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FOREWORD

This document is an interim report on the STARFIRE/DEMO Study, which was
begun in FY 1981 with the basic goal of providing a technical perspective and
conceptual design of a tokamak reactor to follow a tokamak Fusion Engineering
Device (FED). The study will be completed in September, 1981, and a final

report will be issued soon thereafter.

The first phase of the study was concluded with a two-day workshop held
at ANL on January 20-21, 1982. The purpose of the workshop was to review the
work of the first year of the DEMO Study and provide recommendations for the
work to be carried out during the remainder of FY 1982. The basic format of
the workshop was as follows: The participants were divided into five working
groups, which examined in detail specific key issues of the DEMO Study. Each
group listened to a presentation by a member of the DEMO team and then
discussed and formulated recommendations which were summarized by the group
chairman, who was not a member of the DEMO team. The workshop agenda, working
group chairmen, list of participants, and recommendations are presented in

the Appendices,

This document was provided in draft form to the workshop participants
prior to the workshop. Some minor changes have been made to the draft report
since the workshop, but no major changes were made as a result of the workshop
recommendations. Rather, these recommendations will be used in directing the
work for the remainder of FY 1982. It should be noted, therefore, that the
DEMO parameters listed herein should not be identified as the reference DEMO
design. The reference design will be developed for inclusion in the final

report at the conclusion of the study.
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1.0 Introduction

This document represents an interim report on the STARFIRE/DEMO Study,
which was undertaken at the completion of the STARFIRE Commercial Tokamak
Fusion Power Plant Study in October, 1980 (1), Major contributors to the DEMO
Study include Argonne National Laboratory and McDonnell Douglas Astronautics
Company, with support from General Atomic Company, The Ralph M. Parsons
Company, and Physics International Company. It should be noted that a
substantial portion of this effort was redirected during the past year to
permit the team to support the International Tokamak Reactor (INTOR) Study.
This section outlines the STARFIRE/DEMO Study objectives and approach, role of
the DEMO in the national magnetic fusion energy program, rationale for
selection of key design features and parameters,'and an overview of the key

issues considered thus far in the study.

1.1 Study Objectives and Approach

The past several years has seen substantial progress in the U.S. and
world fusion energy programs. In particular, successes in the tokamak
research program have resulted in a high degree of confidence that the Tokamak
Fusion Test Reactor (TFTR) will produce a Q = 1 experiment and, thus,
culminate the demonstration of the scientific feasibility of fusion. This has
stimulated a substantial effort on defining the next step in the tokamak
development program as well as defining a program to demonstrate the
engineéring feasibility of fusion energy. This activity has centered around
the concept of a Fusion Engineering Device (FED) (2) and has been supported by
the INTOR project. (3) At the same time, the STARFIRE Study and other tokamak
reactor designs have examined the potential commercial applications of the
tokamak approach. We have, then, a situation where one has a firm picture of
the current research program (ongoing experiments and TFTR), a pre-conceptual
design of FED and INTOR, and a perspective on the long-range goal of a
commercial reactor (e.g., STARFIRE).

A major issue for the U.S. magnetic fusion energy program is the
determination of the step or steps between FED and a commercial tokamak
reactor. While we are concerned here with the development path for tokamaks,
it is recognized that there are other viable commercial reactor concepts. By
attempting to better understand the development steps for tokamaks, it is

further anticipated that much useful information will be generated of
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relevance to the other magnetic fusion concepts. Also, a better definition of
the post—-FED step will provide very useful feedback to the FED project in

terms of its mission and desirable design features. 1In fact, features viewed
as desirable for commercial reactors (e.g., RF heating with current drive and

pumped limiters) are being considered for the FED.

The basic goal of this study is to provide a technical perspective and
conceptual design of the tokamak device that might follow the FED. The role
of such a device in the overall program is discussed further in the next
section. The effort has focused on designing the key features of such a
device with the objective of providing design information for guiding the
research and development efforts. During the FY 1981 period, emphasis was
placed on the following five key areas: (1) DEMO objectives and parameters,
(2) steady-state operation with various current drive options, (3) impurity
control options, (4) first wall/blanket design options, and (5) overall device
configuration. The approach has been to examine several options in sufficient
detail to provide an adequate basis for a more in-depth study of a selected
set of options during the remainder of FY 1982. While a reference conceptual
design for the DEMO will be developed, less emphasis will be placed on a
single design point (as was done in the STARFIRE study) and more emphasis will
be placed on exploring major design features. Certain areas (e.g., plant
design) will receive relatively little effort. However, a sufficiently
detailed design will be developed to provide a reasonable preliminary cost
estimate for the DEMO.

1.2 Role of the DEMO

The objectives and requirements of the DEMO can only be viewed as a part
of a comprehensive fusion research and development plan. Because the required
research and development programs are substantial and because the time scale
involved is long, the fusion development plan has to remain flexible.
Consequently, the missions (and even the number) of the various devices to be
constructed between now and fusion commercialization cannot be firmly
determined at this time. The focusing and sharpening of the objectives and
features of the specific devices will occur as a part of an evolutionary
process over a number of years. One purpose of this study is to define a set

of objectives for the DEMO that can serve as input to this evolutionary

process.
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Given that the number of steps between TFTR and a commercial tokamak
reactor cannot be completely defined, and given the ongoing FED activity, it
was decided that this study should focus on the step after FED. This approach
would then provide a basis for determining the next reasonable step after FED
and, by examining the requirements for a commercial reactor, provide a

perspective on the number of steps between FED and a commercial-grade device.

The perspective adopted for the DEMO study is that, before several
commercial planta are built with solely private financing, there will likely
be a device, which we termed a First Commercial Demonstration Reactor (FCDR),
that will be built and operated with government funds or perhaps with some
combination of government and private funds. This device would be a
commercial reactor in all known aspects, except for the fact that as a still
somewhat first-of-—-a—-kind machine it would be developmental in nature and would
surely result in definition of many design improvements. The primary function
of FCDR would be to convince utilities that fusion is ready for
commercialization and can be taken over by utilities at acceptable risk.
DEMO's role in this scenario would be to demonstrate commercial reactor
features and subsystems and show that the risk in developing an FCDR is
acceptable to the fusion development program. DEMO's objectives are than
determined on a "roll-forward"” basis from FED; it does not necessarily have to
achieve the degreerof reliability and performance expected of a fully

commercial demonstration reactor.

With the foregoing in mind, let us examine the role of the DEMO. We have
adopted the point of view that the principal goal of FCDR is to demonstrate
economic competitiveness. This leads to some important conclusions. The DEMO
does not need to produce economically competitive electric power. It needs
only to demonstrate that it extrapolates to an economically competitive
system. This will be done during the design and development effort for DEMO
and during early operation. A primary requirement for FCDR to be economically
competitive is that it achieve a plant availability factor of ~ 65-75%.
Minimizing the risk in achieving such an availability factor in FCDR requires
that: (a) extrapolation of technologies from the DEMO to FCDR should be
straightforward--practically all technologies to be used in FCDR must be
demonstrated in the DEMO; (b) extrapolation of performance parameters between
the DEMO and FCDR should be minimized; and (c) achievement by DEMO of a
sufficiently high availability during initial operation so that the additional

improvement in availability required for FCDR can be shown to be a reasonable
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extrapolation, after modifications that were identified during the operation
and construction of DEMO and the data obtained from tests in other development

programs are incorporated.

The above considerations provide incentives for constructing as advanced
a DEMO as necessary to minimize the risk for FCDR. On the other hand, there
are incentives for constructing a "less—advanced” DEMO in order to minimize
the risk associated with the construction and operation of the DEMO itself.
The extrapolation from FED to the DEMO must be kept reasonable. An
examination of the results of FED and commercial reactor studies carried out
over the past several years indicate that the advances required in technology,
component reliability, and availability between FED and FCDR are very
substantial. To minimize the risk associated with FCDR, the burden of
demonstrating the required advances in physics and technology beyond FED will
have to be borne by the DEMO and complementary development programs. All FCDR
technology and physics requirements which are not demonstrated in FED will
represent risks deferred from FED that must be taken in the DEMO. Therefore,
results derived from the STARFIRE/DEMO study should provide feedback into

defining the requirements on FED.

In reviewing past demonstration devices, a range of two to ten is typical
for the step size (scale factor) in reactors from demo (pilot) to
commercial. When only power plants are considered, the step size range
reduces to approximately three to five. This range of step sizes was
exhibited by the LWR (60 to 180 to 500 MWe). The Phoenix (French breeder)
demo has an output of 230 MWe, and the Creys Malville commercial plant will
have an output of about 1200 MWe, The Clinch River Breeder Reactor is
designed for 350 MWe, and design studies for the Prototype Large Breeder
Reactor show outputs of approximately 1000 MWe. A further example of step
size is obtained by comparing the Fort St. Vrain HTGR, with an output of 330
MWe, to the next units which were designed for 800 to 1200 MWe. Based on

these prior examples, a fusion demo sized for 200 to 300 MWe would be

appropriate.

For the purposes of this study, we have made some broad assumptions
concerning FED and the fusion development program:
(1) FED construction and operation will demonstrate integrated

technologies for confining, heating, fueling, and burn



(2)

(3)

(4)

(5

(6)

(7)

control of the plasma. These include superconducting magnets,
RF or other plasma heating technology, pellet injection or an
alternative, vacuum, and tritium processing (except tritium

recovery from the blanket).

A credible impurity control system will be developed through
testing in FED and complementary physics and engineering

facilities.

Although FED may not be operated in steady state,
sufficient testing will be performed in FED and other
complementary facilities to demonstrate the feasibility of

steady-state operation before the construction of the DEMO.

Tritium-breeding blanket technology will be aggressively
pursued by testing in fission reactors and other complementary
facilities in order to select no more than three blanket
concepts. Testing in FED will provide sufficient information

to confirm the selection of the blanket design for the DEMO.

There will bhe insufficient time prior to construction of the
DEMO to develop and qualify a structural material other than
stainless steel. A combination of testing in FED, fission
reactors, and other complemehtary facilities will provide
the required information for stainless steel. Other
materials will have to be qualified for special applications

such as limiters or divertor collector plates.

An availability factor of about 207 or more will be achieved
in FED. Learning experience from complementary technology
development efforts and early FED operation will confirm the

design extrapolation to the DEMO.

FED, together with parallel development, will provide a
sufficient data base to permit safe operation of the DEMO.

Based on the above assumptions, we can state the following broad

objectives for the DEMO:

(D

Demonstration of a level of performance for all components

in an integrated power plant system which is satisfactorily
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extrapolatable to a first commercial demonstration reactor.

(2) Demonstrate system availability at a level which will be
satisfactorily extrapolatable to a first commercial

demonstration reactor.

(3) Demonstrate that the tritium-breeding, power-producing
blanket cén operate at conditions required for commercial
reactors; i.e., a net tritium breeding ratio greater than
unity, an acceptably low tritium inventory in the blanket,
a sufficiently high temperature operation to permit
acceptable thermal conversion efficiency, and other
requirements similar to other components (e.g.,

reliability, safety, lifetime, etc.).

(4) Demonstrate safe and environmentally acceptable operation.

(5) Demonstrate compatibility with utility grid operations

including off-normal conditionms.

1.3 Selection of Key Design Features and Parameters

Satisfying the DEMO objectives defined in the previous section requires
that the DEMO design features and performance be as close as practicable to
those of a commercial reactor. Two practical constraints must be clearly
recognized: (1) the DEMO capital cost should be minimized; (2) the DEMO
performance requirements should be consistent with a fusion research and'
development plan which realistically accounts for financial and time schedule
considerations. The capital cost constraint primarily affects the selection
of the DEMO size (physical size and thermal power). The constraint of a
realistic fusion R&D plan has its major influence on the selection of the
availability goal for the DEMO. The plant availability depends on the
reliability and lifetime of all reactor components. Therefore, achieving high
availability is judged to be the most costly and time-consuming phase of
fusion development.

For given technological (e.g., maximum magnetic field) and physics (e.g.,
maximum beta) constraints, the minimum size that can be considered for the

DEMO is defined primarily by ignition requirements. The FED (10 T case) and

INTOR designs shown in Table 1-1 provide the range for such a minimum. For a
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maximum magnetic field, B, = 10 T, and plasma elongation k = 1.6, the major
and minor radii are in the range of R = 5.0-5.2 and a =~ 1.2-1.3. For the
DEMO, we selected B, = 10 T in order to reduce the design risks and cost
associated with higher fields. Furthermore, results from STARFIRE, INTOR,
FED, and other studies (5) indicate that « = 1.6 is a reasonable compromise
between the benefits (higher beta) of increased elongation and the equilibrium
field (EF) coils requirements, particularly when all these coils are placed
outside the TF coils. The optimum blanket/shield thickness for a wide range

i
of DEMO conditions was found previously to be ABS = 1.2 m.(6) FED and INTOR

operate at an average toroidal B of ~ 0.052-0.056. With these values defined,

the minimum size device produces a neutron wall load, W, ~ 1.0-1.3 MW /m2.

The size of FED and INTOR, slightly increased to assure a comfortable
ignition margin, is adequate for the DEMO except for the somewhat low value of
the neutron wall load. Based on the results of STARFIRE and other studies
(see, for example, Ref. 5), commercial tokamaks will likely operate with
W, ~ 3.0-4.0 MW/mz. The impoftance of the neutron wall load is that it
directly impacts the power density and, hence, the performance characteristics
and failure rate of the first wall and blanket. Therefore, it 1s very
desirable to demonstrate high wall load operation in the DEMO. A higher wall
load can be achieved only by: (a) increasing the power density in the plasma
(i.e., increasing By or B) and/or (b) increasing the physical size of the
device (W, ~ BZBAa). Both will increase the capital cost of the DEMO. 1Im
general, better economics is obtainable for fusion reactors by increasing the
plasma power density rather than increasing the reactor physical size. In
particular, tokamaks are most attractive at higher beta operation. We assume
in this study that substantial improvement in beta beyvond that predicted for
FED and INTOR will be achievable in the DEMO. Therefore, 8 = 0.08 has been

selected as the goal for the DEMO.

With R = 5.2 m, a = 1.3 m, Kk = 1.6, A;S

the neutron wall load is in the range W ~ 1.5-2.0 MW/mz, depending on the

=1.2m B, = 10 T, and B = 0.08,

operating conditions selected for the plasma. Table 1-2 shows the variation
of the fusion power and neutron wall load with the average plasma electron
temperature, Ee. The fusion power and neutron wall load peak at

Te = 8 KeV with values of 1320 MW and 2.6 MW/mz, respectively. The fusion

power and neutron wall load are lower at higher temperatures. However, the



Table 1-2.

Plasma Power Balance for DEMO

(P = 0 and Z_,. = 1.42)
fe, keV 4 6 8 10 12 14 16 18
Py, MW 955 1270 1320 1230 1080 917 766 637
Ay 1020 073 5,24 3.42  2.48 1.90  1.50  1.23  1.03  0.883
W, MW /mZ 1.91  2.54 2.64 2.46  2.16  1.83  1.53  1.27
o, 109073 2.23 1.46 1.06 0.806 0.639 0.520 0.435 0.371
o 0.44 0.23 0.26 0.33  0.446  0.61 0.83  0.97
emp
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electron density, ;e’ also decreases in going to higher Ee’ and the power
required for a non-inductive current drive also decreases (see Sec. 2).
Further trade-off studies are required to select the plasma operating point.
For the purpose of the present phase of the the study, we selected

Ee ~ 14 KeV which yields a fusion power of ~ 920 MW and a neutron wall load

of ~ 1.8 MW/mz. This wall load is about a factor of two higher than that in
FED (see the 10 T case in Table 1-1) and is half of that in STARFIRE. Higher
wall loads are desirable in most respects and can be achieved by further
increases in the size of the device but with a substantial increase in the
capital cost. Preliminary analysis indicates that, for the conditions defined
above, the capital cost of the DEMO is directly proportional to the neutron
wall load. The inability to test for higher power density in the DEMO blanket

without substantial increase in the capital cost is one of the major

difficulties in fusion development.

Table 1-3 shows the major design parameters tentatively selected for the
DEMO. The major emphasis in the DEMO study so far has been on examining key
design issues. Therefore, the reference set of design parameters given in
this section serves only as a framework for investigating the design options
and parameters for key reactor components. Develoﬁment of a detailed and

consistent reference design will be undertaken in FY 1982 after the subsystems

investigations are completed.

A major conclusion of the economic analysis for STARFIRE is that the
greatest uncertainties in the economics of future tokamak power plants concern
the plant availability factor. For fusion reactors to be economically
competitive, a plant availability of 65-75% must be achieved. Yet, there is
practically no quantitative data base for making a reliable prediction of the
achievable availability factor in power-producing tokamaks. The availability
factor is crucially dependent on component lifetime and reliability (low
frequency of component failure) and maintainability (short downtime to replace
failed components). The data base for the lifetime and reliability of
components must be obtained primarily from the technology development
program. Definitive information on reactor maintainability will come
primarily from experience with operation and maintenance of future fusion
devices such as FED. In the DEMO study, the great importance of the

availability factor has been recognized in two ways. First, a plant
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Table 1-3. Major Design Parameters for DEMO

Fusion power, MW 920
Thermal power, MW 1050
Net electric power, MW 250-300
Average neutron wall load, MW/m2 1.8
Overall plant availability, % 50
Major radius, m ' 5.2
Plasma half-width, m 1.3
Plasma elongation (bh/a) 1.6
Plasma half-height, m 2.08
Plasma volume, m3 272
First wall surface area, m2 400
Plasma average toroidal beta 0.08
Plasma current, MA 9.01
Inboard wall-to-magnet thickness, A;S, m 1.2
Outer blanket/shield thickness, m 2.0
Scrape-off thickness, m 0.2 (inboard), 0.165 (outboard)
Maximum toroidal magnetic field, T 10
Number of TF coils 8
Major radius of TF mid-outboard leg (Ry), m . 11.6

availability goal of 50% was adopted for the DEMO. Given that FED is planned
for ~ 207 availability, this DEMO goal provides an ambitious target for
technology development. Since FCDR will be required to achieve 65-75%
availability, the selected DEMO goal of 50% is a necessary minimum in order
not to burden FCDR with "high risk” extrapolations. Second, every effort is
being taken in the DEMO study to incorporate design features and select design
and technology options that enhance the probability of achieving high
availability. The single most important design feature selected to maximize
component lifetime and reliability in the DEMO is steady-state plasma
operation. By eliminating cyclic loads, steady-state operation significantly
enhances the reliability of key components such as the first wall, blanket,

limiters, divertors, and magnets. In addition, the frequency of plasma
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disruption is greatly reduced for two reasons: (a) most plasma disruptions
occur during startup and shutdown; and (b) a non-inductive current driver will
permit current density profile control, thus providing effective measures for
controlling plasma disruptions. Accommodating the thermal energy dump and the
electromagnetic forces associated with plasma disruptions currently represents
a key engineering design problem, particularly for the first wall,.limiter,

and divertor.

Component lifetime and reliability are also enhanced in the DEMO by
locating, whenever feasible, key components away from the harsh radiation
environment. All the EF coils (all superconducting) are located outside the
TF coils, except for some small CF coils which are located inside the TF coils
but outside the radiation shield. All vacuum pumps are located in the reactor

building basement where the radiation field is low.

The STARFIRE strategy of simplifying the reactor design in order to
enhance component reliability and mailntainability continues to be adopted in
the DEMO. This has been a key approach in developing the non-inductive
current drive, blanket, and impurity control concepts as discussed in the next
section. Other features adopted to enhance maintainability include
modularity, locating the vacuum boundary at the shield with all mechanical
seals at the exterior, and placing all service coﬁnections outside the vacuum
boundary.

As discussed in Sec. 5, there is a tradeoff between maintainability and
capital cost in selecting the reactor configuration. The configuration
developed for the DEMO favors better maintainability. This is reflected
particularly in the choice of tﬁe low number (8) 6f TF coils and the use of
one blanket/shield sector per TF coil whichiresult in the use of larger TF

coils.

Design selections for the current drive, first wall, blanket, impurity
control, and configuration have been the subject of extensive tr