusion research efforts. More recently,
DOE’s FEAC panel on concept improvement
(FEAC panel #3) has provided a substantially less
detailed review of alternate concepts, which
makes note of the advances in MFE.

Reviews of MFE concepts have classified the
concepts according to their status or level of de-
velopment. 16 For example, FEAC panel #3 di-

14 Following completion of construction in 1988, ATF was held to a limited operational schedule and retired prematurely for budgetary

reasons rather than poor technical performance.
15 Argonne National Laboratory, op. cit., footnote 10.
16 Ibid.; Office of Technology Assessment, op. cit., footnote 1; and Fusion Energy Advisory Committee, op. cit.. footnote 3.
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FEAC Panel #3-concept improvement OTA Starpower report
Highly developed concepts Well-developed knowledge base
Tokamaks Conventional tokamak

Stellarators

Developing concepts Moderately developed knowledge base

Reversed field pinch Advanced tokamak

Field reversed configuration Tandem mirror
Stellarator
Reversed field pinch

Developing knowledge base
Spheromak
Field reversed configuration
Dense Z-pinch

Small scale innovative concepts
Unspecified

SOURCES: Fusion Energy Advisory Committee, Advice and Recommendations to the Department of Energy in Partial
Response to the Charge Letter of September 24, 1997: Part D, DOE/ER-0555T (Washington, DC: U.S. Department of
Energy, Office of Energy Research, 1992), p 11, and U S. Congress, Office of Technology Assessment, Starpower: The
U.S. and the International Quest for Fusion Energy, OTA-E-336 (Washington, DC: U.S. Government Printing Office, Oc-

tober 1987), table 1-1, p. 12.

vialed MFE concepts into three categories of de-
velopment, as shown in table 4-5. The panel did
not explicitly investigate the prospects for poten-
tial fusion powerplants, but rather commented on
the current state of scientific understanding of
alternate concepts. Similarly, OTA’s 1987 Star-
power report included a listing of magnetic con-
finement concepts then under investigation in the
United States, and their level of development
based on DOE’s TPA. The lists of concepts in the
earlier documents (i.e., OTA and TPA) are longer,
reflecting the greater variety of alternate MFE
concept research then being pursued.

❚ IFE Concepts
Considerable effort has been devoted to under-
standing inertial confinement, in which a pellet of

fusion fuel is heated and compressed by intense la-
sers or heavy-ion drivers to such high densities
that the fuel’s own inertia is sufficient to contain it
for the very short time needed for fusion to occur
(see figure 4-l). Numerous reviews have con-
cluded that the IFE concept using a heavy-ion
driver is a promising approach to an eventual fu-
sion powerplant.17 DOE has sponsored reactor
studies of conceptual designs of IFE power-
Plants. 18 There is, however, considerable scientif-

ic and technical uncertainty with IFE. Overall,
IFE proponents envision a $4-billion civilian ef-
fort (supplemented with about $4 billion in DOE
Defense Program research) over the next 30 years
involving several new facilities to address the
scientific and technical challenges, culminating in
a demonstration powerplant. Although much

17 FFAC Panel #7 Report, “Inertial Fusion Energy,” in U.S. Department of Energy Fusion Energy Advisory Committee, Advice and Recoin-

mendations to the U.S. DOE in Response to the Charge Letter of Sept. 18, 1992 (Washington, DC: June 1993); and Fusion Policy Advisory

Committee, op. cit., footnote 2.
18 See, e.g., R.W. Moir et al., “HYLIFE-II: A Molten-Salt Inertial Fusion Energy Power Plant Design-Final Report,” Fusion Technology,

vol. 25, January 1994, pp. 5-25.
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Heating Compression Ignition

Laser or particle beams Fuel is compressed by The fuel core reaches high
rapidly heat the surface rocket-like blowoff of the density and ignites.

of  the fus ion target , surface material.
forming the plasma envelope.

Bum

Thermonuclear burn
spreads rapidly through
the compressed fuel,

yielding many times the
input energy.

SOURCE: Lawrence Livermore National Laboratory.

scientific and technical work remains to be done
(see figure 4-2), the information base for IFE is
moderately well established, as are the next re-
search and development steps.19

Inertial confinement research mimics, on a
very small scale, some processes in the hydrogen
bomb, and most of the research relevant to IFE has
been performed by DOE’s Office of Defense Pro-
grams for its applications to nuclear weapons and
stockpile stewardship responsibilities. The sci-
entific feasibility of achieving high gain in an
inertial confinement fusion target has been dem-
onstrated in underground nuclear explosion ex-
periments at the Nevada Test Site in a program
called Halite/Centurion. The next step in examin-
ing the science of target physics and ignition de-
pends on the National Ignition Facility (NIF),

another effort planned for the DOE Defense Pro-
gram. NIF is a proposed $1-billion research facil-
ity being considered as part of the stockpile
stewardship program to maintain expertise for nu-
clear weapons. The scientific results that NIF or
something like it would produce are essential to
demonstrating ignition and propagating burn of
high-gain targets, and to establishing the require-
ments that an IFE driver would have to meet.
However, whether NIF is pursued will depend
more on weapons-related reasons, including its
role in stockpile stewardship and the potential ef-
fects on weapons proliferation rather than its
benefits for the fusion energy program. DOE an-
nounced plans to proceed with NIF in October
1994, but is also performing a detailed study of the

1 9See, e.g., B. Grant Logan et al., "The Inertial Confinement Fusion Pathway,"paper presented at the Forum on Pathways  to Fusion Power,

American Nuclear Society Annual Meeting and Fusion Topical, New Orleans, LA, June 22, 1994.
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effects of the program on nuclear nonprolifera-
tion, expected to be completed in 1995.

There are important scientific and technical
challenges for IFE that go beyond the target phys-
ics research needs shared with the Defense Pro-
gram. The most important of these is development
of a driver that is both efficient and can be operated
at a high repetition rate (e.g., several times per sec-
ond) for use in an eventual IFE powerplant. In
contrast, while lasers can be highly effective for
target physics research, which requires a repeti-
tion rate of one burst every several hours, they lack
the efficiency and repetition rate needed by IFE
powerplant drivers. Numerous reviews have sup-
ported development of a heavy-ion driver, which
is the most advanced concept. The heavy-ion driv-
er concept builds on the considerable investment

in science and technology developed for the accel-
erators used in high-energy physics. The next step
in heavy-ion driver development is called the In-
duction Linac Systems Experiments (ILSE), with
an estimated construction cost of about $50 mil-
lion. While heavy-ion drivers appear to be the
most advanced concepts for IFE, there are other
approaches that may eventually prove attractive as
well, including light-ion drivers and advanced
lasers. 20

Budget constraints have caused a continued de-
ferral in the development of key research efforts
for IFE, including ILSE. Despite favorable rec-
ommendations from review committees for pro-
ceeding with ILSE, the IFE budget was reduced
from $9 million in FY 1992 to $4 million in FY

20 Charles D. Orth et al., Larence Livermore National Laboratory, “Diode-Pumped Solid-State-Laser Driver for Inertial Fusion Energy

Power Plants,” ICF Quarterly Report, vol. 3, No. 4, July-September 1993, pp. 145-154.
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1993. In commenting on the lack of progress in the
IFE effort, one review body found the following:

The Department of Energy has not estab-
lished an IFE program that resembles remotely
the one envisioned by FPAC. Ostensibly this has
been due to stringent funding allocations for fu-
sion as a whole.21

In general, IFE proponents suggest a develop-
ment path with inherently less dependence on ex-
tremely expensive individual facilities than the
tokamak by virtue of greater modularity in exper-
imental facilities. For example, while an ignition
facility is an expensive component of an IFE de-
velopment path, that one facility could service the
research needs of several drivers. An overview of
the research needs for IFE development and a sim-
plified development path as developed by pro-
ponents is shown in figure 4-1. In total, IFE
proponents project budget needs of about $4 bil-
lion over the next three decades to develop a dem-
onstration powerplant (DEMO).22 This cost
estimate includes neither the anticipated $1.8 bil-
lion to build and operate NIF, nor other efforts
paid for under DOE’s Defense Program. Counting
all defense research also relevant to IFE would
add about $4 billion to the costs. Further, it must
be noted that the cost estimates are highly uncer-
tain, and depend on such unresolved physics is-
sues as the gain achievable with a given driver.

❚ Other Novel Concepts
A number of novel fusion energy concepts have
been suggested that take fundamentally different
approaches from those used in either MFE or
IFE.23 Relative to inertial and magnetic confine-
ment fusion, these approaches have generally re-

ceived very limited attention in the fusion energy
program, and are at an embryonic development
stage, with far less well understood and demon-
strated scientific concepts. While the lack of
scientific understanding and demonstration can
be a notable shortcoming of novel concepts, some
proponents find this to be the essence of their po-
tential benefit and justification for support. For
example, one physicist long associated with cer-
tain novel concepts notes:

If there is a route to dramatically more attrac-
tive fusion systems, it will be in the investiga-
tion of new or relatively unexplained physics
rather than in engineering refinements of pres-
ent or recently terminated programs.24

Just as the scientific aspects can be highly specula-
tive, the broader technology issues that would
have to be addressed leading to a fusion energy
powerplant based on any of these concepts have
typically not been examined in detail. However,
proponents of these concepts suggest a variety of
possible advantages relative to the tokamak, rang-
ing from ability to use advanced fuels (e.g.,
helium-3 and deuterium, which produces less
neutron radiation than results from the deuterium-
tritium reactions of tokamak and IFE) to smaller,
more flexible powerplant sizes, to lower construc-
tion and operating costs. As noted earlier, DOE
has not published an analysis of the comparative
technical prospects and challenges of novel alter-
nate concepts.

One example of the many novel concepts is
muon catalysis, which involves using a subatomic
particle called a muon to shield the electric charge
of one of the nuclei in a fusion reaction from the
other. This shielding mitigates the repulsive forces

21 FEAC Panel #7 Report, op. cit., footnote 17.
22 Donald Correll, Deputy Program Leader, Laser Programs—Inertial Confinement Fusion Lawrence Livermore National Laboratory, fax

to OTA, July 22, 1994; and Roger O. Bangerter, Lawrence Berkeley Laboratory, “Heavy Ion Inertial Fusion” testimony at hearings before the
House Committee on Science, Space, and Technology, Subcommittee on Energy, Aug. 2, 1994.

23 For brief descriptors of a number of novel concepts, see for example, Global Foundation, Inc., “1st International Symposium on Evalua-

tion of Current Trends in Fusion Research: Book of Abstracts,” Washington, DC, Nov. 14-18, 1994.

24 Normal Rostoker, “Alternate Fusion Concepts,” paper presented at the 1st International Symposium: Evaluation of Current Trends in

Fusion Research, Washington, DC, Nov. 14-18, 1994.
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and allows the nuclei to approach closely enough
to fuse without the need for extreme temperature.
Muon-catalyzed fusion reactions have been ob-
served in high-energy physics experiments dating
back several decades, although the number of fu-
sion reactions produced per muon before it decays
was lower than would be necessary to make the
process worthwhile.

Inertial electrostatic confinement fusion is a
more developed, but still novel approach that has
received limited attention from the fusion energy
program. The concept involves confining the
highest energy fuel ions electrostatically, leading
to greater reactivity than found in an MFE plasma.
While some work has been performed examining
the scientific basis of the concept including at the
University of Wisconsin and the University of Illi-
nois, the theoretical studies remain at a relatively
preliminary stage. A related concept, the colliding
beam, was largely discarded decades ago based on
theoretical and experimental results using the
migma reactor approach that indicated an inability
to develop a sufficient ion density. However, pro-
ponents of the concept suggest that developments
in the field of high-energy physics and in the ac-
companying technology of linear accelerators
may provide solutions to this drawback of the col-
liding beam concept.25

Perhaps the most widely debated and contro-
versial novel concept has been cold fusion. In
1989, two researchers, Stanley Pons and Martin
Fleischmann, announced that they had discovered
a method of producing nuclear fusion at room
temperature using a simple electrochemical appa-
ratus. Although some researchers reported results
supporting the claims, many of those findings
were subsequently retracted or could not be con-
firmed by other researchers. A 1989 DOE adviso-
ry committee of nuclear physicists and chemists
concluded that “evidence for the discovery of a

new nuclear process termed cold fusion is not per-
suasive.”26 Today, a handful of researchers con-
tinue to report that electrolysis of heavy water can
lead to the production of excess power. Some in-
vestigators theorize that unusual and unexplained
chemical or nuclear processes may in fact be at
work. The inability to routinely reproduce exper-
imental findings has proven to be a continuing
challenge, and the results are still questioned by a
majority of the scientific community. However,
the Japanese agency MITI has an ongoing pro-
gram examining the phenomena, with funding of
about $5 million in 1994.27

STEPS IN EXAMINING
ALTERNATE CONCEPTS
The next step that would be required in develop-
ment of any alternate concept depends on its level
of maturity. While immature concepts may be
well suited to a great deal of relatively inexpensive
theoretical analysis for screening purposes, some
such as IFE are at a point where major facilities
such as ILSE and NIF are required to continue
development.

Theoretical research, modeling, and analysis
can be useful tools for examining the likely merits
of an alternate concept. These theoretical efforts
can include a wide range of expertise from
detailed physics (e.g., modeling of radiation/
magneto-hydrodynamics for high-density plas-
mas; modeling of particle orbits and collisional
effects) to reactor design and economic analysis
assuming favorable physics (e.g., commercial
reactor evaluations and systems modeling28).
Computational abilities continue to improve,
making theoretical studies increasingly feasible.
Even for relatively more advanced concepts,
theoretical analysis can be useful for estimating
the potential long-term attractiveness, and thus

25 B.C. Maglich et al., “Modern Magnetic Fusion,” Advanced Physics Corp. Report # SAFE-94-104, May 5, 1994.
26 Energy Research Advisory Board, “Cold Fusion Research,” a report to the U.S. Department of Energy, November 1989.
27 Nature, vol. 367, Feb. 24, 1994, p. 670.
28 These include, for example, the ARIES series of studies for tokamaks and HYLIFE-II for heavy-ion inertial fusion.
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help set priorities for the next, more costly exper-
imental steps.

One team of fusion researchers at Lawrence
Livermore National Laboratory (LLNL) has pro-
posed an “Advanced Fusion Assessment Pro-
gram” intended to perform objective evaluation
and development of alternate concepts. They in-
tend for the effort to become an effective tool for
DOE in managing the longer term fusion pro-
gram, by taking good ideas far enough that DOE
can choose an appropriate organization to pursue
an experimental program.29 As envisioned by the
LLNL team, this program would encompass the
following:

� Seek out good ideas for fusion systems that of-
fer improvements over present concepts that
approach an order-of-magnitude.

� Build appropriate teams of LLNL, U.S. scien-
tists, and U.S. industry to evaluate both the
physics and reactor potential. Make scientific
and engineering evaluation tools available to
people with new ideas.

� Provide neutral, objective evaluation rather
than advocacy of specific ideas.

� Provide physics support as needed as such pro-
grams get underway.

The LLNL proposal emphasizes theoretical,
rather than experimental, studies. These would be
integrated studies, including a full range of analy-
sis from basic physics to examining the likely
reactor characteristics and economics, assuming
the physics is found promising after experimental
efforts. The effort could be useful as an integrated
screening tool and may be able to sort out the truly
promising but undeveloped concepts from less
promising ones. According to LLNL team mem-
bers, an initial evaluation of an undeveloped con-
cept, including basic physics and reactor
potential, could be performed for a few hundred
thousand dollars. A full theoretical, computation-
al, and reactor potential study would probably re-
quire a few million dollars.30 Overall, the LLNL

proposal suggests a one-year budget of about $3.5
million, or less than one percent of the fusion ener-
gy program budget.

Understanding, evaluating, and developing a
fusion concept cannot be accomplished with
theoretical work alone, however. In some areas of
fusion physics, theory and modeling capabilities
are not currently adequate for exploring fusion en-
ergy concepts. For example, existing theoretical
tools are better suited to analyzing high-density
plasmas than low-density plasmas such as toka-
mak. Thus, for alternate concepts involving low-
density plasmas, experimental devices are
essential for examining the physics prospects.
Even in those cases for which analytical capabili-
ties are well suited, the complexity of the physics
and technology requires extensive experimental
work as a concept is developed to validate the pre-
dictions of theory. The evolution of scientific and
technological understanding has typically pro-
ceeded in stages using increasingly capable, and
often larger, facilities. This evolution builds on
the empirical results from operation of previous
facilities, extrapolating the existing knowledge
base to design a more capable facility.

The necessary dependence on experimental fa-
cilities and research to verify theory can make
concept development expensive. One aspect of
the reliance on empirical results is that advanced
studies require increasingly capable and expen-
sive facilities as a concept is developed, which can
lead to substantial budget requirements. However,
examination of a wide range of alternate concepts
does not necessarily entail an extensive series of
facilities reaching into several billions of dollars.
There are two main reasons: first, as information
is gained about a concept during earlier stages of
development, only some will be found to merit
promotion to subsequent stages of development.
Criteria for promoting a concept to a subsequent
stage (and development of more and costlier ex-
perimental facilities) may include development

29 R. Paul Drake et al., Lawrence Livermore National Laboratory, “Advanced Fusion Assessment,” Aug. 19, 1994.
30 D.E. Baldwin and John Perkins, personal communications, Aug. 11, 1994 and Nov. 17, 1994.
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cost, likelihood of technical success, and likeli-
hood that the concept, if successful, will provide a
substantial cost or performance advantage over
the tokamak. Budgetary considerations can also
be an important criterion for determining whether
the prospects of a concept justify the additional
spending for further development work.

Second, while tokamak development has in-
volved a series of larger, more capable, and more
expensive facilities reaching on the order of $10
billion, some alternate concepts may not require
as extensive a succession. For example, a concept
with inherently higher power densities such as
FRC, if found to be technically promising based
on theoretical reviews and small experimental ef-
forts, may require smaller and less costly facilities
relative to the tokamak. While pursuing FRC
would still require a series of theoretical and ex-
perimental efforts, including development of larg-
er facilities if current results so warrant, its
proponents suggest that an engineering test reac-
tor could be far smaller and less costly than
ITER.31 As noted in the previous section, IFE pro-
vides another example of a potentially less costly
and more flexible development path for a fusion
powerplant.

DOE’S PROGRAM FOR
ALTERNATE CONCEPTS
In the Energy Policy Act of 1992 (EPACT), Con-
gress set a goal for DOE of pursuing a broad-based
fusion energy program that would, by 2010, verify
the practicability of commercial electric power
production. EPACT further directed the depart-
ment to develop a comprehensive plan for the pro-
gram that would “include specific program
objectives, milestones and schedules for technol-
ogy development, and cost estimates and program

management resource requirements.”32 However,
DOE has not yet developed that overall plan. Nor
has it explicitly examined and justified a level of
effort and a process for identifying, evaluating,
and, where appropriate, pursuing alternate con-
cepts, which arguably are one aspect of a broad-
based fusion energy program. That is, there is no
explicit DOE analysis of the relationship between
alternate concepts and the overall fusion energy
program objective—developing a technically and
economically attractive method of electric power
production.

Although DOE has not published a strategic
plan for the fusion energy program, it has pursued
a course of greatly reducing emphasis on alternate
concepts in the past several years. With substan-
tial cutbacks in alternate concept work in the past
several years, many fusion researchers (including
those not identified with any particular alternate
concept) perceived indifference or worse on the
part of DOE for alternate concepts. The FEAC
panel #3 on concept improvement noted the fol-
lowing:

. . . statements and communications by the
Department [of Energy] led to the perception in
the fusion community that proposals for re-
search on non-tokamak concepts would not be
supported by OFE, and should not be submitted.
. . . The rationale given was that research on
competing concepts could not be supported,
since, even if the research were successful, no
funds would be available to develop the concept
to its next, more expensive state; thus it would
be best not to begin.33

Similarly, LLNL researchers have recently noted:
“There is now little focus on seeking, generating,
and objectively examining advanced ideas” and
“in fact, the current environment is rather hostile

31 Hoffman, op. cit., footnote 7.

32 Energy Policy Act of 1992, Public Law 102-486, Oct. 24, 1992, Sec. 2114.
33 FEAC Panel #3, “Concept Improvement: A Report to the Fusion Energy Advisory Committee,” May 11, 1992, p. 2, in Fusion Energy

Advisory Committee, op. cit., footnote 3, app. I.
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to new ideas for fusion and inventors have trouble
finding support.”34

In 1992, FEAC recommended “that a small but
formal and highly visible periodic competition be
established to foster new concepts and ideas that if
verified would make a significant improvement in
the attractiveness of fusion reactors.”35 In re-
sponse, DOE announced an “Innovative Concepts
Initiative” and a request for proposals “to support
innovations in tokamak improvements and new
fusion confinement systems.”36 The announce-
ment anticipated awarding a total of $1 million to
be divided among no more than three grants. DOE
judged 15 of the 24 applications to be eligible and
provided those to a non-DOE peer review com-
mittee. A total of $1.2 million annually in fiscal
years 1993 through 1995 was provided to the three
winning applicants. Among these was a concept
closely related to FRC, called the Ion Ring.

The current level of effort devoted to alternate
concepts is widely viewed as inadequate relative
to the overall fusion energy program. While pur-
suit of alternate concepts is widely agreed on by
fusion proponents as one aspect of a balanced fu-
sion energy program, the appropriate level of ef-
fort devoted to alternate concepts is less clear. In
FY 1994, about $1.2 million, less than 1/2 percent
of the total fusion energy budget, was dedicated to
the Innovative Concepts Initiative. About $4 mil-
lion was devoted to inertial fusion energy, the
most developed and promising alternate concept,
an amount insufficient to proceed to the next de-
velopment step, a heavy-ion driver experiment. In
fact, FEAC had in 1993 reported to DOE that
“there is no credible program for the development

34 Perkins et al., op. cit., foootnote 5.
35 Fusion Energy Advisory Committee, Op. Cit., footnote 3, p. 11.
36 Federal Register, vo1. 57, No. 244, Dec. 18, 1992, pp. 60197-60198.

The Large Helical Device (a stellarator) under construction in
Japan is estimated to cost about $1 billion.

of a heavy-ion fusion energy option” at an annual
funding rate of $5 million.37

DOE suggests that a “healthy, but constrained”
alternate concepts program would require about
$100 million per year.38 However, a substantial
amount of information could be developed with a
far more modest program that provides a freer
basis for making future alternate concept deci-
sions. For example, pursuing an advanced fusion
assessment proposal of the type suggested by
LLNL researchers, supporting the civilian portion
of the IFE budget, repeating the DOE Innovative
Concepts Initiative, and restarting or accelerating
confinement concept experiments at existing but
underused or idled facilities such as LSX and the
ATF stellarator could cost under $20 million or
about five percent of the current fusion energy
program budget. Increased international collabo-

37U.S. Department of Energy, Fusion Energy Advisory Committee, Advice and Recommendations to the Department of Energy in Partial

Response to the Charge Letter of September 18, 1992, DOWER-0594T (Washington, DC: June 1993), p. 11.
38 U.S. Department of Energy, “Fusion Energy Program,” briefing package presented by N. Anne Davies to OTA, Apr. 28, 1994.
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ration making use of existing alternate concept re-
search facilities in other countries may also be a
lower cost alternative to sole U.S. funding of new
intermediate-scale facilities.

CONCLUSION
In summary, while alternate concepts provide no
panacea for fusion energy development, there is
merit in examining them as part of a broad fusion
program. Relative to the expected costs of the to-
kamak effort, a great deal of exploratory work can

be conducted at modest cost. Assuming some of
the concepts prove technically promising, how-
ever, further development may require larger
budgets for construction of expensive facilities.
As with the tokamak effort, the potential role of
the overall fusion energy program in meeting
long-term energy needs, and the level of research
effort justified by that potential role, are critical
issues for the direction of alternate concepts
research.
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ACRONYMS
AEC Atomic Energy Commission
ATF Advanced Toroidal Facility,

Oak Ridge, Tennessee
BPX Burning Plasma Experiment
CDA conceptual design activity
CIT Compact Ignition Tokamak,

proposed for Princeton Plasma
Physics Laboratory, Princeton,
NJ

CPMP Comprehensive Program Man-
agement Plan

DIII-D Double III upgrade, General
Atomics, San Diego

D-D Reaction deuterium-deuterium fusion
reaction

DEMO Demonstration Fusion
Powerplant

DOE U.S. Department of Energy
D-T Reaction deuterium-tritium fusion

reaction
EDA engineering design activity
EPACT Energy Policy Act of 1992
ERAB Energy Research Advisory

Board
ETR engineering test reactor
FEAC Fusion Energy Advisory

Committee

FMIT Fusion Materials Irradiation
Test Facility

FPAC Fusion Policy Advisory
Committee

FRC field reversed configuration
ICF inertial confinement fusion
IFE inertial fusion energy
ILSE Induction Linac System

Experiments
ITER International Thermonuclear

Experimental Reactor
JET Joint European Torus
JT-60 super
upgrade Japan Tokamak 60 super

upgrade
JT-60U Japan Tokamak 60 upgrade
LBL Lawrence Berkeley National

Laboratory, Berkeley, CA
LHD Large Helical Device
LLNL Lawrence Livermore National

Laboratory, Livermore, CA
LSX Large S Experiment
MeV million electron volts
MFAC Magnetic Fusion Advisory

Committee
MFE magnetic fusion energy
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MFEEA Magnetic Fusion Energy Engi-
neering Act of 1980

MFPP Magnetic Fusion Program
Plan

MFTF-B Mirror Fusion Test Facility B
MW megawatts
NAS National Academy of Sciences
NES National Energy Strategy
NIF National Ignition Facility
OFE Office of Fusion Energy
ORNL Oak Ridge National Laboratory,

Oak Ridge, TN
PBX-M Princeton Beta Experiment-

Modification

PCAST President’s Council of Advisors
on Science and Technology

PPPL Princeton Plasma Physics Labo-
ratory, Princeton, NJ

Q Energy gain
RFP reversed field pinch
R&D research and development
SSAT steady-state advanced tokamak
SEAB Secretary of Energy Advisory

Board
T-15 large superconducting tokamak,

Kurchatov Institute, Russia
TFTR Tokamak Fusion Test Reactor
TPX Tokamak Physics Experiment

GLOSSARY
Advanced fuel cycles: The use of fuels other

than D-T to sustain fusion reactions. Alternate
fuel cycles include enhanced D-D reactions, reac-
tions of deuterium with helium-3 (D-3He), or lith-
ium-6 (D-6Li), and proton-Boron-11 (p-11B)
reactions. Achieving fusion with these fuels
would typically require higher temperatures and
Lawson confinement parameters than required for
D-T fuels as well as substantial improvements in
available plasma technologies. The attraction of
these fuel cycles is that they require little or no tri-
tium, and produce fewer and lower energy neu-
trons thus reducing radiation damage, allowing
the use of existing materials and minimizing ra-
dioactive wastes.

Advanced tokamak: A tokamak incorporat-
ing features such as steady-state current drive or
shaping of the plasma in order to attain higher
performance or more efficient operation than the
conventional tokamak. See “Tokamak” or “Con-
ventional tokamak.”

Alpha particle: A positively charged particle,
identical to a helium-4 nucleus, composed of two
protons and two neutrons. An alpha particle is
emitted in the radioactive decay of many naturally
occurring radioisotopes such as uranium and tho-
rium; it is also one of the products of the D-T fu-
sion reaction.

Alpha particle heating: Heating of a fusion
plasma by alpha particles generated during the fu-
sion reaction colliding with deuterium and tritium

in the plasma. Alpha particle heating is expected
to be the principal source of heating in a D-T fu-
sion plasma once ignition is achieved.

Alternate concept or alternate confinement
concept: As used in this report, a nontokamak
confinement concept.

Ash: An end product of a fusion reaction. For
the D-T fusion reaction, the “ash” is helium gas.

Auxiliary heating: External systems that heat
plasmas to higher temperatures than can be
reached from the heat generated by electric cur-
rents within the plasma. Neutral beam heating and
radiofrequency heating are both examples of aux-
iliary heating systems.

Beta: The ratio of the outward pressure exerted
by the plasma to the inward pressure that the mag-
netic confining field is capable of exerting. Beta is
equivalent to the ratio of the energy density of par-
ticles in the plasma to the energy density of the
confining magnetic fields.

Blanket: Structure surrounding the plasma in a
fusion reactor within which the fusion-produced
neutrons are slowed down, heat is transferred to a
primary coolant, and tritium is bred from lithium.

Blanket test facility: A plasma-based large
volume neutron source device to be used for the
testing of blanket components and materials need-
ed to recover the heat of fusion reactions and to
produce new tritium fuel. The need for construc-
tion of a separate blanket test facility is dependent
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on the timing and scope of the ITER blanket test
program.

Bootstrap current: A plasma current driven
by the plasma itself.

Breakeven: The point at which the fusion pow-
er generated in a plasma equals the amount of
heating power that must be added to the plasma to
sustain its temperature.

Breakeven-equivalent: Attainment in a non-
tritium-containing plasma of conditions (temper-
ature, density, and confinement time) that would
result in breakeven if the plasma contained tri-
tium. Because plasmas not containing tritium are
far less reactive than those containing tritium, the
actual amount of fusion power generated by a
breakeven-equivalent plasma will be far less than
would be produced under actual breakeven
conditions.

Burning plasma: A plasma in which the fu-
sion reactions supply a significant fraction of the
energy needed to sustain the plasma.

Celsius: Centigrade.
Centigrade: A thermometric scale on which

the interval between the freezing point of water
and the boiling point of water is divided into 100
degrees with 0° representing the freezing point
and 100° representing the boiling point.

Conceptual design: The basic or fundamental
design of a fusion reactor or experiment that
sketches out device characteristics, geometry, and
operating features but is not at the level of detail
that would permit construction.

Confinement: Restraint of plasma within a
designated volume. In magnetic confinement, this
restraint is accomplished with magnetic fields.

Confinement concept: An approach to con-
trolling the range of motion of a plasma. Due to
the extremely high temperatures needed to allow
fusion to occur, no solid container can confine a
fusion energy plasma. Instead, a variety of ap-
proaches, such as using magnetic fields or inertia
to confine the plasma can be used.

Confinement parameter: The product of
plasma density and confinement time that, along
with temperature, determines the ratio between
power produced by the plasma and power input to
the plasma. Also called “Lawson parameter.”

Confinement time: A measure of how well the
heat in a plasma is retained. The confinement time
of a plasma is the length of time it would take the
plasma to cool down to a certain fraction of its ini-
tial temperature if no heat were added.

Conventional tokamak: A tokamak device
not incorporating advanced steady-state current
drive or plasma shaping technology. See “Toka-
mak,” “Advanced tokamak.”

Current drive:  A technique for making the to-
roidal plasma current using RF or neutral beam
power, i.e., without the use of an inductive trans-
former.

D-D reaction: A fusion reaction in which one
nucleus of deuterium fuses with another. Two dif-
ferent outcomes are possible: a proton plus a tri-
tium nucleus, or a neutron plus a helium-3
nucleus.

D-T reaction: A fusion reaction in which a
nucleus of deuterium fuses with a nucleus of tri-
tium, forming an alpha particle and a neutron and
releasing 17.6 million electron volts of energy.
The D-T reaction is the most reactive fusion
reaction.

Decommissioning: The steps taken to render a
plant, particularly a nuclear reactor, safe to the en-
vironment at the end of its operating lifetime.

Density: Amount per unit volume. By itself,
the term “density” often refers to particle density,
or the number of particles per unit volume. How-
ever, other quantities such as energy density or
power density (energy or power per unit volume,
respectively) can also be defined.

Deuterium (D or 2H): A naturally occurring
isotope of hydrogen containing one proton and
one neutron in its nucleus. Approximately one out
of 6,700 atoms of hydrogen in nature is deuterium.
Deuterium is one of the fuels (along with tritium)
needed for the D-T fusion reaction, the most reac-
tive fusion reaction.

Diagnostics: The procedure of determining
(diagnosing) exactly what is happening inside an
experimental device during an experiment. Also,
the instruments used for diagnosing.

Divertor: A component of a toroidal fusion de-
vice used to shape the magnetic field near the plas-
ma edge so that particles at the edge are diverted
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away from the rest of the plasma. These particles
are swept into a separate chamber where they
strike a barrier, become neutralized, and are
pumped away. In this way, energetic particles near
the plasma edge are captured before they can
strike the walls of the main discharge chamber and
generate secondary particles that would contami-
nate and cool the plasma.

Driver: A machine that provides the energy to
heat and compress an inertially confined fusion
target in the form of intense, high-power beams of
laser light or particles.

Electron: An elementary particle with a unit
negative electrical charge and a mass 1/1837 that
of a proton. In an atom, electrons surround the
positively charged nucleus and determine the
atom’s chemical properties.

Electron volt (eV): A unit of energy equal to
the energy that can be acquired by a singly charged
particle (e.g., an electron) from a one-volt battery.
Since the temperature of a system is proportional
to the average energy of each particle in the system,
temperature is also measured in electron volts.

Energy gain (Q): The ratio of the fusion power
produced by a plasma to the amount of power that
must be added to the plasma to sustain its tem-
perature.

Engineering feasibility: The ability to design
and construct all the components, systems, and
subsystems required for a fusion reactor.

Engineering test reactor: A next-generation
fusion experiment to study the physics of long-
pulse ignited plasmas, provide opportunities to
develop and test reactor blanket components un-
der actual fusion conditions, and integrate the var-
ious systems of a fusion reactor.

Equivalent Q: For a plasma not containing tri-
tium, a measure of what Q would have been in a
tritium-containing plasma that attained the same
temperature and confinement parameter. See
“Confinement parameter.”

Field-reversed configuration (FRC): A mag-
netic confinement concept with no toroidal field,
in which the plasma is essentially cylindrical in
shape. The FRC is a form of compact toroid.

Fission: The process by which a neutron
strikes a nucleus and splits it into fragments. Dur-

ing the process of nuclear fission, several neutrons
are emitted at high speed, and heat and radiation
are released.

Flux: The amount of a quantity (e.g., heat, neu-
trons) passing through a given area per unit time.

Fusion: The process by which the nuclei of
light elements combine, or fuse, to form heavier
nuclei, releasing energy.

Fusion nuclear technology: The engineering
systems needed to fuel, maintain, and recover en-
ergy from a fusion reactor.

Fusion self-heating: Heat produced within a
plasma from fusion reactions. Since alpha par-
ticles produced in fusion reactions remain trapped
within the plasma, they contribute to self-heating
by transferring their energy to other plasma par-
ticles in collisions. Fusion-produced neutrons, on
the other hand, escape from the plasma without
reacting further and do not contribute to self-
heating.

Heavy ion: An ion of high mass (e.g., an elec-
trically charged atom of an element from the
middle to the high end of the periodic table).

High-energy gain: A fusion reaction produc-
ing many (10 or so) times as much power as must
be input to the reaction to maintain its tem-
perature.

Hydrogen (H): The lightest element. All hy-
drogen atoms have nuclei containing a single pro-
ton and have a single electron orbiting that
nucleus. Three isotopes of hydrogen exist, having
0, 1, or 2 neutrons in their nuclei in addition to the
proton. The term hydrogen is also used to refer to
the most common isotope, technically called
“protium,” that has no neutrons in its nucleus.

Ignition: The point at which a fusion reaction
becomes self-sustaining. At ignition, fusion self-
heating is sufficient to compensate for all energy
losses; external sources of heating power are no
longer necessary to sustain the reaction.

Impurities:  Atoms present in a plasma that are
heavier than fusion fuel atoms. Impurities are un-
desirable because they dilute the fuel and because
they increase the rate at which the plasma’s energy
is radiated out of the plasma.

Inertia: Inertia is the property of an object to
resist external forces that would change its mo-
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tion. Unless acted on by external forces, an object
at rest will remain at rest, and an object moving in
a straight line at constant speed will continue to do
so. Under the influence of external forces, objects
with differing inertias will respond at different
rates.

Inertial confinement: An approach to fusion
in which intense beams of light or particles are
used to compress and heat tiny pellets of fusion
fuel so rapidly that fusion reactions occur before
the pellet has a chance to expand. The pellet’s own
inertia, or its initial resistance to expansion even
when it is being blown apart, holds the pellet to-
gether long enough for fusion energy to be pro-
duced.

Instabilities: Small disturbances that become
amplified, or become more intense, once they be-
gin. A cone balanced upside-down on its tip is
subject to an instability, since once it begins to
wobble, it will become more unbalanced until it
falls over. A stable system, on the other hand, re-
sponds to disturbances by opposing them. Small
disturbances in a stable system decrease in inten-
sity until they die away. If a ball sitting in the bot-
tom of a bowl is disturbed, for example, it will
eventually come to rest again at the bottom of the
bowl.

Ion: An atom (or molecularly bound group of
atoms) that has become electrically charged as a
result of gaining or losing one or more orbital elec-
trons. A completely ionized atom is one stripped
of all its electrons.

Isotope: Different forms of the same chemical
element whose atoms differ in the number of neu-
trons in the nucleus. (All isotopes of an element
have the same number of protons in the nucleus
and the same number of electrons orbiting the
nucleus.) Isotopes of the same element have very
similar chemical properties and are difficult to
separate by chemical means. However, they can
have quite different nuclear properties.

Laser fusion: A form of inertial confinement
fusion in which a small pellet of fuel material is
compressed and heated by a burst of laser light.
See “Inertial confinement.”

Lawson parameter: See “Confinement pa-
rameter.”

Light ion:  An ion of low mass, typically an
electrically charged atom or the bare atomic
nucleus of an element near the light end of the pe-
riodic table. In inertial confinement fusion, light
ions are typically accelerated across a small gap in
a high voltage short-pulse diode accelerator.

Linac:  Linear accelerator; a device for acceler-
ating heavy ions to drive inertial confinement fu-
sion targets.

Low-activation materials: Materials that, un-
der neutron irradiation, do not generate intensely
radioactive, long-lived radioactive isotopes. Ex-
amples include certain vanadium alloys and ce-
ramics such as silicon carbide. Fusion reactors
made of low-activation materials would accumu-
late far less radioactivity over their lifetimes than
reactors made with more conventional materials
such as steels. Low-activation materials also pro-
duce less afterheat following a reactor shutdown
than more conventional materials.

Magnetic confinement: Any means of con-
taining and isolating a hot plasma from its sur-
roundings by using magnetic fields.

Magnetic field: The property of the space near
a magnet that results, for example, in the attraction
of iron to the magnet. Magnetic fields are charac-
terized by their direction and their strength. Elec-
trically charged particles moving through a
magnetic field at an angle with respect to the field
are bent in a direction perpendicular to both their
direction of motion and the direction of the field.
Particles moving parallel to a magnetic field are
not affected. Therefore, magnetic fields cannot
prevent plasma particles from escaping along
field lines.

Magnetic fusion energy: Energy released by a
thermonuclear reaction in the fuel of a magnetical-
ly confined plasma.

Magnetic mirror: A generally axial magnetic
field that has regions of increased intensity at each
end where the magnetic field lines converge.
These regions of increased intensity “reflect”
charged particles traveling along the field lines
back into the central region of lower magnetic
field strength.

Mirror: See “Magnetic mirror.”
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Muon:  A short-lived elementary particle that
can be used to substitute an electron in a D-T mol-
ecule. It is much heavier than the electron thus re-
ducing the size of the molecule and the distance
between the nuclei. This effect makes fusion of the
two nuclei much more likely to occur.

Neutral beam heating: Heating a confined
plasma by injecting beams of energetic (typically
greater than 100 keV) neutral atoms into it. Neu-
tral atoms can cross magnetic lines of force to en-
ter the plasma, where they transfer their energy to
plasma particles through collisions. In these colli-
sions, the neutral beam particles become ionized,
and, like the other electrically charged plasma par-
ticles, are then confined by the magnetic fields.

Neutral beam injection: A technique of using
high-energy beams of neutral atoms to penetrate
the magnetic confinement fields of a fusion plas-
ma for fueling, heating, and current drive. Once
inside the plasma, the neutral atoms are ionized
and are then confined.

Neutron: A basic atomic particle, found in the
nucleus of every atom except the lightest isotope
of hydrogen, that has no electrical charge. When
bound within the nucleus of an atom, the neutron
is stable. However, a free neutron is unstable and
decays with a half-life of about 13 minutes into an
electron, a proton, and a third particle called an
antineutrino.

Neutron flux: A measure of the intensity of
neutron irradiation. It is the number of neutrons
passing through one square centimeter of a given
target in one second.

Plasma: An ionized gaseous system composed
of approximately equal numbers of positively and
negatively charged particles and variable numbers
of neutral atoms. The charged particles interact
among themselves, with the neutral particles, and
with externally applied electric and magnetic
fields. The plasma state is sometimes called “the
fourth state of matter” due to the fundamental dif-
ferences in behavior between plasmas and solids,
liquids, or neutral gases.

Plasma current: Electrical current flowing
within a plasma. In many confinement schemes,
plasma currents generate part of the confining
magnetic fields.

Plasma physics: The study of plasmas.
Proof-of-concept experiment: An experiment

done at a relatively early stage of development of a
confinement concept to determine the limits of
plasma stability, explore how the confinement
properties appear to scale, and develop heating,
impurity control, and fueling methods. Successful
completion of such an experiment verifies that the
confinement concept appears capable of operating
successfully on a scale much closer to that needed
in a reactor.

Proof-of-principle experiment: An experi-
ment one stage beyond the “proof-of-concept”
stage to determine optimal operating conditions,
to establish that the concept is capable of being
scaled to near-reactor level, to extend methods of
heating to high power levels, and to develop effi-
cient mechanisms for fueling and impurity control.

Proton: An elementary particle with a single
positive electrical charge. Protons are constituents
of all atomic nuclei. The atomic number of an
atom is equal to the number of protons in its
nucleus.

Pulsed operation: Noncontinuous operation
of a fusion reactor. This term refers to reactors that
must periodically stop and restart. In pulsed op-
eration, individual pulses may last as long as
hours.

Reactor-scale experiment: Experiment to test
a confinement concept by generating a plasma
equivalent to that needed in a full-scale reactor.
Such an experiment must achieve reactor-level
values of beta and must demonstrate temperature,
density, and confinement times sufficient for the
production of net fusion power. Furthermore, its
heating, fueling, and other technologies must also
be able to support a reactor-level plasma.

Remote maintenance: Conducting mainte-
nance on reactor systems or components by re-
mote control, rather than “hands-on.” Remote
maintenance will be required in fusion reactors
and in many future fusion experiments because
the radioactivity levels near and inside the plasma
chamber will be too high to permit human access.

Reversed field pinch: A closed magnetic con-
finement concept having toroidal and poloidal
magnetic fields that are approximately equal in
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strength, and in which the direction of the toroidal
field at the outside of the plasma is opposite from
the direction at the plasma center.

Scaling: Extension of results or predictions
measured or calculated under one set of exper-
imental conditions to another situation having dif-
ferent conditions. One of the most important
functions of a confinement experiment is to deter-
mine how confinement properties scale with pa-
rameters such as device size, magnetic field,
plasma current, temperature, and density. It is im-
portant to understand the scaling properties of a
confinement concept—either empirically or theo-
retically—to assure that future experiments have a
reasonable probability of succeeding.

Scientific feasibility: The successful comple-
tion of experiments that produce high-gain or ig-
nited fusion reactions in the laboratory using a
confinement configuration that lends itself to de-
velopment into a net power producing system.

Spheromak: A magnetic confinement concept
in which a large fraction of the confining magnetic
fields are generated by currents within the plasma.
The spheromak is a form of compact toroid.

Steady-state operation: Continuous opera-
tion, without repeated starting and stopping.

Stellarator: A toroidal magnetic confinement
device in which the confining magnetic fields are
generated entirely by external magnets.

Superconductivity: The total absence of elec-
trical resistance in certain materials under certain
conditions. Until recently, superconductivity had
only been found to occur in certain materials
cooled to within a few degrees of absolute zero.
Since late 1986, however, a new class of materials
has been discovered that become superconducting
at temperatures far higher than the materials pre-
viously known. An electrical current that is estab-
lished in a superconducting material will persist as
long as the material remains below its critical tem-
perature, the point at which it loses all resistance
to electricity.

System studies: Studies presenting precon-
ceptual designs for fusion reactors that serve to

uncover potential problems and determine how
changes in design choices affect reactor character-
istics. System studies are particularly valuable in
guiding the research program by identifying areas
where further research and development can have
the greatest impact.

Target: In inertial confinement fusion, the
structure or object containing the fusion fuel at
which the driver beams are directed within the ex-
perimental chamber. Targets may consist of sim-
ple disks or pellets of fusion fuel or may be
complex structures with many parts.

Temperature: A measure of the average ener-
gy of a system of particles. Given sufficient time
and enough interaction among the different por-
tions of any system, all portions will eventually
come to the same temperature. In short-lived plas-
mas, however, the ion and electron temperatures
usually differ because of insufficient interaction
between the two. Plasma temperatures are mea-
sured in units of electron volts, with one electron
volt equal to 11,605 K.

Tokamak: A magnetic confinement concept
whose principal confining magnetic field, gener-
ated by external magnets, is in the toroidal direc-
tion but that also contains a poloidal magnetic
field that is generated by electric currents running
within the plasma. The tokamak is by far the most
developed magnetic confinement concept. The
word “tokamak” is a Russian acronym—
TOroidal’naia KAMera s AKsial’nym magnit-
nym polem—meaning torodial chamber with
axial magnetic field. See also “Conventional toka-
mak” or “Advanced tokamak.”

Toroidal: In the shape of a torus, i.e. doughnut-
shaped.

Torus: The shape of a doughnut, automobile
tire, and innertube.

Tritium (T or 3H): A radioisotope of hydrogen
that has one proton and two neutrons in its
nucleus. Tritium occurs only rarely in nature; it is
radioactive and has a half-life of 12.3 years. In
combination with deuterium, tritium is the most
reactive fusion fuel.


