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ABSTRACT

The Mission Statement Document describes the results, activities,
and processes used in preparing the Mission Statement, facility charac-
teristics, and operating goals for the Engineering Test Facility (ETF).
Approximately 100 engineers and scientists from throughout the U.S.
fusion program spent three days at the Knoxville Mission Workshop
defining the requirements that should be met by the ETF during its
operating life. Seven groups were selected to consider one major cat-
egory each of design and operation concerns. Each group prepared the
findings of the assigned area as described in the major sections of this
document. The results of the operations discussed must provide the
data, knowledge, experience, and confidence to continue to the next
steps beyond the ETF in making fusion power a viable energy option. The
results from the ETF mission (operations are assumed to start early in
the 1990's) are to bridge the gap between the base of magnetic fusion
knowledge at the start of pperations and - that required to design the

EPR/DEMO devices.

xiii
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1. TINTRODUCTION

In September 1978 John Deutch, Director of Energy Research for the
U.S. Department of Energy (DOE), articulated the DOE policy for fusion
epergy.1 This policy statement, which covered both the magnetic con-
finement and inertial confinement approaches, outlined a three-phase
strategy to develop fusion energy as an economically attractive and
environmentally acceptable energy option. These three phases focus on
scientific feasibility, engineering testing, and reactor demonstration.

It is’anticipated that the scientific feasibility of both the
magnetic confinement and inertial confinement approaches will be achieved
during the 1980's. Following the achievement of scientific feasibility,
each of the two approaches will move from applied research into an
engineering testing phase. The vehicle by which the fusion program will
move into this phase of development is designated the Engineering Test
Facility (ETF). The ETF will provide a fusion environment test-bed for
the reactor components. These components will be the essential building
blocks of the facilities to be constructed and operated during the
reactor demonstration phase: the Engineering Prototype Reactor (EPR)
and the Commercial Demonstration Reactor (DEMO).

In order to initiate preliminary planning for the ETF decision in
the magnetic confinement approach, the Office of Fusion Energy (OFE)
established the ETF Design Center activity at Oak Ridge National Labo-
ratory (ORNL) to prepare the design of a tokamak ETF. At the same time,
a mirror ETF design task was established at Lawrence Livermore Laboratory
(LLL). ETF design tasks will be considered for other confinement con-
cepts as their physics performance is brought up to the level achieved
by the tokamak and mirror experiments. Currently the tokamak ETF effort
at the ETF Design Center is receiving the highest level of support
because tokamaks have achieved the highest level of plasma performance.
In any case, many of the key techmological and engineering problems of
magnetic confinement fusion concepts are generic in character;\thus, the
emphasized effort directed to the tokamak will be of general value to

_the»magnetic‘fusiQn program: Such geﬂe;ic iséﬁes’are highlighted by the



needs in materials, magnets, plasma heating by beams and by radio fre-
quency (rf) energy, impurity control and ash removal, tritium handling,
remote maintenance, and availability/reliability.

As a point of departure for the ETF'activities, it was deemed
essential to establish a well-defined statement on the mission of the
ETF in the overall fusion program strategy. In the FY 1978 The Next:
Step (INS) activities, the various design teams addressed the issue of
the mission for the TNS. The Office of Fusion Energy used the mission
statement results of last. year's TNS activities to develop a preliminary
mission statement for the ETF. In order to develop a more detailed and
complete mission statement for the ETF, the ETF Design Center organized
and conductcd an ETF Mission Workshop, held in Knoxville, Tennessees,
February 13-15, 1979. The Workshop focused on-a tokamak-based ETF;
however, the engineering and technology requirements of altérnate con-
cepts represented an essential element of the Workshop deliberations.
The Mission Workshop brought tbgether a broad range of expertise from
within the fusion community and involved representatives from both the
fusion research centers and industry. Approximately 100 representatives
of 25 organizations participated in the Warkshop.

In preparing for the Workshop, six.elements were emphasized as

being critical to its success:

(1) a well-defined reference case,

(2) a comprehensive set of topics,

(3) thé Selection of chairmen and participants expert in these
topics, ) N

(4) a broad fusion community representation and participation,

(5) detailed guidelines for conducting the Workshop, and

(b) preliminary discussions and interactions with the chairmen.

The reference case for the Workshop consisted of three elements:

(1) the TNS design parameters (see Appendix A.8), which provide a
reference set of characteristics for the ETF; (2) current EPR/DEMO param-
eters (see Appendix A.8), which provide a reference set of component
‘requirements for the ETF achievements and milestones; and (3) the Pre-

liminary Mission Statement drafted by DOE, which lists reference



objectives and a test plan for the ETF (see Appendix A.8). It is inter-
esting to note that the major differences in plasma characteristics

among the TNS, EPR, and DEMO designs are in the areas of burn time and
power density while the major differences in component requirements

among these designs are in the areas of availability and efficiency.

The ETF objectives proposed in the Preliminary Mission Statement were

cast in the context of sevén workshop subgroups, as indicated in Table 1.1.
Subgroup chairmen and participants were chosen to represent a high level

of technical expertise in each subgroup area. The subgroup chairmen and -

their respective institutions are also indicated in Table 1.1.

Table 1.1. ETF Mission Workshop subgroups and chairmen

Subgroup area Chairman
Alternate concepts R. Aronstein, Bechtel
Corporation
Blanket/first wall/shield technology C. A. Flanagan, Westinghouse
testing Electric Corporation
Heating/fugling technology testing L. D. Stewart, PPPL/Exxon
' Nuclear Company
Materials testing _ E. E. Bloom, ORNL
Plasma operations testing 4 ‘ J. M. Rawls, GA
Remote maintenance and engineering D. L. Kummer, McDonnell-Douglas
operations testing Astronautics Company
Tritium/particle collection : V. A. Maroni, ANL

technology testing

The ETF Mission Workshop was highly successful because of the
efforts of the chairmen and participants and the planning done before
the Workshop began, particularly the discussions and meetings held with
the subgroup chairmen. The contributions of the chairmen and the par-
ticipants were essential to the success of the Mission Workshop. The
Workshop output was very valuable and has contributed significantly to
the preparation of the ETF Mission Statement.?

The output of the Mission Workshop subgroup deliberations consisted

of charts that listed the following items for each subgroup area:



(1) the key issues, (2) the assumed status of the data base in 1990,
(3) the necessary milestones and achievements that would have to be
demonstrated by the ETF, (4) the requirements for the ETIF in terms of
its overall design and facility capabilities in order to achieve the
milestones, (5) the requirements in terms of testing time in order to
achieve the milestones, and (6) the major impacts relative to the
reference case in terms of design, facility, and testing requirements.
_The ETF Design Center Team took the output of the subgroup areas
and developed it into a consistent format. At this time some thought
was given to setting priorities in each subgroup area. The results were
circulated back to the subgroup chairmen and subgroup participants for
their comments. Presented :in Appendixes A.l1-A.7 are the rcsults of
these activities. The subgroup input was then integrated into an overall
operating schedule, and issues of overall priarities and impacts on tho
ETF were evaluated and assessed. A discussion of the Mission Statement
is included in Sect. 2 of this report. Appendix A.8 contains relevant
background information and a list of the Workshop participants.

The Mission Statement? represents a point of departure; it will be
updated and reviewed as the ETF Design Center activities proceed. With
the Mission Statement as a guide. the ETF Design Center will engago in
systems analysis and design specifications aimed at developing the most
cost-effecrive facility tor achieving the goals and objectives set forth
in the Mission Statement. The design specifications will then be used
to lay out an engineering design for the ETF. During thio timc a com-
prehensive R&D needs assessment will also be taking place. The R&D
needs assessment is being carried out as g fusion community activity and
will serve the requirements of both the ETF Design Center and the Inter-
national Tokamak Reactor (INTOR) activity being conducted under the
auspices of the International Atomic Energy Agency (IAEA). The output
of the R&D needs assessment will be integrated and evaluated by the ETF
Design Center relative to the specific requirements of the ETF. The
results of this evaluation and integration, together with the detailed
design work, will be used to make recommendations to OFE relative to the
ETF program, éost, and schedule. At this point the mission of the ETF

will also be reevaluated.



The ETF Design Center will then focus on the detailed conceptual
_design of the ETF, with a continuing updating of the R&D needs assess-—
ment and refining of the ETF Mission Statement. The ultimate objectives
of these activities are to prepare the ETF design and to perform the
associated project engineering and planning funcfions in sufficient
detail to support a decision point for the ETF at the earliest possible

date.
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2. ETF MISSION STATEMENT
2.1 INTRODUCTION

The ETF Mission Statement? was prepared by the ETF Design Center
based on available information, notably the suggestions and recommen-
dations of the ETF Mission Wdrkshop. The ETF Advisory Committee reviewed
the document and provided significant guidance, which was integrated
into the Statement. The ETF Mission Statement was also reviewed and
approved by the Department of Energy's Office of Fusion Enérgy. This
document represents a point.of departure and will be fevised as necessary

at least once a year. A continuing effort will be maintained to obtain

and incorporate all pertinent suggestions from throughout the fusion

community.

2.1.1 Definition of the Mission Statement

o

The Mission Statement defines the ETF activity during its operating
life. The results of those operations must provide the data, knowledge,
experience, and confidence to continue to the next steps beyond the ETF
in making fusion power a viable energy option. The results from the ETF
mission (operations are assumed to start early in the 1990's) are to
bridge the gap between the base of magnetic fusion knowledge at the'
start of operations and that required to design thé EPR/DEMO devices.

The ETF mission must represent the most expeditious way of pro-
ceeding to these demonstration activities, even though the magnetic
fusion concept to be used is not yet confirmed. The facility is to
address the engineering and technology issues of the march toward the
fusion energy option. The understanding that most of these issues are
generic to any magnetic fusion concept loosens the bounds that might
otherwise restrict or delay the choice of concepts and directs the

attention to the earliest fusion core that can provide the,reactor

environment for xesolutions that will benefit almost equally the con-

tending fusion approaches. These generic issues include materials,
superconducting magnets, neutral beans, rf energy injection, fueling,

impurity control and helium ash removal, tritium handling, maintenance,



plasma disruptions, and availability/reliability/operations/cost. The
emphasis on tﬁe tokamak as the first fusion core for the ETF is based on
its unique advanced stage of scientific feasibility demonstration. The
ETF mission will also include planned operations in support of the test

and study of nongeneric or‘alternate—copcept—specific engineering and
technology issues necessary to achieve the best design foundation for
proceeding with any of the probable approaches. The cost-effectiveness

of these design flexibilities will be carefully considered before inclusion

in the ETF design.

2.1.2 Purpose of the Mission Statement

The definition of the ETF mission is a major step in the iterative
process of defining and planning the ETF project. The Mission Statement
characterizes the demands to be placed on the ETF operations and hence
the design requirements necessary for the facility to meet those demands.

The iterative process includes the following major items:

(1) DOE po;icy,

(2) fusion power strategy,

(3) ETF role in the strategy,
(4) ETF mission,

(5) ETF design requirements, and

(6) ELTITF costs, schedule, and R&D needs.

Feedback loops abound and permit the broad iteration needed. The DOE
policy has been published.1 The fusion power strategy includes the key
milestones of (1) scientific feasibility, (2) the ETF, (3) EPR/DEMO, and
(4) finally a commercial power reactor (CPR). The role of the ETF in
the strategy is to bridge the gap between scientific feasibility know-
ledge and the knowledge required for the EPR/DEMO projects.

The determination of the ETF mission, operations, and tests that
will bridge the gap requires two sets of data: (1) the data, knowledge,
and confidence needed for an EPR/DEMO project and (2) the data, knowledge,
and confidence that will exist in 1990 at the beginning of ETF operations.

Then the role of the ETF can be defined and the designs can proceed.



The ETF Mission Statement uses the past studies on EPR/DEMO pro-
jects (see Appendix 8) to provide guidance as to what should be aécom—
plished before such a project is undertaken. Next, the 1990 data base
assumptions were made, largely with the input from the ETF Mission
Workshop, with the guidelines that (1) only those major projects now
planned or under way, plus modesi upgrades, will be available to add to
the data base and (2) the effective level of effort in applied plasma
physics, confinement physics, and development and technology will stay
the same as in FY 1979.

The time-phased data requirements that must be met to support the
ETF design process are being identified and will in turn provide a- basis
for assessing the adequacy of the presently planned R&D programs to meet
these needs. Iterations of the plans for these areas will be needed to
meet the project needs. Variations in the planned R&D will, of course,
alter the 1990 assumptions and thereby modify the ETF mission; reviéions
of the Mission Statement will reflect these changes.

The steps followed in preparing the ETF mission were to define, in
order, these areas: (1) the l990_data_base assumptions, (2) the achieve-
ments/milestones required froﬁ ETF operation for the EPR/DEMO projects,
(3) the necessary device/facility characteristics, and (4) the testing

schedules required for the achievements/milestomnes.

2.2 ASSUMPTIONS OF THE 1990 DATA BASE

The start of the ETF facility operations is assumed to be in the
early 1990's. In order to define the required ETF testing program or
mission that will provide the achievements needed for EPR/DEMO, the data
base of physics, technology, and engineering that is expected to be
available prior to ETF operation must be assumed. Additionally, the
data base required.to move to EPR/DEMO must be identified. The difference
between the assumed 1990 knowledge base and that necessary for the
EPR/DEMO designs is to be supplied by the ETF operations/mission. The
assumptions are based on the guidelines that only those machines now
planned (plus modest upgrades) are to be considered in estimating the

data base.
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The ETF is expected to be the major magnetic fusion facility in the
1990's, and althOugh its primary role will not be for plasma physicé
experimentation, the requirements for operation in new plasma parameter
regimes dictate an exploratory phase to define the physics relevant to
the subsequent engineering/technology testing phases. Safe, reliable,
and repeatable plasma operations are needed for the engineering test
phase, '

The ETF device must generate a data base adequate to proceed with
EPR/DEMQ designs. The designs used in the follo&-on reactors must be
confirmed by appropriate testing of the ETF systems. Ignition is the
gdal for the machine, and it is to be designed to produce a deuterium-
tritium (b—T) burning plasma to provide the environment for technology
qualification. The burn times will be targeted for hundreds of seconds,
limited by the volt-second capability. Necessary divertor action to -
avoid limitations on burn time caused by impurities and helium buildup
will be a key part of the design.

The development of the testing needs described in the ETF Mission
Statement assumed an adequate machine availability and a design approach
that would provide the flexibility needed to address some alternate-
concept-specific key issues in addition to defining the device sensitivity
to various operating parameter variations.

Somc key acoumptionc made in preparing the ETF Miosgion Statcment
may have considerably more impact on the ETF desigﬁ than others. In
many cases these crucial assumptions were also the most difficult to
substantiate. Such assumptions include methods of impurity control;
types and combinations of plasma heating systems; the dynamics of com-
plete plasma scenarios, including disruptions; maintenance philosophy;
test-proven bases for remote maintenance systems design; tritium pro-
cessing and control; security classification problems of tritium extrac;
tion; and desired test conditions (wall loading in megawatt-years per
square meter, etc,) for materials and blanket modules. There are two
important categories of assumptions: those that‘affect the basic ﬁachine
design and those that help define the testing program. The former ﬁust

consider that the basic design is to be frozen shortly after the projected
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start of Title I. The latter can be incorporated into the device if
sufficient flexibility is retained during design and construction.
The more important assumptions of the data base available in 1990

are noted below.

2.2.1 Plasma Operations

+ Impurity control

(1) Understanding of divertor physics and long pulse impurity
control feasibility under high power load; demonstrations
limited to short pulse experiments with modest pafticle
and heat fluxes.

(2) Exploration of divertorless operation on a variety of

devices.
+ Dynamic scenarios data base

(1) Startup — quantifiable information on all aspects.

(2) Heating —-demoﬁstration of density buildup, overdense
injection heating, and rf heating feasibility.

(3) Stability —-determinatioq of plasma beta and its control.

(4) Burn — information on high Q (Q > 1) operation from core
of Tokamak Fusion Test Reactor (TFTR) or Joint European
Torus (JET) by 1990. ,

(5) Shutdown — understanding of fusion quench and current

rampdown and abort scenarios.

2.2.2 Heating/Fueling Technology

+ Neutral beams

(1) Positive ion systems — 150-keV, 5- to 6~-s-pulse, 50=MW
systems, operating at 40% efficiency with direct recovery
and producing 2 kW/cm? of DO.

(2) Negative ion systems — beam development tests at 250 keV.
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* RF heating

(1) Electron cyclotron radiofrequency (ECRF) — significant
testing accomplished on T-10, the Impurity Study Experi-
ment (ISX), and the ELMO Bumpy Torus (EBT-II).

(2) 1Ion cyclotron radiofrequency (ICRF) — significant testing
'accomplished on the Princeton Large Torus (PLT), the
Poloidal Divertor Experiment (PDX), TFTR, and Doublet IIL.

(3) Lower hybrid heating (LHH) — megawatt-range testing on
Doublet IIA, Alcator C, and PLT.

Test results will have determined the efficacy of rf preheating and
the relative capabilities of the different methods for bulk plasma
Leating.

+ Dlellet injection

(1) Demonstration of system that can provide 20-100 pellets,

1-3 mm in diameter, per second at speeds of 1000-3000 m/s.

2,2,3 Tritium/Particle Collection Technology

» Technology for between-pulse pumpdown in hand.
+ Resolution of divertor question and demonstration of particle
collection method.
+ Demonstration in the Tritium Systems Test Assembly (TSTA) of
a workable system for fuel processing.
- Verification of tritium supply, control, and accounting
methods.

+ Resolution of security classification issues.

2.2.4 Blanket/First Wall/Shield Technology

. Subsﬁantial data from many machines and facilities, although
with modest barticle and heat fluxes.

- Broad technology advancements, limited by lack of adequate
nuclear test facilities.

* Complete coﬁtrol and/or avoidance of plasma disruptions not

established; essentially disruption-free operations obtained.
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2.2.5 Remote Maintenance and Engineering Operations

+ Test-proven techniques for designing remote maintenance
-systems.
*+ Confirmation of the need and value of extensive mockups and

models through use in ETF design and assembly.

2.2.6 Materials

» Adequate confidence to build the ETF, provided by testing of
materials in various facilities including the Oak Ridge
Research Reactor (ORR) and the Fusion Materials Irradiation
Test (FMIT) facility.

*+ Adequate nonirradiated materials properties proven by test

prior to ETF operation.

2.2.7 Alternate Concepts

"« Status of alternate;concept—specific data in the research or

development testing phase.

2.3 ACHIEVEMENTS/MILESTONES

The ETF Design Center has considered the achievements that must be
realized and the milestones that must be met to add to the assumed 1990
base of knowledge so that the level of understanding and confidence at
the end of the ETF will be sufficient to cénfirm the design bases for
the EPR/DEMO programs. The considerations for each major area are
described in some detail in Appendixes A.i-A.7. The highlights of the

recommended achievements/milestones are listed below.

2.3.1 Plasma Operations

-+ Impurity and particle control

(1) Achieve reactor-prototypical impurity control: low Zeff

with low Z impurities for long (hundreds of seconds) pulses.

(2) Demonstrate successful fueling and helium removal.
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*» Dynamic scenarios

(1) Optimize startup.

(2) Achieve reactor-level beta over long pulse (%100 s).
(3) Demonstrate stably controlled burn.

(4) Optimize the termination of high energy density plasma

discharges.

2.3.2 Heating/Fueling Technology

* Beams — obtain high availability (~90%) of 50 MW.

+ RT — achieve high availabilitLy (v90%) of selecred system at
power levels of 10-50 MW.

*+ Pellets

(1) Achieve 98% availability in sustained fueling mode.

(2) Optimize pellet size, penetration, and feed rate.

2.3.3 Tritium/Particle Collection Technology

* Demonstrate successful particle collection and recyecling for
long (V100 s) pulse D-T burns.
* Demonstrate the tritium-handling and control capabilities

necessary for EPR/DEMO designs.

2.3.4 Blanket/First Wall/Shield Technology

* Determine the adequacy ot tirst wall designs for EPR/DEMO
applicationo, withotanding physical and chemical spulleslug,
load cycling, neutron damage, and plasma disruptions and:
permitting ready replacement. |

+ Determine the adequacy of tritium-breeding blanket designs
for EPR/DEMO applications with respect to breeding ratio,
cyelic thermal hydraulic conditions, neutron damage, and

replacement.
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* Determine the adequacy of EPR/DEMO shield design concepts,
including penetration shields, with regard to shielding
effectiveness, activation, shield cooling, repair, and replace-

ment.,

2.3.5 Remote Maintenance and Engineering Operations

* Demonstrate maintainability of device components.
* Obtain experience from ETF operation for maintainability and

design of EPR/DEMO.

2.3.6 Materials

 Determine the performance of critical EPR/DEMO materials in

the fusion environment (requires at least 6 MWyr/m2).

2.3.7 Alternate Concepts

* Determine specific problems that can be addressed with no
major ETF design impact, incorporate necessary flexibility,

and accomplish tests.

2.4 TESTING SCHENIT.FE REQITREMENTS

The necessary ETF achievements/milestones fall into three cate-
gories: (1) machine dedicated — other test activities are largely _
interfered with, (2) noninterference — other concurrent significant test
activity can continue, and (3) continuous — activities that are con-
ducted as a part of the normal operation. Obviously the largest schedule
impact results from the machine-dedicated tests that prevent the per-
formance of other tests.

The purpoces of the tests are two-fold: (1) to provide the necessary
confidence level to design EPR/DEMO and (2) to aid in the best concept
selection from competing possibilities. The latter area would encompass
such concerns as bulk plasma heating by neutral beams and by radio-
frequency, impurity control concepts, and plasma dynamics control

approaches.
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There is a recognized need for a hydrogen test period, a shakedown
period during which the integrated operation of the ETF is checked out
in an essentially hands-on mode. In this period an ambitious test
schedule for plasma operations is required, and some of the remote
maintenance techniques must be proved. The highlights of the testing
needs in the hydrogen test phase are shown in Table 2.1. Some of the
tests within a subgroup area may be done in parallel, so the individual
test times do not add up to"the total time required as shown for the
area. The highlights of the D-T test phase are shown in Table 2.2,

which indicates a rather extensive set of needs.

2.5 .INTEGRATION AND PRIORITIES

As planned, the ETF Mission Workshop concluded with the presentation
of the findings of the various subgroups. These results have been
integrated with other findings, and relative priorities have been
established by the ETF Design Center. Reviews and periodic updates of
these considerations are planned.

The integration and priorities deliberations are concerned with the
apparent problem that the total needs suggested by various considerations
do not easily mesh into the reference case designs and mission. The ETF
Mission Workshop subgroups addressed their assigned areas only, and the
results of their work had to be integrated with other considerations to
reflect the relative importance of the suggested approaches. The
priorities determination used consists of three parts: (1) first
priority is given to work on those elements that are expected to be a
basic part of the EPR/DEMO, (2) second priority is given to activities
that pertain to determining whether a competing approach is preferred
for EPR/DEMO, and (3) last priority is given to the remaining more
generic recommendations that add to the general data base.

The first priority tests aim at the establishment of confidence in
the reliability and availabjlity of systems that are expected to form
the foundation for the EPR/DEMO designs. Second priority tests would
include the testing of rf plasma heating to determine if it is a better

approach than neutral beams or if a combination would be preferred.
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Table 2.1. Hydrogen phase test needs (V1 year)

Subgroup ; Test area Test timea

Plasma (assuming 25% machine availability) ~ Dedicated time < 1 year
Achieve adequate cleanliness in hydrogen 3 months
Optimize I_ initiation and rampup 2 months
Achieve nt > 101%* cm™3 s ’ 7 months

Achieve adequate heating scenario (physics)
Produce and control modest beta plasmas
4 months
Optimize shutdown for high energy density
hydrogen plasmas

Heating/fueling technology Noninterference time < 1 year

Achieve necessary beam heating and
pellet injection test experience
and confidence to enter D-T phase

Particle collection technology Noninterference time < 1 year

Demonstrate divertor to the extent
hydrogen operation will permit

Maintenance/engineering operations Noninterference time < 1 year

Test maintenance techniques and pro-
cedures thal cauunuvl be dune uvan
major mockups and during machine
assembly

Tests within a subgroup may be in parallel so that the total subgroup
time will not equal the sum of the specific test times.
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Table 2.2. D-T phase test needs (>15 years)

Subgroup Test area Test time ,
Plasma (assuming 257 machine availability) Dedicated time v 1 year
I
Achieve Q > 5 o A
pemonstrate thermal control r 6 months
Quantify alpha particle heating and
transport J
Produce and control high beta, ignited, D-T "
plasma for long times
Demonstrate reactor—prototypidal impurity
control \ 6 months
Demonstrate fuel depletion and ash accumu-
Jarion concrol
Establish reliable fusion core operation
for engineering testing
Validate scaling laws in reactor-relevant
regime Continuous N
Optimize fusion plasma performance
Heating/fueling technology Noninterference Liwe v 7 years ”
Demonstrate efficiency and reliability
for EPR/DEMO
Tritium/particle collection " Noninterference time v 10 years
technology
Divertor collector tests
for EPR/DEMO ~ 5 years
Pertormance and reliability necessary
for EPR/DEMO A2 years
Demonstrate fuel processing and tritium
inventory control for EPR/DEMO "8 years
Blanket/first wall technology V14 years
e .
Test and qualify first wall design for EPR/DEMO V5 years
Electricity production demonstrated w3 years _ ‘
Tritium-breeding blanket design tested and qualified
(two tested) for EPR/DEMO V7 years .
Shield concepts tested and qualified for EPR/DEMO V10 years

Synfuel blanket candidates tested and qualified A w4 years
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Table 2.2 (continued)

Subgroup Test area Test time

Maintenance and engineering operations Continuous

(Mdintenance/repair/replacement as needed)

Materials Noninterference time 1 year + continuous
' 9 years Vv 10 years

Correlation with other test -

data vl year
Test candidate materials :
(6 MWyr/m?) 9 years
Alternate concepts technology ' Continuous

Alternate concepts technology needs also met
by ETF tests include

First walls

Blanket and shield

Fueling

Vacuum systems

Blanket processing (tritium and synfuel)
Power conversion

Materials ‘

Tritium handling
Reliability/availability

Alternate concepts technology needs largely met
by ELF tests include

Superconducting magnets

Neutral beam systems

RF systems

Power supplies

Tmpurity control and ash removal
Cryogenic systems

Heat transport systems

Remote maintenance

Alternate concepts technology needs requiring
separate tests include

Instrumentation and control
Direct power conversion
Poloidal field energy recovery
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Last priority tests would include the evaluation of a synthetic fuel

(synfuel) blanket that provides data valuable for all reactor design

' cohsiderations but not necessarily essential to the EPR/DEMO success.
The results of the integration and time phasing of test priorities

provide the basis for a g§nera1 description of a facility with the

following characteristics, which are designated the ETF preliminary

design requirements.

(1) The first fusion core, a tokamak, is to be an ignited, long
pulse, D-T burning machine.

(2) The initial conceptual design effort should include a
divertor system, and it is expected that a divertor system will be
included throughout the conceptual design phase. Coulluulug parallel
studies will provide guidance in compafing a bundle divertor (in the
present baseline design) with a poloidal divertor and divertors with
divertorless operation. Although it is doubtful that experiments
would support the selection of a divertorless ETF design before 1984,
the appropriate design modifications to reflect this choice could
be made even into the Title I design phase.

(3) The device design should include neutral beams as the prime
plasma heating approach but provide the flexibility for rf heating at
equivalent power levels. Narrowing the rf candidate frequencies to
one is desired. The capability for combined rf aud ueutral bean
heating should be planned.

(4) The device availability (defined as the percentage of
calendar time when the machine is operational for testing) shall be
targeted for 257% during hydrogen operation and the first two years
of D-T operation. The target availability thereafter is 50%Z. All
systems shall be designed to their necessary reliability goals to
achieve this availability.

(5) Fueling will be provided by pellet injection and gas puffing.

(6) The device design will have a secondary vacuum_enclosure.

(7) The ETF maintenance concept shall be reactor relevaul.
Design envelopes shall be established for areas in which remdte,

semiremote, and hands-on maintenance will be applied. Specific means
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for repair or replacement of all components within the remote and
semiremote envelopes that are subject to failure during the expected
lifetime of the facility must be developed and demonstrated prior

to ETF initial operation. Emphasis is to be placed on minimizing
the size of the envelopes within which remote and semiremote main-
tenance will be required, consistent with the need to achieve the
lowest mission cost. An ETF design goal shall be to allow hands-on
maintenance external to the toroidal field (TF) coil shield.

(8) The means for testing different blanket, first wall, and
shield modules will be incorporated. Ease of changeout of test items
will be a design requirement. Reactor-relevant electricity and synfuel
production modules and tritium-breeding blanket modules will be tested.

(9) Material test stations will be provided in the design. Their
number and size will be assessed in the conceptual design phase.

(10) The device is to provide a time-integrated wall load of
26 MWyr/m? during its mission.

(11) Systemé shakedown aﬁd check-out will be completed during
assembly and prior to the beginning of scheduled operations.

(12) The feasibility and impact of providing for the testing of
fusion-fission hybrid blanket modules will be assessed, and recommen-
dations to OFE on their inclusion in the facility will be made in the
conceptual design phase.

(13) A decommissioning and post-mortem period will be incorporated
to permit remote maintenance and disassembly and materials investigation.

(14) Testing and qualification of reactor-relevant diagnostics

will be included.

The test schedule that has evolved from these considerations is

shown schematically in Fig. 2.1.
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APPENDIX A.1l

PLASMA OPERATIONS TESTING
A.1.1 INTRODUCTION

Plasma operations testing was considered at the ETF Mission Work-
shop by a subgroup including the participants listed in Table A.l.1l.
This appendix summarizes the discussions of this subgroup.

The ETF will be the prime magnetic fusion facility in the 1990’'s,
and although it will not be a plasma physics experimental device, a
period of physics investigations will be necessary. Because the device
must operate in wholly new parameter regimes, a lengthy exploratory
phase is essential to define the parameter space relevant to the subse-
quent engineering/technology testing phases. In addition, a thorough
plasma operations testing phase will help to ensure the safety, reli-
ability, and repeatability needed for subsequent phases.

The design philosophy is that the device must generate a data base
adequate to proceed with power reactor design and establish a iong pulse
fusion core adequate for engineering testing. Ignition is a goal, but
even if the plasma does not ignite, in principle one can still generate
the requisite data base for component qualification with Q > 5. However,
in that case there would be gaps in the physics data base for EPR/DEMO.

Under this philosophy several key issues in the physics operation
testing of the ETF have been identified: transport, heating, impurity
control, plasma stability control, and dynamic scenarios. The issues,
the assumptions supporting.them, the milestones to be achieved, and the
device requirements are listed in Table A.l1.2. The testing schedule is
shown in Fig. A.l,1.

In evaluating these key issues, it has been assumed that the machine

‘design will he frozen in 1984 and that information acquired after that
date will be too late to have a significant impact on major design
principles. Design flexibility is desirable, but only to the extent
that initial capital costs are not appreciably affected. It has further
been assumed that the machine is adequate from a technology standpoint

to produce a long pulse, D~T burning plasma.
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Table A.1.1. Participants in plasma operations testing subgroup

J. M. Rawls, Chairman GA

J. D. Callen ORNL

J. F. Clarke OFE

D. Cohn : MIT

R. W. Conn University of Wisconsin

G. A. Emmert University of Wisconsin

G. E. Guest GA

R. L. Miller GA

Y-K. M. Peng ORNL

J. A, Schmidt PPPL

J. H. Schultz MIT/Woptinghouoo Elootric
Corporation

S. Yoshikawa PPPL




Table A.1.2.

Key issues for plasma operations testing

(asstming design in 1984 and operation in 1990)

Key issues

Assumptiors

Milestones

Device requirements

Transport

Heating

Impurity contrcl

Stability control

Dynamic s:2narios

Current trans>ort results extrapo-
latable to reactor regime '

Thermal alpha and fast ezlpha under-
stood suffiziently not to undermine
the above

Positive ions — thorougkly tested

RF — results of high power experiments
using ICRF, LHH, and ECERH

Negative ions — results extrapolatable
from positive ion results

Compression — negligible data by 1984

Improved understanding of surface and
boundary physics

Wall conditioning optim:-zed

Data base from JET and JT-60 before
1990

Demonstration and contrel of B > 5%,
short pulse hydrogen plasma

Demonstration of improved disruption
control techniques

Understanding of disrupzion mechanisms
and time scales in hydrogen plasmas

Quantifiable information on all aspects
of startup

Information on finite Q operation from
core of TFTR and JET by 1990

Understanding of curren: rampdown and
abort scenarios

Confirm bulk transport predictions

Achieve Q > 5 via complementary
auxiliary and alpha heating
Demonstrate acceptable coupling

efficiency and profile effects

Achieve reactor-prototypical
operation

Assess fuel depletion and ash
accumulation situation

Produce and control high beta,
D-T burning plasma for long time
Establish disruption-free operating
regime

Optimize startup

Operate with Q > 5 for a lcng time

Optimize termination of high energy
density plasma discharges

Achieve nt > nT min

50-70 MW of auxiliary power
that penetrates and is
absorbed by the plasma

Zeff < 1.5, low 7 only

Reduction of heat loads to
manageable levels

2ossible poloidal or bundle
divertor

Adequate PF coil design and
PF power supplies for I&C

First wall capable of sur-
viving minimum number of
disruptions

Adequate power supplies,
preionization techniques,
and volt-séconds

Adequate PF coil time
response and first wall

Lt
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A.1.2 TRANSPORT

A.1.2.1 Assumptions

‘There already exists a voluminous body of information for bulk
transport; by 1984 additional transport information should be available
‘on high temperature plasmas and alpha particles. Gaps will exist in the
data base for thermal alpha and fast alpha transport at reactor-relevant
na/ne. However, for the most part bulk transport predictions for the

ETF will involve only modest extrapolation.

A.1.2.2 Achievements/Milestones

The uncertainty in the bulk transport is such that while high Q
operation is a virtual certainty, ignition cannot be guaranteed in a

device of INTOR parameter size and heating power.

A.1.2.3 Device/Facility Requirements

Achieving high Q operation will require that nt > nt min and only a

small fraction of the central power may be lost through radiationm.

A.1.2.4 Testing Schedule Requirements /

Testing of plasma transport should be carried out during the entire
plasma operations‘testing phase of the device, which, it is estimated,
will take three vears of machine time. Maintenance of and further
improvements in plasma operations should be carried out through the

machine life on a noninterfering basis (see Fig. A.1l.1).

A.1.3 HEATING

Many of the aspects of heating are discussed under the general
subgroup of heating and fueling. Here an assessment is made with regard

to plasma operations.
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A.1.3.1 Assumptions

Auxiliary heating .options considered are discussed below.

150-keV positive ions

By 1984 positive ion source neutral beams will have a thorough
testing in a variety of deVices, and it is possible that relevant startup
scenarios will then be tested in TFTR. Ripple injection will be tested

in ISX.

Negative ions

The data base for negative ions in 1984 will be scant, but results
may be inferred from the cxtrapolation of positive ion data. Negative
ion source neiitral beams present an uncertain but potentially significant

heating mechanism.

RF heating

Results of high power experiments using ICRF, LHH, and ECRH will be
available in 1984. ICRF and LHH are technologically attractive and
potentially cost-effective whereas ECRH is technologically difficult for
high field, high beta applications. However, the extrapolation of ICRF
and LHH results to an ETF plasma is not understood. ECRH is potentially

attractive as a profile control mechanism.

Compression

Neutral beam heating boosted by compression provides a high prob-
ability for success, although the impact upon the design of the poloidal
field (PF) coils, first wall, etc., may make this_scheme unattractive.
TFTR may provide some relevant information by 1984 and more by 1990. A

compression-boosted ITR may generate directly applicable data.
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Alpha heating

Alpha heating is an essential component in achieving high Q operation
or ignition. Although there will be negligible data by 1984, by 1990
the TFTIR Improvement Project (TIP), JET, and possibly ITR will provide

plasmas with core energies significantly affected by alpha particles.

A.1.3.2 Achievements/Milestones

The primary milestone for heating is to achieve High‘Q or ignition’
with a combination of auxiliary and alpha heating. In addition, ahy of
the auxiliary heating mechanisms must demonstrate (in the ETF) acceptable
coupling efficiency and acceptable profile effects for reactor-grade

plasmas.

A.1.3.3 Device/Facility Requirements

Achieving high Q or ignition will require 50-70 MW of auxiliary

power that penetrates and is absorbed by the plasma.

A.1.3.4 Testing Schedule Requirements

During the hydrogen phase, heating tests and scenarios will be
conducted to achieve nt > 10!* em~3 s and modest beta values. 1In the
D-T testing phase, auxiliary heating should produce high Q or ignition

(oec Fig. A.1.1).

A.1.4 TIMPURITY CONTROL

Impurity control may be the least understood of the key plasma
- issues. Turthermore, the data basc available in 1984 will not be as
relevant as necessary because present and planned devices include pulses
that are too short, heat and particle fluxes that are too small, and

problems of ash accumulation that are not being confronted.
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A.l1.4.1 Assumptions

It is assumed that the data base available in 1984 will provide
improved understanding of surface and boundary physics and that wall-
conditioning techniques will have been optimized. By 1990 JET and
JT-60 will provide more reactor-relevant results because of their longer
pulses and increased heat loads.

The impurity control technique that would have the largest overall
impact upon the ETF design is the divertor. However, the 1984 data base
for divertor operation will be of limited use because of the sﬁort

pulses and modest particle and heat fluxes.

A.1.4.2 Achievements/Milestones

The primary milestone with regard to impurity control will be the
achievement of reactor-prototypical operation. Once this is done, it
"will be important to assess the problems of fuel depletion and ash

accumulation.

A.1.4.3 Device/Facility Requirements

Requirements for the ETF device are Ze < 1.5, only low Z impu-

rities, and heat loads reduced to manageabliflevels. Satisfying these
requirements should allow the ETF to achieve reactor-prototypical
operation and should also allow an assessment of fuel depletion and ash
accumulation. Use of a divertor will complicate the field coil design,
require a divertor collector, and modify the fueling systems. On the
other hand, divertorless operation may limit burn time to tens of seconds

or less because of helium ash buildup.

A.1.4.4 Testing Schedule Requirements

It will be necessary to test impurity control techniques during the
entire plasma operations testing phase. The major requirement is to

control impurities for long pulses with high power loads (see Fig. A.l.D).
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A.1.5 STABILITY CONTROL

Control of plasma stability is necessary to achieve high beta

operation and to avoid major plasma disruptions.

A.1.5.1 Assumptions

The assumed data base for this key issue is an encouraging omne. By
1984 thedry and experiment will have merged on the issue of beta limits,
demonstration and control of B > 5% in short pulse hydrogen plasmas will
have been acquired, and improved disruption control techniques will have
been demonstrated experimentally.

By 1990 there should be increased confidence in shaping and control
techniques, and some long pulse data will be available from JT-60 and
JET. There will also be information on spatial and temporal behavior

‘and the deposition of high Q, D-T disruptions.

A.1.5.2 Achievements/Milestones

Milestones for ETF operation in this area are to produce and control
high beta, D-T burning (or high Q) plasmas for long times and to establish
an essentially disruption-free operating regime for future engineering

testing.

A.1.5.3 Device/Facility Requirements

Control will require an adequate PF coil design and PF power
supplies sufficient for instrumentation and control. The possibility of
disruptions will also affect requirements for the first wall.

’

A.1.5.4 Testing Schedule Requirements

Primary testing of stability control will occur during high beta,
low Q operation of the D-T plasma operations phase (see Table A.l.2 and

Fig. A.1.1).
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A.1.6 DYNAMIC SCENARIOS

The final key issue in the area of plasma operation testing, dynamic
scenarios, has been divided into three phases: startup, burn, and

shutdown.

A.1.6.1 Assumptions

Of the three phases, startup should be the best understood by 1984,
when quantifiable information will be available on all aspects of starfup.
AIthough skin currents could present a problem in a device the size of
the ETF, this issue may also be understood hy 1984.

On the other hand, there will be no data base in 1984 that will
directly address.the burn scenarios. Information on high Q operation
from the core of TFIR and JET will be available before 1990. An ITR
would be required to provide the relevant data base for an ignited
plasma.

It is assumed that there will be a better understanding of current
rampdown and abort scenarios by 1984 and particularly by 1990. This
should provide input for the required PF coil time response and first

wall design on the ETF.

A.1.6.2 Achievements/Milestones

The milestoncs for this issue are straightforward: optimization of
startup, achievement and control of burn, and optimization of the termi-

nation of high energy density plasma discharges.

A.1.6.3 Device/Facility Requirements

Device requirements for optiwized startup scenarios include adequate
power supplies and volt-seconds, which will depend upon the type of
preionization selected.

The device requirements to ensure adcquate burn will depend upon

the burn control mechanism (compression, ripple, fueling, etc.).

\
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Specific current rampdown and abort scenarios will impose require-

ments on the PF coil time response and first wall design.

A.1.6.4 Testing Schedule Requirements

Startup and shutdown scenarios must be tested throughout the
hydrogen and D-T plasma operations testing phases. The burn phase must

be tested during the entire D-T phase.

A.1.7 TEST REQUIREMENTS AND DATA BASE

The proposed schedule for plasma operations testing has been deter-
mined assuming that assembly and shakedown will proceed to the point
that the device becomes available for meaningful experimental tests in
1990. The plasma operations testing milestones and timetable appear in
Fig. A.1.1, where it can be seen that the assumed total period required
from initial hydrogen discharges to the . establishment of a disruption-
free, long pulse, high Q, D-T operating regime is three years. To meet
this ambitious milestone schedule in three years will require device
operation with no significant unscheduled downtime and with all systems
available when needed. This is expected to result in stringent require-
ments .on component reliability. A

The proper evaluation of the key physics issues and theéir impact on
the ETF design hinges on the anticipated 1984 design base. It has been
assumed that in most physics areas, information.acquired after that date
will be too late to have an impact on the ETF design if the device is to
be completed by 1990. An evaluation of the 1984 data base is presented
in Table A.1.3. Each of the key issues is rated on a scale from A
(excellent) to C (acceptable) in three areas: (1) the diversity of the
data base, (2) the promise the data base holds for a beneficial impact
on the ETF design, and (3) the relevance of the data base to the ETF
design. This table is meant to serve as a rough guide to interpreting
the anticipated status of each of the key issues: It can be seen that
the success of impurity control and dynamic scenarios will be the most

difficult control to ensure, based on the assumed status of the data
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base. On the other hand, the areas of transport, heating, and stability
control should be much better understood and should provide reasonable

confidence for extrapolating to ETF regimes.

Table A.1.3. Evaluation of the 1984 data base
for plasma operations testing

Issue Diversity Promise Relevance
Transport A A B
Heating A A B
Twpurity control R C a
Stability control B B c
‘Dynamic scenarios C B C

YTheoretical work will be available. Experimental evidence available by
1984 may not be relevant.
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APPENDIX A.2

HEATING/FUELING TECHNOLOGY TESTING
A.2.1 INTRODUCTION

The heating/fueling technology testing subgroup divided its delib-
erations into two separate items, fueling and heating. Participants in

this subgroup are listed in Table A.2.1.

A.2,2 KEY ISSUES

The key issues in fueling are determining the need to inject the
fuel to the center of the plasma vs to the rim or edge and then success-
fully developing a device to handle the required pellet size, velocity,
and repetition rate. The discussions indicated that there is an advan-
tage to fueling off-center and that the present injector deve}opment at
ORNL can lead to a satisfactory application for the ETF.

The key issués with regard to heating are the need for neutral beam
injection higher than 150 keV, which would favor the development of
negative ion techniques, and the need for or desirability of rf heating.
Assuming that rf heating is desirable or required, the next issue is to
determine the best type of rf heating. There was a clear indication
that pnsifive ion neutral beam injection is the present leader, but no
agreement was reached on the need for higher energy injection or the

possibility that rf heating might be more advantageous.

A.2.3 ASSUMPTTONS

A.2.3.1 Fueling

It was assumed that fueling will be accomplished by a combination
of gas puffing and pellet injection. For pellet injection it was assumed
that a pellet accelerator with an integrated pellet injection line will
be available., The accelerator will be based on either a presently

operating accelerator concept (mechanical centrifugal accelerator,
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pneumatic accelerator, or liquid droplet injector) or a technique still
in the conceptual stage (laser acceleration, liquid jet, or magnetic

accelerator).

A.2.3.2 Heating

Positive-ion-based neutral beams

It was assumed that the ETF will require a 150-keV beam energy, a
5- to 6-s pulse, and 50 MW and that this technology will be available

along with direct recovery to allow a 40% efficient system.

Negative-jon-based neutral beams

It was assumed that the substantial R&D required to prepare negative
ion systems for the ETF will be undertaken and will be successful. The
considerations, requirements, and impacts for a 150-keV negative-ion-
based system will be the same as for a positive-ion-based system, except

that a 50% efficient system is assumed.

Ripple injection

Ripple injection, it was assumed, will be effective and highly

efficient (v50-70%).

Electron cyclotron healluy

It was assumed that electron cyclotron heating (ECH) will be
effective and that successful development of 150-GHz, ~1-MW long pulse
units with =30%. source efficiency ‘(nH) and low-loss coupling units will

be accomplished.

Ion cyclotron heating

It was assumed that ion cyclotron heating (ICH) will be proven
effective and that a concerted R&D effort will result in the development

of long pulee, 10-MW modules with suiﬁable coupling structures.
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Lower hybrid heating

It was assumed that lower hybrid heating (LHH) will be proven
effective in the megawatt range and that optimized coupling systems will

be developed.

Low frequency heating

For low frequency heating (LFH) it was assumed that a larger physics
base will be developed, including large-scale heating experiments, 307%

heating efficiencies, and the design of coupling systems.

Comgression

It was assumed that the usefulness of compression will be demon-

' strated on TFTR.

A.2.4 ACHIEVEMENTS/MILESTONES

A.2.4.1 Fueling

The recommended ETF missions are to demonstrate the reliability and
availability of sustained fueling operation and to optimize pellet
penetration, size, and feed rate. The demonstration of reliability is
necessary for ETF operation and therefore must be obtained primarily
off-site prior to ETF operation.

Parameter optimization requires extended operation integrated into
normal plasma maintenance and control operations. Each injector requires
a significant throughput of tritium (v0.3 g/s) to maintain plasma burn

and particle losses.

A.2.4.2 Heating

For positive ion neutral beam systems, the recommended ETF mission
is to attain 90% availability of the 50-MW system while increasing the
system efficiency to 50%. The 90% availability is particularly important

if beams are to be the primary heating system.
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The milestones for the other heating systems on the ETF are also to
obtain availability data and to increase efficiency. ECH may be effective
in providing profile control and startup and in complementing other
heating systems. ICH would demonstrate a 5-keV preheat, discharge
duration heating to high Q, ignition with shorter pulse duration, and
minimization of neutron escape by coupler design optimization. Compression
would be used on the ETF to optimize the ignition scenario as a complement

to another heating technique.

A.2.5 DEVICE/FACILITY REQUIREMENTS

A.2.5.1 Fueling

Because gas puffing was not treated explicitly in some of the
reference designs, only a potential reference design impact is noted.
The/tritium—handling and divertor design must anticipate the high

particle recycling rates.

A.2.5.2 Heating

It was suggested that the torus heating segments be designed with
ports and access compatible with either positive or negative ion neutral
beams or with any of the rf techniques. It is recommended that, if a
primary heating method is selected to ensure the achievement of other
ETF goals, an additional port or ports be made available for the testing
of altcrnative heating techniques.

For positive ion beams it was estimated that five beam lines will .
be required to provide 50 MW and that one additional beam line will be
necessary to providé 90% availability through redundancy. This means
that more space, power supplies, and facilities will be required than
estimated in the reference design, which assumed four beam lines.

It is noted that a positive-ion-based neutral beam system designed
for 50 MW of D0 will provide only about 25 MW of HO.. If a higher beam

energy is required and/or obtainable with negative ion beams, fewer beam
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lines may be required. This would result in less of an impact on the
reference design, and higher energy would be available during 1o
operation than with the positive ionlsystem.

For ripple injection vertigal.beam lines will be required in place
of horizontal lines. The application of beam lines above‘or below the
torus would require a significant change in the reference magnetics
design.

Two impacts on the reference design were noted for ECH: (1) the
launching structure and torus design may have to be integrated and
(2) relatively small access is required.

For ICH the mission requires six sector coupling systems, ingluding
one backup system to ensure 90% availability and one system devoted to
coupler optimization. Impacts on the neutral-beam-based reference
design heating system are (1) the possible need for integrated wall and
coupling structure designs, (2) designed access through the blanket, and
(3) space outside the machine cell area for rf sources and supplies.

For LHH the ETF will need access for 50 MW at 2 kW/cm?. The ‘impacts
on the reference design are more space for the remote siting of power
systems and the lack of a direct line-of~sight requirement, easing.
ncutron-streaming problems.

It 15 possible that LFH might réquiré a difficult integration ot
the coil and torus design.

With compression the reference design will require a redesigning of

the torus, magnetic systems, and electrical systems.

A.2.6 TESTING SCHEDULE REQUIREMENTS
A.2.6.1 Fueling

The injection line and injector would have to be developed in a
tritium-handling area{ thus, a major time period to place it in operation
on the ETF would not be required. To obtain the optimization of pellet
size, penetration, and feed rate, two years would be required, with

about one year of this time under D-T operation.
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A.2.6.2 Heating

Two to three years of ETF operation are required for all the heating
systems to complete thelmission goals of  improving efficiency and
‘optimizing components. Their operation for longer periods would provide
additional data on. efficiency, reliability, and availability.

For remote handling of neutral beams, an important ETF mission
would be the remote replacement of both a major subsystem, such as a
magnet or cryopump, and a complete beam line. For rf systems the remote
replacement of an entire system would be sufficient. Six months of

machine downtime during the hydrogen phase was an estimated requirement.

A.2.7 CONCLUSIONS

The conclusions of the heating/fueling technology testing subgroup

are summarized in Tables A.2.2 and A.2.3.



Table A.2.2. Fueling technology

Key technical Device/facility Reference design
components Assumptions Milestones rejuiremer:s Testing time impacts
Pellets Accelerazor type: mechanical Information obtainad A back-up and a Short shakedown Minimal impact on

centrifuge, pneumatic gum, ocn sustained spare injec- " period fol- tritium-handling
or liquid jet fueling mode and tion line low=d by system and
Pellet radius: 1-3 mm cn optimization of saould be ext=nded divertor design
Velocty: 1000-3000 a/s fellet penetration, considered operation
Frequency: 20-100/s pellet size, and intagrated
feed rate into normal
macaine
schadule
Gas puffing None Contributiors to Small port and Short shakedown

ocontrol of machine space
parameters required
determined

period fol-
lowed by
opeTation
integrated
into normal
machine
schedule

Tritium-handling
and divertor
systems must be
designed for
higher particle
recycling

kA%



Table A.2.3. Heating technology

Key technical
compor.ents

Assunptions

Milzstones

Cevice/facility
requirements

Testing time

Reference design
impacts

Positive ions

Negative jions

Negative ions

Ripple injection

ECRF heating

ICRF heating

Lower hybrid
heatiag

Low frequency
heating

Compression

150 keV, 5 to 6 s, 50 MW,
2 kW/cm? DY, 40% effi-
ciency with direct
recovery

150 keV, 2 kW/cm? DY, 50%
efficviency without direct
recovery

250 keV, 4 kWfem? D°, 50%
efficiency without direct
recovery

90 kev, 3-4 W/cem? DO, 50%
efficiency withouz direct
recovery

Positive results on T-1G,
ISX, EBT-II (nH = 30% on
electrons); R&D eifort to
obtain 150 GHz; m2gawatt
systems with low-loss
coupling system, H & 30%,
and long pulses

Efficient heating (WH =
50%) capability d=mon-
strated on large tokamaks
(PLT, PDX, TFTR, Joublet
11, etc.); impurity
inflyx controlled; depo-
sition profile coatrolled;
long pulse, 10-MW modules
available; R&D of suit~
able coupling structure

Megawatt range heating
experience available from
Doublet IIA, Alcator C,
PLT, and cther large
devices ([oublet III,
PDX, TFTR) or a dedicated
rf device; optimized
coupling systems; physics
understancding of coupling,
wave propzgation, and
heating efficiencies

Coupling system design;
large-scale heating
experiments required;
more physics base;
nH = 30%

Demonstrated as useful on
TFTR

Obtain availability informa-
tion; achieve 50% effi-
clercy

Obtair availability informa-
tion; achieve 70% effi-
ciency (implement direct
recavery)

Obtain availability informa-
tion; achieve 70% effi-
cdency (implement direct
recovery)

Obtain availability informa-
tion; achieve 70% effi-
ciency (implement direct
‘recovery)

nH = 30% on electrons for
grofile control 10-MW
cystem operation; profile
control startup; comple-
went other heating
scenarios

Obtain availability informa-
1ion; nH 2 50% (overall);
%“-keV preteat and long
pulse (v6 s for ignition
sr discharge duration for
driven high Q operation);
ninimize neutron =2scape

Ob:ain availability informa-
:ion; demenstrate reliable
speration with overall
teating efficiency #50%
Zor 50-MW power levels

Obzain ‘availability informa-
-ion; nK # 50% (overall)

Opcimize ignition scenario

Extra beam lines for
required availability
and maintenance
should be considered

Back-up and spare beam
lines should be
considered

Extra beam lines for
required availability
and maintenance
should be considered

Extra beam lines for
required availability
and maintenance
should be considered

No special requirements

Sector coupling systems
(v2 kW/cm?) with
consideration for
availability and
spares; 1 sector
devoted to coupler
optimization (modular
design preferred)

Port access for 50 MW
(vkW/cm?) with con-
sideration for avail-
ability and spares

Possible integration of
coil "in machine
design"

Determination of advan-
tages of compression
fcr future applica-
tions

2 years of machine
operation after
hycrogen phase

8}

years of machine
operation after
hydrogen phase

~

years of machine
operation after
hydrogen phase

N

years of machine
operation after
hydrogen phase

N

years of machine
operation

~

years of hydrogen
and 3 years of
D-T machine
opaeration; down-
time for coupler
changer

Check-out during
hydrogen phase;
3 years of oper-
ation during
ignition phase
for reliability
and optimization
studies

2 years of machine
operation after
hydrogen phase

2 years of machine
operation after
hydrogen phase

Space, power supplies,
and facilities
required for extra
beam lines

Space, power supplies,
and facilities
required for extra
beam lines

None (alleviates
previous space
problems)

Ports and space allo-
cation required for
vertical injection,
magnetics system
design; no horizontal
space requirements

Small access region
required; possible
inside/outside
launching

Designed access through
blanket; coupling
structure design may
be integrated with
wall design; rf
sources and supplies
require space outside
machine cell area

Remote siting of power
systems waveguide
coupling avoids
internal structures;
direct line-of-sight
not required

If large coils are
required, must be
integrated with
machine design

Torus and magnetic
system must be
designed for
compression

Gy
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APPENDIX A.3

TRITIUM/PARTICLE COLLECTION TECHNOLOGY TESTING
A.3.1 INTRODUCTION

The key issues in the area of tritium/particle collection tech-
nology testing were selected by teams within the subgroup and considered
in simultaneous detailed deliberations. The team results were then
reviewed by all the subgroup participants, and final comments and recom-
mendations were made. Participants in the subgroup are listed in
Table A.3.1. The findings of the subgroup are summarized in Tablé A.3.2
and in Fig. A.3.1.

A.3.2 KEY ISSUES

The six key issues selected are as follows:

(1) Toroidal vacuum, particle collection, and first wall/plasma
interface. Detailed areas of concern are between-pulse pumpdown, means
of-particle collection (i.e., bundle or poloidal divertor or passive
recycling), and interface of first wall with fuel cycle, heat 1oad; and
particle flux.

(2) Effects of tritium and particle streaming on heating and
fueling devices, specifically neutral beam, pellet injection, and gas
puffing systems.

(3) Fuel processing, Areas of concern are chemical purification,
enrichment, circulation pumping, storage, materials compatibility, and
maintenance.

(4) Tritium containment, cleanup, and waste control. Specific
areas of concern are primary containment (including evaluation of heat
exchangers, breeders, and nonbreeding applications), secondary contain-
ment, and the containment building (i.e., vacuum or ambient; if ambient,
air or inert atmosphere); atmospheric and secondary cleanup systems;
waste treatment and waste disposal, including means of storage and trans-
portation; and materials compatibility, maintenance, and safety and

environmental aspects.
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Participants in tritium/particle collection
technology testing subgroup
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Maroni, Chairman

Anderson

Dandridge

ANL
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Sandia Laboratories

Grumman Aerospace Corporation
Energy Technology Engineering Center
ORNL

ORNL

Monsanto Research Corporation

Westinghouge Elcctric Corporation




Table A.3.2. Tritium/particle collection technology
Key technical Device/facility Reference design
components/issues Assumptions Milestones requirements Testing time impacts

Torcidal vacuum,
perticle collec-
tioa, first wall/
plasma interface

Fueiing/heating
devices

Fuel processing

Blanket processing
for modular tests

Tritium containment,
cleanup, waste
control, vacuum
building

TritZum inventory
control?

Technology’ for between-
pulse pumpdown in
hand; divertor
question resolved;
particle collection
method demonstrated

Vacuur and delivery

hardware tested for
ETF; all tritium/
fueling/heating
interfaces for ETF
resclved

TSTA will have demon-
strated a workable
system by 1990

Tritium recovery,
impurity control, and
compatibility demon-
strated on a reason-
able scale by 1990

Technology developed,

integrated, and
tes:zed by 1990

Site security plan
approved by 1984;
supaly/control/
inventory methods
verified by 1990;
classification
issues resolved

Sufficient demonstration to
provide adeguate confi-
dence for progression to
EPR/DEMO

Reliability of devices
during startup and burn
pnase denonstrated for
EPR/DEMO: high repetition
rate ach-eved

Upgrade pe-formance and
demonstrate system
reliabil-ty for EPR/DEMO

EPR/DEMO pzarformance and
reliability verified

EPK/DEMO p=rformance level
demonstrated

Demonstrate supply/conrol/
accountability for
EPR/DEMC

Interface with fuel
cycle, heat load,
and particle flux
must be tolerated
by first wall
and/or divertor

Remote maintenance
equiprent and
special hot cells
provided in ETF;
requirements for
electrical power
met

Remote-handling
facilities

Initial ETF
facility design
must accommodate
modular inserts

Comparmentalized
facilities and
emergency power
maintenance plan
complate

Site security plan
essential

Many aspects critical
to ini:zial oper-
ation; extended
testing in D-T
phase .

First few weeks
critical; many
continuing tests

Tests carried out
mostly in conjunc-
tion with ETF
operation

1-2 years per modular
test

Continuing through
life of facility to
permit upgrading;

/ some hydrogen phase
testing desirable

Continuous testing and
verification

Particle collection method
for divertor; passive
recycle must work if no
divertor is used; gas
load affects size and
cost of fuel-handling
equipment and inventory

Critical components must
work for ETF to be
successful

Cost reductions and
decreased tritium
inventory through
optimization essential

Modular experiments could
extend design phase;
downtime required for
changeout

Successful demonstration
crucial to ETF

Early clarification
necessary to ensure
orderly phase

Tithout a divertor, tritium inventory will be "~10 kg; witk a divertor, >>10 kg.

6%
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(5) Blanket processing for modular tests. Areas of concern are
tritium recovery and impurity control, including evaluation of liquid
lithium, liquid or solid lithium alloys, and ceramics (e.g., Li,0); and
materials compatibility, maintenance, and safety and environmental aspects.

(6) Tritium control, including nécesséry inventory, accountability

requirements, classification issues, and site control.

The worksheets used by participants at the ETF Mission Workshop to
address these key issues are included as Tables A.3.3-A.3.8.

Perhaps the most significant areas of concern are the divertor
question and the areas dealing with tritium handling and control (includ-
ing the potential security classification problem). The impacts of the
key issues on the ETF facility, testing schedule, and design are evaluated

below.

A.3.3 DEVICE/FACILITY REQUIREMENTS

Among the key issues the réquirements imposed by tritium process-
ing, handling, cleanup, and inventory will have the most .impact on the
ETF facility. Building characteristics must be chosen with these needs
in mind. Modifications that may facilitate tritium handling, such as

the use of compartmentalized buildings, are encouraged.

A.3.4 TESTING SCHEDULE REQUIREMENTS

The issues having the greatest impact on the ETF testing schedule
are divertor check-out, performance mapping, and qualification for
EPR/DEMO needs. Because the need for a divertor appears likely, the

testing schedule should include divertor testing.

A.3.5 IMPACTS ON ETF DESIGN

The choice of divertors (bundle or poloidal) or passive recycling
ﬁay have a major impact on the ETF design. Intensive consideration of
this choice is needed so that the ETF design can proceed with the best

guidance available. Until better data are available, it may be necessary




Table A.3.3.

Toroidal razuum, particle control, and firs: wall/plasna interiace

Key technical
conponents/issues

Assumpt:-ons

Miles-ones

Device/facility
requirements

Testing time

Reference design impacts

General needs

Torcidal vacuum
pumping system

Particle collection

Burdle divertor

Poloidal divertor

Pessive recycling
(e.g., cold gas
blanket)

First wall/plasma
interface

Technolcgy for betwveen-
pulse pumpdowm i1
hand; divertor
question recolved and
particle collection
methoé demorstra:ed

Suitable pumps for
hydrogen, deuter-um,
tritium, ané hel_um
develcped or: TSTa

Choice made betweer
divertsr and passive
recycling; methoc.
develoged and tected

Fully deseloped (erist-
ing daza basz2, from
ISX-B and DIIE,
adequa:e only for
small dachinzs)

Physics Jeasiblity
demonstrated on
existicg experimeats
(PDX, .T-60, ASDEX)

Successful recyecling
with hydroger demon-
stratecd on stort
pulse (<1 s) mach.nes
(longer” pulse tes=s
may be done cn TFTR);
conficence ir ‘reason-
able turn time

Limited data on
recycliag with
nydrogen availatle:
from short pulse
(<1 s) nachines
(e.g., [FIR, JEI,
°LT, PDX)

Must provide acequzte
confijence for pro-
gressicn to
EPR/DZ¥0

System werified in
operazing tokamak
(heliar load and
impurities in
additiecn to
hydrogen isoropes)

Must demcnstrace long
pulse operation
with [-T and helium

Must demonstratz long
pulse operation and
high cuczy cycle

Must demoas:rate long
pulse operation ard
high dazy cycle

Must demorstrate lorg
Qulse operaticn
with D-1 and helium

HMust demenmstrate lonz
pulse operation
with D-T and
helium; impurity
control strategies
must be rhoroughly
studiec amd thz
results ~ell under-
stood .

Interface with fuel
cycle; heat lcad
and particle flux
must be tolerated
by first wall
and/or diverter

Pumpdowr: time must
meet cuty cycle
requirements

Interface with fuel
recycling/pro-
cessing system

Handle heat and
particle (D-T and
helium) loads at
#100 M4 of power

Handle higher heat
and parvticle
loads zhan
present, and
planned experi-
ments; handle
substantial
amounts of helium

First wall must
take full heat
loads; helium and
impurities must
be remaved

First wall must take
full heat and
particle loads
with acceptable
impurity genera-
tion; helium must
be removed

Many asjects critical to
initial operation;
extenled tes:zirg in
D-T paase

Fequired for initial
operzzion

Requirec for imitial

cperation

Because :of limited
experfma2nts cn
existingz and planned
machires, will require
extendei testiaz in
hydroeen phase

Several months (less
time P>z bundle
diver=s- than Zor
other >ptions because
of broad data base)

Extended period; relium
removal must oe
availaisle for [-T
operat._cn

Requiree. for imftial
operztion; may need
extensive testing
before D-T cperation

Develop particle collection
method for divertor or
passive recycling tech-
niques if no divertor is
used; gas load affects
size and cost of fuel-
handling equipment and
tritium inventory

None (basic design raquire-
ment)

Heat load and pzrticle
collection are cricical
R&D items; extensive
study needed; mechanical
limiters may te required

Heat loads on ccllector
surfaces exceed capa-
bilities of conventional
heat transfer systems;
liquid metal collectors
(which would need pro-
cessing equipment) or
specially designed solid
targets may meet
requirements

Develop advanced solid
‘collector systems to
meet heat and particle
loads

Successful passive
recycling a desirable
design alternazive

Will need extensive study;
may require mechani:zal
limiters

N

o
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Tatle A.3.4.

Fueling/heating devices

Key rechnical

issues Assumptions

Milestones

Device/facility
requirements

Testing time

Reference design
impacts

General needs Vacuum and delivery hard-
ware developed and
\ tested for ETF; all
tritium/fueling/heating
interfaces for ETF
resolved

150=keV beams available;
ultrahigh vacuum valves
and fast shutter valves
available; some remote
maintenance/repair
demomstrated on TFTR
and JET

Neutral beams

Pell=ts Delivery of frozen
hydrogen pellets demon-
strated on ISX-B; high
repetition (10-20 s)
demcnstrated

Gas puffing Demonstrated on TFTR and
JET (a start has been
made with PLT and

Alcator)

“Reliability of devices during
startup and turn phases
demonstrated for EPR/DEMO;
high repetition rate
achieved

Long pulse, high availability
operarions with/without
disruptions; safe shutdown.
regeneration, and restart
after disruption

Demonstrate sustained high
tepetition rates for long
pulse operation under
reactor cond_tions (i.e.,
w2th heat”loading)

Demonstrate sustained gas
fueling for _ong pulse
operation under reactor
conditions

Remote maintenance equipment
and special hot cells
provided in ETF; require-
ments for electrical power
met

Beam modules and vacuum
system must be fully
compatible with tritium

System must produce frozen
pellets from a small total
inventory; pellets must
survive self-heating
and reactor heat loads

Gas delivery system must be
fully compatible with
tritium

First few weeks of
operation critical;
many continuing
tests

Short period (“weeks)

May be necessary for
initial operation

May be nccessary for
initial opesration

Critical components
must work for ETF
to be successful

Impact due to
tritium small
provided beams
are designed to
be maintained
remotely due to
neutron acti-
vation; may have
some tritium in
injector coolant
circuits

,
Needed for divertor
operations and
long pulse, D-T

operations

Needed for long
pulse, D-T
operations

€<



Tabie 4.3.%.

Fuel processing

Key technical
components/issues

Assumpticrs

Milestones

Device/facility
requirements

Testing time

Reference design
impacts

Fuel processing

Chemical puriifica-
tion

Enrichment

Circulation pumping

Storage

Materials compati-
bility

Maintenance

TSTA will kave demon-
strated a workable
systen

Particulate rencwal: ETF
missicn (guided by
TFTR) will have defined
nature. of problem,

TSTA will have per-
formez "cold" tests to
verify removal methods;
heliux removal: will
have teen demonstratad;
other impurity removal:
alternate conceots will
be tested

TSTA will have demon-
stratad isotopi: sepa-
ration and enrichment
on ETF scale; divertor
use will result in nzed

" for imcrease in. sepa-
ration capacity

Adequate circulation
pumps will be availadle

Technology alread7 on
hand

TSTA and. OFE/M&RE will

have workable materials,

but new materials will
be available for tesz-
ing

For tritium contaninatZon
only, technologr is
large’y in hand, tech-
nolog® for comb-ned
tritium plus nemtron-
activated handl-ng w11
be available from TFTR
and from nuclear fue_
reprocassing (alpha,
beta, zamma wastes)

Upg-ade performance, demon-
s:zrate system relizbility

raquired for EPR/DEMO

. Demonstrate redicactive
particulate removal that
extrapolates tc EPF/DEMD;

demonstrate optimized
s¥stem for EPR/DEMC
inpurity cor.trcl

Demonstrate systen relia-
b-lity needec for
EFR/DEMO; demonstrate
increase in separation
capacity

Demcnstrate comtinual
prmping imprcvements

Procf test in reactor

ervironment; evaluate and
qualify new materials as

ttey are developed

Demcnstrate safe main:e-~
nznce of contaminatad
ecuipment

Remote-handling
facilities

Remote maintenance
equipment and hot
cells

Requires cryogenics;
depends on divertor
scenario

Flexibility of pumpirg
apparatus for com-
ponent changeout

Interchangeable test
modules for blankets,
heat exchangers,
first wal;/materia]s

Q2

Hot cells designed fzr
tritium containment

Mostly ir conjunction
with ETF operation

Partial testing
curing hydrogen
rhase; critical
testing throughout
[-T phase; perfor-
mance verification
kased on several
years of success-
ful operation
curing D-T phase

Several years during
L-T operation
(tested as part of
civertor shakedown)

Several years during
C-T operation

Mcnths to years (de-
pending on nature
cf test)

Pzrt of routine main-
tenance; integral
part of remote
maintenance
scenario

Cosz reductions and
decreased tritium
inventory through
optimization
essential

May complicate rough
pumping operations;
essential co fuel
recycle; essential
to device

Cost and inventory
impacts enrichment
equipment; in-
creases size, cost,
and tritium
inventory of fuel
cycle

None

Improvements in per-
formance and cost
reductions

Cost, space, and time
foer maintenance

¥
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Table A.3.6.
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Tritium containment

Key technical
components/issues

Assumptions

Milestones

Device/facility requirements

Testing time

Reference design
impacts

Genersl needs

Containment building

Vacuum building

Ambient building
(air or inert
atmosphere)

Secondary containment

Primary containment
(routine applica-
tiong, breeders,
and heat exchangers)

Waste treatment

Waste disposal (in-
cluding storage and
transportation)

Cleanup systems
{atmospheric and
pecondary)

Materials compati-
bilicy

Maintenance

Safety and eaviron-
mental aspects

Technology developed,
integrated, and
tested

Decision made on use
of vacuum building
(vacuum buildings
now exist but may
not have been demon-
strated for fusion
reactor containment)

Vacuum building will
be used on
EPR/DENO

Vacuum building will
not be used on
EPR/DEMO

Techniques well es-
tablished for non-
breeding systems;
criteria for deter-
wmining appropriate
degree of contain-
ment established;
for breeding and/or
thermal extraction,
containment may not
be well established
without test facil-
ities in 1980's

For wmoderate tempera-
atures and pres-
sures, criteria and
techniques will be
established; for
breeding asud hest
exchanger applica-
tions, materials
will be developed
but not thoroughly
tested

Adequate methods now
exist; new
approaches will
need evaluation

Adequate disposal
site available;
storage and trans-
portation tech-
nology well estab-
lished

* Medi{um-scale atmo-
spheric systems
dewvustiated on
TSTA; se:ondary\
aystems technology
vell established

Workable materials
available; fmproved
waterials should
become available
for teating

Technology well in
hand

Adequate tritium con-
tainment demon-
strated on TSTA;
firo basis estab-
1ished for ETF
design

Demonstrate EPR/
DEMO performance
level

Demonstrate tritium
containment with
vacuum building
[note: tritium
will absorb on
exposed surfaces
wvithin vacuum
structure (par-
ticularly true of
cryogenic sur-
faces))

Demonstrate tritium
containment with
standard contain-
ment structures
and cleanup
systems

Demonstrate sec-—
ondary contain-
ment on fuil-
scale reactor
system; test,
evaluate, and
demonstrate sec-
ondary contain-
ment for thermal
extraction and
breeding modules

Test, evaluate, and
demonatrate pri-
mary coatainment
materfals in
breeder and heat
exchanger systems

Test and evaluate
new methods as
requleed

Develop improved
waste treatment
techniques to
reduce volume
of tritium waste

Achieve scaleup to
tull réactor-hall
volume

Test and evaluate
new materials as
they are devel-
oped; proof test
high temperature
and/or high
stress materials
in reactor en-
vironment;
evaluate and
qualify low tem
perature, low
gtrese materials
as teyulied

Demenstratc con-
tinued adequate
containment on
reactor

Compartmentalized facflities;

emergency power; complete
maintenance plan

Tritium cleanup for vacuum
system exhaust; equipment

camparihility with tritium
environment; possible inert

gas flushing

Atmospheric and secondary
cleanup systems of very
large scale; compartmen-
talized reactor hall

Secondary containgent support

and cleanup systems

Test modules

Electrical power; emergency
power; iarge cleauup
systemo

Continuing through life
of facility to permit
upgrading; some
hydrogen phase test-
ing desirable using
tricium-spiking
wethods

Continuing through life
of facility

Conrinuing chrough life
of facilicy

Continuing through life
of facility; for
thermal extraction
and breeding modules,
1-5 years

1-5 years for testing
materials

Continuing

Continuing

Must be available
theoughivut D-T oper-
Aatinn

Continuing through life
of facility

Successful demonstration
crucial to ETF

Building approach must
be decided early in
design phase because
of overall impact on
many components

Cryogenic systems within
vacuum building still
require dedicated
vacuum enclosures

Potentfal conflict be-
tween accessibility
requirements and
remcte maintenance

Potential conflict be-
tween secondary con-
tainment and system
versatility/access

Atmospheric cleanup
eyaseno high-coot
items

Essential to meeting
site safery and
environmental
ctiteria; successful
demonstration crucial
to ETF




Table A.5.7.

Blanket processing

Key technical
components/issues

Assumptions

Milestones

Device/facility

requirements Testing time

Reference design
impacts

General needs

Tritium recovery/
impurity control

Liquid lithium,
liquid lithium
alloys

Solid lithium
alloys, ceramics
(e.g., Liy0)

Materials
compatibility

Maintenance

Environmental

Tritzum recove:ry, inpurity
control, and compati-
bi‘ity demonstrated on
a reasonaktle scale

Thermal hydraulics &nd
mechanics denonstrated

Tritium recovary method
demonstrated for stagnant
an”./or breeder/coclant
cor.cepts

Tritium recovecy method
deronstrated for in situ
anz/or flowimg solid
cozcepts

Confidenze in naterfals
for all testzble con-
cepts verified

Tested concept available

Conf-dence in tritium con-
taament estéblishad for
modiles and associated.
equipment

Terify perfsrman:e and

reliability Zor
EPR/DEMC

bemonstrate perfor-

rance acequate fcr
scaleup t> EPR/DEMO

2mcnstrate compati-

bility comsistent
with EPR/DEMO
requirements and/or
reasonable clangeout
schedule

Lemonstrate limited

aspects of mairtain-
apility required Eor
E>R/DEMO

Verify tritium ccn-

tainment in blisnkat/
coolant/aeat er-
changer mcdular
tests sufficiert for
EPR/DEMO; charzc-
terize tcitium
migration patterns
in heat axuchanger,
piping, =tc.; detar-
mine release rates
via steam generator
znd ventilation (or
tuilding wacuum)
system

Facility design must 1-2 years per modular
accommodate test
modular inserts Is

Prelimimacy testing
durinz “ydrogen phase
would bz of value

Space required for
peripheral pro-~
cessing/heat
exchanger compo-
nents; fire pro-
tection scenario
for blanket/
coolant or blanket/
atmosphere reaction
may be factor

1-2 years per test

Special remote main-
tenance equipment
and hot cells
required

Depandent on design;
mainteixance plan can
b2 tes:ed in hydrogen
paase im conjunction
with o:zher remote
maintenlance equipment

Tritium-monitoring
equipment, cleanup
systems, interface
with fuel-process-
ing equipment

Can be dome in conjunc-
tion with other
t2sts; nay be pos-
sible o conduct some
tests during hydrogen
ohase 7asing tritium
spiking

Modular experiments could
extend design/develop-
ment phase; downtime
required for changeout

A major demonstration for
ETF

High duty cycle necessary
for m2aningful modular
test program

May need auxiliary modular
heating during hydrogen
phase and low duty cycle
testing

Mzy have impact on scheduls
for EPR/DEMO materials
seleczion

Proof testing may extend
hydrogen phase test period

Meeting ICRP guidelines on
tritium release could have
impact on construction and
operating costs

9¢



Table A.3.8.

Inventory control

Key technical
components/issues

Assumptions

Mi_estones

Device/facility

requirements Testing time

Reference design impacts

General needs

Tritium inventory

Without. divertor

With divertor

Accountability

Classification

3ite control

Supply, accounting, ard

control methods
verified; classifi-
cation issues
resolved

Inventory should be
<10 kg

Inventory should be
210 kg

Addressed on TFTR and
TSTA; further
advances may be
required

Major issues resolved;
tritium extraction
from blanket ad-
dressed in 1980's

Plan developed and
approved

Demons=rate supply,
cont-ol, ané
accoantability

Demons:rate in-
ventory supply
and -control for
EPR/DEMO

Demonstrate
accountability
~v10-kg inven-
torieg with
large throughput
and high burnup
rates for
EPR/DEMO

Site security plan
essential

Continuous testing
and verification

Facilities for
receiving and
initial storage
of fuel

Continuous cross-
checking to
verify perfor-
mar:ce of con-
tainment and
accountability
systems

Requires many shipments
to deliver initial
inventory (present
standards require
12 g per container,
with a total package
volume of 50 gal)

Large quantity of
special equipment
required

Early clarification neces-
sary to ensure orderly
design phase

Will require careful early
planning to provide
initial inventory; sig-
nificant problems antic-
ipated in obtaining
replacement fuel

Major problems anticipated
in obtaining startup
inventcry of >>10 kg;
major policy decision
may be required to
ensure adequate supply
of replacement fuel

May have major impacts on
cost and availability

Site control will be
required and will have
impact on cost

¥,
~
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to include divertors (bundle or poloidal) as part of a conservative
conceptual design to ensure that cost and schedule envelopes for the
line-item project adequately cover all systems likely to be selected.
In addition, the heat load and particle collection requirements of the
divertor systems may have a significant impact on the designs because
the power densities at collection areas will tax the capabilities of

known concepts.
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" APPENDIX A.4

BLANKET/FIRST WALL/SHIELD TECHNOLOGY TESTING
A.4.1 INTRODUCTION

The blanket/first wall/shield subgroup deliberations are summarized
in this appendix. Participants in this subgroup are listed in Table A.4.1
(part-time observers are not ideﬁtified).

The blanket/first wall/shield subgroup adopted the viewpoint that
an ETF will be designed, built, and ready for initial operation in 1990.
The subgroup then addressed the general question of what achievements
can and should be accomplished on the ETF in the blanket/first wall/shield
areas in order to advance to EPR and DEMO. It was recognized that in
the process of designing and building the ETF, it will be necessary to
use fully the information derived from the balance of the fusion program.
In addition, it was recognized that substantial R&D will most likely be
required, specifically to support the design and construction of the
ETF, and it is assumed that this will be done. -

A number of physics and technical assumptions were made concerning
the data base that will be available in 1990. It was recognized that by
this date, substantial advancements will have been made through the fusion
devices and facilities now operating or planned in this country and
abroad. Table A.4.2 identifies some of these devices and faciliiies.

In addition to the variety of information that will be provided by
these devices and facilities, numerous advances in technology will be
derived based én the experimental information obtained from these fusion
devices and from as yet unidentified experiments. Particular assumptions

made in this regard include the following.

(1) Neutronics data for the 0- to 14-MeV energy range will become
available from planned experiments. Mockup shield experiments will also

be completed.
(2) Special thermal hydraulic testing will be completed for systems

using water or helium as coolants.

(3) Tritium behavior (permeation, solubility, etc.) will be deter-

mined 1u waterials of intcrest.
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Participants in blanket/first wall/shield technology
testing subgroup

C. A. Flanagan, Chairman

D. A. Dingee, Recording

Secretary

M. A.
R. J.

. T.

Abdou
Beeley

Bettis

Graumann

Muxford

McTFarliu

Sager, Jr.
Santoro

Stauber

. Sviateslavsky

. H.

P
R
M. C.
I
F
C. A.

F. G.

Tenney

Trachsel

Welfare

Westinghouse Electric Corporation

Battelle~Pacific Northwest
Laboratories

Georgia Institute of Technology

Energy Technology Engineering
Center

Science Applications, Inc.

GA

ORNL

United 'lechnologies Research
Center

GA

ORNL

Grumman Aerospace Corporation

University of Wisconsin

PPPL

McDonnell-Douglas Astronautics
Company

Babcock and Wilcox

Table A.4.2.

Fusion devices and facilities contributing
to data base by 1990

Alcator C

Doublet III
EBT

FMIT

ISX-B

JET Rotating Target Neutron
Source II (RTNS-II)

JT-60 TFTR

Mirror Fusion Test Facility Tandem Mirror Experiment

(MFTT) (TMX)

PDX Tritium Systems Test
Assembly

PLT -T-10M
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(4) Minimal leak detection capability will be available.

(5) Austenitic stainless steel/nickel-based alloys will be tested
to prototypical helium generation and dpa levels, but no other structural
materials will be qualified by 1990.

(6) Limiters will be available for short burn (several seconds)
fusion devices.

(7) All nonnuclear qualification of engineering issues will be
completed to the level required. The exact requirements are not obvious
at this time. However, all testing of blanket/first wall/shield issues
that can be performed in a nonnuclear environment will be planned and
completed to the extent possible before testing begins in the nuclear
environment of the ETF. This includes, but is not limited to, the testing
of coolant thermal hydraulic system designé (with simulated heating),
magnetic effects, remote maintenance, etc.

(8) The necessary instrumentation Will be qualified for use in
the ETF environment.

(9) Adequate remote maintenance techniques and equipment will be
available for use with ETF experiments.

(10) Complete control or avoidance of plasma disruptions will not
have been established. This ‘item is of major concern. The deliberations
of the group led to the conclusion that it cannot be assumed that plasma
disruptions will not occur on the ETF; therefore, the EIF and all
blanket/first wall/shield tests involving direct interactions with the

plasma must be designed to accommodate plasma disruptions.

With these physics and technology assumptions, a mission analysis

was conducted for the key blanket/first wall/shield issues.

A.4.2 KEY ISSUES

The key issues considered by the subgroup are listed in Table A.4.3.
Rasically the areas investigated include those issues or components
associated with the first interface with the plasma, the blanket issues,
and the shield issues. Specifically excluded from the deliberations
were issues associated with divertors, buffered energy storage, and

power conversion.
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Table A.4.3. Key issues for blanket/first
wall/shield

First wall/first wall modifiers
Tritium-breeding blanket
Shielding

Neutron source distribution
Activation

Synfuel production blanket

Fusion-fission hybrid systems

Electric power capability demonstration
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A subjective assessment of priorities for the key issues is indicated
by the order of the listing in Table A.4.3. Qualification of the first
wall, tritium-breeding blanket, and shielding designs for EPR is assigned
first priority. Experimental data on neutron source distribution and
materials activation are also considered important. Qualification of
designs for synfuel production blanket systems and fusion-fission hybrid
systems will become important if the development of either of these
systems is pursued. The demonstration of electric power géneration
capability is considered less important from a technical standpoint
because such demonstration is straightforward and can be accomplished on

EPR. A tentative schedule for the key issues is shown in Fig. A.4.1.

A.4.3 FIRST WALL AND FIRST WALL MODIFIERS

A.4.3.1 Assumptions

It was assumed that the requirements of impurity concentration
limits will be well enough understood that igﬁition conditions will have
been established and that low Z coating candidates will have been selected

and tested under short pulse conditions.

A.4.3.2 Achievements/Milestones

(1) Test candidate armor compositions and designs for protection
of the plasma chamber from typical plasma disruption emergy distribution
and neutral beam impingements. Qualify armor designs for EPR and DEMO.

(2) Test coating concepts, including in situ coating techniques
with the ability to coat penetration surfaces. Qualify coating systems
for EPR and DEMO.

(3) Test first wall designs, including armor aﬁd coatings.
Demonstrate the ability of the first wall to survive cyclic thermal and
mechanical loading under bombardment from charged particle and neutron
flux irradiation. Qualify first wall designs for EPR and DEMO.

(4) Test limiters for locating the plasma edge during long plasma
burns (e.g., with actively cooled, low Z surfaces). Qualify limiter

designs for EPR and DEMO.
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(5) Test dielectric breaks for first wall and module insulation.
Qualify dielectric breaks for EPR and DEMO, including all environmental
considerations and potential failure modes.

(6) Determine hydrogen and helium recycle characteristics of
candidate first wall designs including candidate liners, coatings, armor,

etc. -

A.4.3.3 Device/Facility Requirements

In. general, the milestones require that all candidate designs be
tested while exposed to the plasma. Thus, the ETF should be designed to
provide test stations that allow test modules or samples to have direct
access to the plasma (i.e., there must be no intermediate material
interface). Appropriate hot cell areas and techniques for removing and
testing candidaté modules and samples are required, as are in situ
diagnostics to monitor hydrogen and impurity fluxes, temperatures, and
stress levels at the first wall.

The testing requirements also point to the need for the very high
reliability of candidate designs; otherwise, frequent failures will
result in considerable device downtime.

To achieve the milestones, a neutron wall loading of =1 MW/m2, a
burn time of >30 s, and a total of 25 x 10° burn cycles are required.
Although displacement damage levels of =30 dpa are desirable, it may not
be possible to achieve this goal with the ETF, considering the current

EPR and DEMO schedulect.

A.4.3.4 Testing Schedule Requirements

The time required for completing the first five milestones will be

several years. The sixth milcetone will take several months.

A.4.4 TRITIUM-BREEDING BLANKET

A.4.4.1 Assumptions

It was assumed that currently planned integral experiments in this

area will be completed.
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A.4.4.2 Achievements/Milestones

(1) Test the performance of candidate tritium-breeding blanket .
design systems, including variation in candidate designs such as .
compositions and configurations. Qualify pritium—breeding.bianket
designs for EPR and DEMO. ‘

(2) Verify calculation methods for predicting the spatial variations.
"in heat deposition in the various components of typical blanket designs.

(3) Contribute to the materials data base by evaluating materials
effects during simultaneous application of temperature, cyclic stress,

radiation, and chemical environment.

A.4.4,3 Device/Facility Requirements

Achievement of the milestones will require the following:

(1) a reactor-grade plasma with representative heat deposition
rates and burn times, : ¢

(2) appropriate diagnostic equipment and normal prbtection
inatrumcntation,

(3) appropriate coolant loop(s) with tritium extraction capability,

(4) space for testing a number of candidate designs simultaneously
(perhaps up to six module test stations),

' (5) capability for remotely maneuvering modules and test equipment,

and .

(6) appropriate hot cell areas and techniques for asseﬁbling,

disassembling, inspecting, and evaluating the modules.

A.4.4.4 Testing Schedule Requirements

The time required tor completing the first milestone will be several
years; for the second milestone, it will be several months. The third

milestone will be accomplished over the lifetime of the plaﬁt.
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A.4.5 SHIELDING

A.4.5.1 * Assumptions

It was assumed that key integral and mockup shielding experiments
that are part of the present fusion program will have been completed and
that evaluated nuclear data and appropriate calculational methods will
be available.

o

A.4.5.2 Achievements/Milestones

(1) Test candidate bulk shield concepts. Qualify.bulk shield
designs for EPR and DEMO. _

(2) Test the effectiveness of key materials and geometric con-
figurations for penetration shields. Qualify penetration shield designs
for EPR and DEMO.

(3) Test movable shield plugs designed for use in vacuum and beam
injection ports. Qualify shield plug designs for EPR and DEMO.

(4) Obtain data to qualify the associated calculational methods.

(5) Determine radiation-streaming characteristics and the effects
of varying the size, shape, and configuration of the penetration.

(6). Determine the effect on performance characteristics of key
components expnsed to radiation. Key components include cryogenic
pumping panels for auxiliary heating-systems (rf and neutral beam),

superconducting magnets, diagnostic instrumentation, etc.

A.4.5.3 Device/Facility Requirements

Achievement of the milestones will require the following:

(1) a neutron wall loading of =1 MW/m2, with a total of >5 MWyr/m2
for the requirements of milestone (6),

(2) availability of in situ diagnostics, aud

(3) appropriate hot cell areas and remote maintenance techniques

to remove and test candidate designs and samples.
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A.4.5.4 Testing Schedule Requirements

Several years will be required to complete milestones (1), (2), and
(3). Completion of milestones (4) and (5) will require about a year.

Milestone (6) will be accomplished over the lifetime of the plant.

A.4.6 NEUTRON SOURCE DISTRIBUTION

A.4.6.1 Assumptions .

‘It was assumed that evaluated nuclear data and appropriate calcu-
lational methods will be available, as will appropriate neutron diag- -

nootioco.

A.4.6.2 Achievements/Milestones

(1) Determine experimentally the poloidal and toroidal distribution
of nuclear parameters as a function of neutron source distribution. It
is imperative that the spatial variation in neutron wall loading as a
function of the spatial variation in the neutron source distribution be
known and predictable in order to develop efficient blanket/shield

designs for EPR/DEMO.

A.4.6.3 Device/Facility Requirements

It is highly desirable to be able to vary the plasma profile by MHD
shift control in order to deliberately change the spatial neutron source
distribution over some range. Collimators, detectors, and -data acqul-
sition capability will be required for a minimum of three poloidal and

two toroidal locations.

A.4.6.4 Testing Schedule Requirements

At least 200 pulses will be required to complete the tests needed

for the milestone.
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A.4.7 ACTIVATION
A.4.7.1 Assumptions

It was assumed that evaluated nuclear data and appropriate calcu-
lational methods will be available, as will appropriate neutron diag-

nostics-

A.4.7.2 Achievements/Milestones

(1) Obtain information to extend and verify available knbwledge of
the buildup of radioactivity in candidate materials for fusion reactor
components (e.g., superconductors, stabilizers, insulators, etc.). It
is imperative that criteria be established on the effects of radio-
activity on critical components so that design criteria can be established

for the shielding attenuation levels that must be provided.

A.4.7.3 Device/Facility Requirements

Achievement of the milestones will require the following:

(1) a quick insertion/withdrawal system with the ability to handle
a large number of small samples and
(2) appropriate laboratory facilities for performing activation

evaluations subsequent to irradiation.

A.4.7.4 Testing Schedule Requirements

The time required to achieve the milestone is variable, depending

on the samples tested.

A.4.8 SYNFUEL PRODUCTION BLANKET

A.4.8.1 Assumptions

It was assumed that candidate processes will be limited to those

for which proof of principle has been demonstrated.
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A.4.8.2 Achievements/Milestones

(1) Test candidatc blanket designs to achieve the design tempera-
tures required by candidate synfuel processes and tritium-breeding
capability, consistent with synfuel production reactor requirements.
Qualify blanket designs for synfuel.production in EPR and DEMO.

(2) Obtain experimental information to confirm neutronics analysis.

(3) Obtain materials test data from synfuel production blanket
modules exposed to the simultaneous application of temperature, cyclic

stress, radiation, and chemical environment.

A.4.8.3 Device/Facility Requirements

Achievement of the milestones will require the following:

(1) a neutron wall loading of =1 MW/mz,v
(2) a total of =5 x 10° 30-s burn cycles,
(3) space for testing promising candidate designs,

(4) appropriate internal diagnostics (thermocouples, etc.) in the

modules, and

(5) appropriate heat dumps.

A.4.8.4 Testing Schedule Requirements

Completion uf milestone (1) will require about a year; completion
of milestone (2) will take several months. Milestone (3) will be

accomplished over the lifetime of the synfuel production hlanket test

program.

A.4.,9 FUSION-FISSION HYBRID SYSTEMS
A.4.9.1 Assumptions

It was assumed that evaluated nuclear data and appropriate calcu-
lational methods will be available and that all predemonstration analyses
and nonnuclear éngineering tests will have been performed for candidate

designs.
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A.4.9.2 Achievements/Milestones

(1) Test candidate hybrid designs to obtain technical data on
thermohydraulic performance, tritium breeding, fissile breeding, fuel
burnup, radiation damage, and mechanical integrity. Qualify hybrid
blanket designs for EPR and DEMO.

(2) Obtain experimental information to confirm.neutronics analysis.

(3) Qualify fuel-handling technology requirements needed for
EPR/DEMO.

A.4.9.3 Device/Facility Requirements

Achievement of the milestones will require the following:

(1) a neutron wall loading of =1 MW/m2,

(2) a total of =5 x 10° 30-s burn cycles,

(3) space for testing promising candidate designs,

(4) appropriate internal diagnostics (foils, detectors, thermo-
couples, strain gages, etc.) in the modules,

(5) appropriate shutdown techniques and emergency coolant for each

module,
(6) capability for quick and rbutine access to the modules,
(7) appropriate heat dumps, and
(8) appropriate hot cell areas, transfer casks, and heat removal

and maintenace techniques.

Fission reactor safety criteria should be employed in all aspects of

module design and testing.

A.4.9.4 Testing Schedule Requirements

Completion of milestones (1) and (3) will require several years;

completion of milestone (2) will take several months.
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A.4.10 ELECTRICAL POWER CAPABILITY DEMONSTRATION

A.4.10.1 Assumptions

Nc¢ assumptions were made in this area.

A.4.10.2 Achievements/Milestones

(1) Demonstrate the capability of a candidate blanket and shield
design to generate, in a representative fusion environment for a suffi-
cient period of time, the design temperature conditions needed for

electrical power generation.

A.4.10.3 Device/Facility Requirements

Achievement of the milestone will require the following:

(1) appropriate diagnostics and

(2) space for testing one or more candidatec designs simultancously.

A.4,10.4 Testing Schedule Kequirements

Completion of the milestone will require 6-12 months.
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APPENDIX A.5

REMOTE MAINTENANCE AND ENGINEERING OPERATIONS TESTING
A.5.1 INTRODUCTION

The ETF must offer the operational experience necessary for the
tokamak fusion program to proceed with assurance to the EPR and DEMO
stages. In particular, the maintainability of a radioactive machine
must be examined and the reliability of the machine's components corre-
lated with operating conditions and design principles. Also, an overriding
requirement of a power reactor will be availability. This will depend,
among other things, on the time required for changeout and maintenance
operations. The feasibility of and time required for these operations
must therefore be assessed in the ETF.

Because the ETF will be a long pulse tokamak with a superconducting
TF system, significant statistical information about fajilures and their
causes may be obtained from it. Therefore, data gathering will be an.
important mission. Information on faults, their causes, and their
frequency of occurrence must be adequately recorded and interpreted.

Remote mainfenance and engineering operations testing are missions
that largely relate to the period after construction of the ETF. How-
evef, information will also be acquiredvduring the design and construction
of the machine. Accordingly, one objective of the ETF mission is the
design of the machine for maintainability. Participants in the remote
maintenance and engineering operations testing subgroup are listed in

Table A.5.1.

A.5.2 KEY ISSUES

Three key issues have been identified:

(1) demonstration of the maintainability of ETF components,

(2) acquisition of data from EIF operation for the improved main-
tainability of future reactors, and

(3) acquisition of data on the problem of designing for maintain-

ability.

o~
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Table A.5.1. Participants in remote maintenance and engineering
operations testing subgroup

L. Kummer, Chairman McDonnell-Douglas Astronautics Company
J. E. Baublitz OFE
R. F. Beuligmann General Dynamics, Convair Division
J. G. Crocker _ EG&G Idaho
D. Field . _GA .
J. W. French EBASCO Services
G. Fuller McDonnell-Douglas Astronautics Company
E. P. Gagnon United Iechuologies Research Center
P. N. Haubenreich ' ~ ORNL
J. B, Joyce PPPL
F. A. Puhn GA
W. Marton OFLE
L. Masson EG&G Idaho ‘
D. J. McFarlin United Technologies ResearchACenter
R. E. Mullen Aerojet Manufacturing Company
V. S. 0'Block Westinghouse Electric Corporation
M. Sniderman Westinghouse Electric Corporation
P. T. Spampinato , Grumman Aerospace Corporation
I. N. Sviatoslavsky Unlverslty of Wiscousin
S. S. Waddle DOE/Oak Ridge Operations
K. E. Wakefield PPPL
J. E. C. Williams MIT
N. E. Young EBASCO Services
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The first and second issues can, to some extent, be interrelated.
Table A.5.2 shows the data and maintenance experience to be obtained for
each of the ETF components. The letters suggest the relative importance
of the mission functions. In particular, the chart identifies those
components that may require maintenance evaluation in mockup form prior
to startup in 1990. The three key issues are described in the following

sections.

A.5.3 DEMONSTRATION OF COMPONENT MAINTAINABILITY

The objecctives of the demonstration are (1) to obtain information
about the effect on maintainability of the design of components, (2) to
obtain information about maintenance operations, and (3) to establish
confidence thaﬁ maintenance times will ultimately allow necessary plant
availability for cost-competitive fusion power.

The key ETF components to be considered for the demonstration of

maintainability are as follows:

(1) first wall, with particular.attention'to modular changeout
and in situ repair (holes, leaks, lines, low Z coatings), -

(2) blanket,

(3) shield,

(4) limiter.,

(5) vacuum pumps (particularly crydsorption),

(6) fueling equipment,

(7) neutral beam lines ‘and ién sources,

(85 divertor,

(9) TF coils,

(10) PF coils,

(11) OH coil and central core, and

(12) maintenance equipment.

This list of components is representative of a reactor.

Components 1-8 are likely to require replacement or repair during
the lifetime of the ETF as a result of normal operation. Therefore,
they will be designed.for maintainability, and a maintainability demon-

stration will be part of the expected nurmal uvperatlous,



Table A.5.2.

0

Ramote ma:ntenarce and engineering opzarations testing matrix
(A indicates too priority; B, second priority; O, probably ndt applicable;
M, a mockup experiment will be done before 1990?

ETF subsyszem

First wall Limiter Neutral Remote
and vacuum test bays Fueling beams ani TF EF OH maintenance
Mission function vessel Blanket Shield vpcrts) Fumps systems sources coils coils coils Divertor equipment

Statistics on failures

and causes A A A A A A A A A A A A
Environment radiatioun

survey 0 0 o o A A A A A A AR B
Fault location .

efficacy A A A A A/B A A A A A A B
Data for preventive

maintenance A/M a/M ‘AM A/M A A A A/M A/M A/M AM B/M
Fluid line seal

performance A A, A A B A A B B B A 0
Assessment of zontact

maintenance A A A A B A B B B B A A
Effect of radiation

environment on .

maintenance A A A 4 A A A A A A A A
Maintenance with

magnets cold A/ AM AdM A/M o C 0 A/M A/M A/M AM
Vacuum seal evaluation A 0 0 b A A A A A A A
Maintenance procedure .

evaluation IN) S AIM AN a/M A A AlM A/M A/M A/M A/M A/M
Areas of great

difficulty in

maintenance A IX A A B A A A A A A B

. - » - hd
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Components 9-11 may have a very long lifetime, and maintenance may
not be required during the operating life of the ETF. Relatively long
maintenance times may be allowed for the repair of these systems.
Consequently, the requirement for a demonstration and the approach for

accomplishing the demonstration must be examined carefully.

A.5.3.1 Assumptions

Only limited remote maintenance of some componenfs will have been
demonstrated on TFTR. Even where data are available, the design of the
TFTR components will be substantially different and generally simpler.
Also, the time permitted for TFTR maintenance operations will be longer
than fér the ETF and subsequent reactors. Data are currently available
from fission reactor refueling, breeder reactor development, and remote
operations at facilities such as the N Reactor and the Purex Facility at
Richland, Washington. Future information from these fission facilities
probably will not be significantly different from'that currently avail-

able.

A.5.3.2 Achievements/Milestones

Advancements are required in (1) the time to replace components;
(2) the in situ repair of selected components and types of failures;
(3) the effectiveness of inspection procedures for preventive main-
tenance and acceptance of a repaired or replaced component; (4) the
design of simple, modular components, especially if treqdent replacement
is anticipated; and (5) the development of rapid and reliable fluid and
electrical disconnects. These and other milestones are described in
Tables A.5.3-A.5.8.

Modular components and experiment packages of significant size and
complexity will have to be replaced by remote techniques. The repléce—
ment times permissible will probably vary trom a few days for small
components with an expected short life to months for large components

with a long life that are inherently difficult to replace.



Table A.5.3. Remdte maintenance — nuclear island

Key techni:al
components/issues

A;sumptions

Milestones

Device/facility
requirements

Testing time

Reference design
impacts

General needs

First wall

Blanket

Shielding

In situ mainterarce
of first wall

Replacement of
limiter blades

Remeval ard replacement

sperierce o TFTR;
materials cata in
hand

“aterials data only

“inited data on han-
dlHng of shielding
blocks

Zxperience in rezmote

maintenaace of
liniters, armor
plate, and in. situ
diagnostics oa TFTR

Expecience on TFTR

Develop methods of replac-

ing first wall sections
and reqialificeztiom after
replaceaent

Develop replaceatle nodule,

includiag provisiors for
handlinz, attachmect, and
coolant joints

Develop skielding mocule,

including provisiors for
remote Lancling, support,
restralet, and coolant
joints

Develop acndestructive in-

vessel inspectisn tech-
niques. fault isolation
devices, and spzcial
equipmert to perform
maincemzncz fun:-tions;
provide suitablz inter-
face for mountiag and
supporting in-vassel
equipmert and allowing
for ingpess/egrass;
develop mezhods for
applyicg protec:ive coat-
ings te first wall

lmprove limiter biade

design © Zacil-tat:
remote replacement; pro-
vide fcr disconmecting
cooling lines (_f ra-
quired}; develop spacial-
ized equipnent to remove
and replsce blades

Removal and requalificetlon.

procedures; establisimant
of maintenance time line;
operational proving cf
equipment design (may “e
accomplished in mockup);

qualification of persoanel

(may be accomplished ia
mockup) :

Jperatiocnal proce-
¢ures and equip-
ment design
verified in mockup

First changeout of
.activated first
wall segment within
3 years following
D-T operation;
replacing first
wall ol 1 sector
should take about
‘2 months

Replacing blanket
module of 1 sector
should take about
2 months (normally
done at same time
as first wall
sector replacement)

acca2ss to blanket and
first wall provided
by removing ex-
tarnal shielding
oaly; internal
salelding to be
ramoveé with a
zomplete module
segment

Miaor in situ main-
tenance should
zake atcut 2 weeks
(if fault has been
Lsolaced)

Changeout should
-ake about 3 weeks

Requires early avail-
ability and quali-
fZad equipment
reflecting current’
havdware design
(pay inzlude up-
grading the equip-
ment as the design
is evolved)

Fequires incorpo-
ration of access
ports and provision
of in-vessel
sugport and inter-
face Zor in situ
equipmert

Requires incorpo-
ration of access
ports and provision

' of in-vessel sup-

port and interface
for in situ equip-
ment
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~able A.5.4. Remote maintenance — magnet system

Key technical Device/facility Reference design
compenents/issues Assumptions Milestones requirements Testing time impacts
Coil removal and Demonstrate the feasibility

replacement of removing and replacing

a coil (could be accom—
plished during initial

assembly)?
TF coils Experience on TFIR, Deve_op remote disconnect Activity of major TF coil size dictates
1cp, T-15, and fo- eiectrical busbars, magnitude; un- the need for a
Doublet TIT remote cryogenic scheduled mainte- coil-winding
couplings, and special- nance will require facility that could
ized handling equipment >1 year. If coils be used to repair
are designed for failed units
rapid replacement,
time couid be
reduced to <6
months®
Inner PF coils Experience on ASDEX, Deve.op remote disconnzct Replacement of 1 Design must facil-
PDX, and Alcatar C fo- electrical busbars, coil should take itate visibility
me:hanical joint for about 3 months and access to allow
sezmenting coils,. remote remote maintenance
coanections for coolant
liaes, remote handling
R fiztures, and remote
viewing syétems
Outer PF coils Experience on TFIR, ) Deve.op remote disconnect Replacenment of 1 Requires a circular
PDX, and Alcat>r C ' fo: electrical busbars, upper coil should maintenance well to
reaxote cryogenic take about 2 . allow disassembly/
coaplings, mechanical . months; of 1 lower reassembly of lower
joint for segmenting coil, about 6 PF coils and stor-
co-ls or winding coils X months age area within
in place . reactor bullding
| for upper PF coil
support structure
Divertcr maintenance Experiemce with: (1) Develop handling equipment . Replacement of a Requires ability to
external-type: ) bundle divertor maneuver component
divertcr on Madel C ' ’ should take about to repair area
. Stellarator, (2) . 1 month .
poloidel divertor on
PDX, ASDEX, and
JT-60, (3) bundle
divertor on DITE
and possibly ISX-E;
data on maintenance
on bundle divertors
from Culham Labo-
ratory; experience
with liquid metals
on LMTBR-related
prograns
Central core OH Experience on TFIR, Develop specialized mainte- Unscheduled mainte- Requires vertical
coil replacement PLT, PDX, DITE, nance equipment for nanc2 activity may clearance to remove
ASDEX, JET, ard handling and viewing take more than center column
Alcator C 1 year

aIt i3 assumed that coils will be desfgned for maximum Teliability; their removal and replacement are not expected to be necessary during the design
* 1life of the ETF.
b

TFTR"s TF coils are copper and appromimately one-half the size of ETF's; LCP's TF coils are suoperconducting and approximately one-half the size of
ETF's.

c
A design that permits easy removal of the TF coils may have an impact on the remote meintenance of other components.

6L



Table A.5.5.

Reaote maint:znance — 2quipment

Key technical
components/issues

Assumpticos

Milestones

Device/facility
requirements

Testing time

Reference design
impacts

Recovery from main-
tenance eguipment
malfunction

Component replace-
ment, including
vacuum pumps
(cryosorption),
fueling equip-
ment, neutral
beams, neutral
beam ion sources,
rf ionization
equipment, aad rf
heating equisment

Compos_te experience

fror remote nuclear
technology

Experience on TFIR,

PLT, MFTF, EBT, and
Alcator C with vacuum
pumps, neutral beams,
and fueling, rf ion-
izatdon, and rf
heating equipment

Develop mobile viewing and
maripulator system to
aprraise failure mod=

Imprcve design Zor remcte
maintenance aad handling;
design for more saverte
environment; considex
tritium contanination for
reactor build-ng and
talance of plant; deselop
specialized. equipmen: for
transport of _arge and/or
heavy components with
close-tolerance posircion-
ing capabilities

Establish failure mode
analysis and determin=
specialized systems aad
2ack-up systems

Establish failure mode
analysis and determin:
specialized systems aad
back~up systems

Vacuum pump: 2
weeks to remove
and replace;
fueling equipment:
2 weeks to replace;
neutral beam: 1
week to replace;
ion source: 2
days to replace;
rf ionization
equipment: 2 days
for maintenance;
rf heating equip-
ment: 2 days for
maintenance

Requires provision of
viewing interior of
reactor building

Requires adequate
acce2ss to maneuver
components to
repair area; floor
loading/surface con-
dition adequate for
transport of heavy
components; hot cell
facilities close to
reactor building for
component mainte—
nance

aMuch of this equipment is d=signed feor hands-on maintenance.
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Table A.5.6.

Ergineering operations — maintenance statistics

Key technical
components/issues

Assumptions

Milestones

Device/facility
requirements

Testing time

Reference design
impacts

Subsvstem failure
rates and causes

Vacuum seal ade-
quacy and seal
maintenance (me-
chanical seals or
welds)

Adequacy of mainte-
ance procedures
and equipment

Items/areas of ex-
tremely difficule
mair.tenance

Experience on JT-60,
T-15, JET, .TFTR; data
from 1STA, LCP, FMIT,
and MFTF; history of
reliatility of
neutrel beams, rf
sources, and oper-
ating fusion devices

Performznce data avail-
able on TFTR, JET,
Doublet III, etc., in
smaller sizes

Experience on TFIR and
other devices with
remote maintenance

Operate machine for signif-

icant number of shots at
high output; obtain
failure data on items
such as superconducting
coils, fuel_ing devices;
publish report

Operate vacuum system at

design pressure and tem-
perature; obtain data omn
failure rares, causes,
time to repair, integrity
after repa-r, etc.; pub-
lish repor=

Write maintenance proce-

dures; tes: maintenance
procedures off-site, on
mockup, and on ETF using
actual equipment; docu-
ment record of evaluation
of maintenance procedures
and equipmant capability

Complete operation of de-

vice; defiqe and describe
difficult maintenance
tasks as they are identi-
fied durinz design, on
mockup, during assembly,
during operation, and
during postoperation
maintenancz demonstra-
tions; provide timely
input to d=signers of EPR

Adequate data collection
and analysis

Installation of adequate
instrumentaticn and leak
detection equipment;
maximum number of oper-
ating cycles at maximum
burn time

Throughout operation
of machine

Collect data on suc-
cessive remotely
removed flanges,
seals, etc., after
use; analyze
failed seals to
determine cause;
inspect condition
of seals during
routine mainte-
nance operations
and record nistory

Time for demoanstra-
tion of mainte-
nance operations,
including simula-
tion of abnormal
situations

Recovery from
schedule slippage
due to lengthy
maintenance tasks
that impact
machine avail-
ability

Failure detection
equipment required

Design adequate in-
strumentation, leak
detection, and easy
inspection capa-
bility

Mockups and other
special facilities
required to test
maintenance proce-
dures and equipment

Possible redesign of
areas identified as
difficult to main-
tain

18



Tatle A.5.7.

Engireering operations ~ maintenance experience

Key technical
components/issues

Assumptions

Milestores

Device/facility
requirements

Testing time

Reference design
impacts

Effectiveness of
locating and de-
tecting failures
anc minimizing
danage

Techniques for
nondtoring device
operation to
obtain data for
use in anticzipat-
ing need for main-
tenance

Fluid line joint
and seal perfor-
mance, leak
detection, and
repair

Determine potential
for contact and
semiremote main-
tenance

Feasibility of
maintenance with
magnets cold

Failure cetection
history from TFTE,
LCP, TSTA, etc.

Limited p:rformance
data available fron
cperational devizes

Operating data from
previouvs devices on
fluid 1:ne joint par-
formance for moderate
line sizes; nuclea:
power piant data wz1l
exist fcr water limes;
TFTR data available
for tritium and gas-
lines; 1liquid heliumm
data aveilable fron
TFTR, other neutral
beam apglications,
Lce

Experience with mainte-
nance -on TFTR

Data frcm maintenance
operatioas on LCP,
MFTF, T-LS, MHD, PMS,
etc.

Demonstrate techniques Zar

positive early detecticn
of vacuum leaks, supex-
conducting coil malfunc-
tions, tritiux system
leaks, etc., during

shakedown; publish report

Jperate machine; dev2lor
instrumentation plan;
publish report

Operate fluid systems;
obtain data during
machine oparaticn,
record data on per-
formance, and aralswze
failures (zype and
frequency) . publisi
report

Consistent with reaczor-
room radiation, deter-
mine applicable tacks
for contact mainterance,
demonstrate feasibilitw
prior to D-T ogeration,
and implement into
maintenance plan those
tasks showr to ba
beneficial; pudlish
report

Tdentify tasks that can be

performed with magmets -
cold -

Adequate data collectior

and analysis, includirg
-ime to detect failure,
zake corrective actior,
and identify cause anc
location

Installaticn and operatiom

of adequate instrumen:za-
tion for measuring stmain,
temperature, crack proda-
gation, flow rates, rali-
ation, pressure, time,
deflections, currents,
voltage, fields, etc.

Iastallation of acequate

instrumentation, failu-e
detection ecuipment, amc
test loops for seals amé
joints to be used in
future devices

Thorough check-out
during installa-
tion and shakedown;
analysis time re-
quired after a
failure; inspec-
tion of related
componants and in-
strumeatation re-
Juired after a
Eailure, including
raview of pro-
zadures

Chack-out and cali-
Hration of instru-
mentation during
assem>ly; data
nonitored and ana-
1lvzed during ma-
chine operation

Dacra monitored and
analiyzed during
machine operation;
time required
curing operation
for removdl and
replacement of
experiments

Time to perform con-
tact.or semiremote
raintenance tasks
as appropriate
(derorstrate per-
somnel protection
devices in radia-
tion environment
prior to use in
ETTF)

Time to perform
maintenance tasks
as appropriate
with magnets cold

Failure detection

equipment and
special controls or
ather devices re-
quired to minimize
damage; develop
design and opera-
tive philosophy
relating to
failures being
designed for

Requires adequate

instrumentation
that does not
compromise machire
reliability

Provide for special

test loops; ade-
quate instrumen-
tation required;
design adequate
failure analysis
equipment

Special tools/
shielding may be
required for
specific tasks

Design device to
minimize number
of tasks requiring
warm-up of super-
conducting coils;
mockup may be
required to
evaluate mainte-
nance operation

i
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Table A.5.8. Engineering operations — radiation effects

Key-technical
components/issues

Assumptions *

Mil=stones

Device/facility
requirements

Testing time

Reference design’
impacts

Reactor-room anc
componént radia-
tion environment

Effect on.mainte-
nance of radiz-
tion environment,
temperatures,
vacuum, Or
corrosion

Limited data frem TFIR,
JET, TSTA, etc.

Limited radiation damage
data available from
TFTR, FMIT, laser
fusion; fission
reactor data avail-
able; operation data
{temperature, vacuum,
zorrosion, sputtering,
etc.) available from
other operating fusion
devices

Obtain radiation data for
all compoaents and
reactor room over a range
of operative parameters
and history; publish
report

Analyze failures and degra-
dation of characteristics
as componznts are avail-
able for inspection;
publish rzport

Adequate data collection
and analysis

Maximum operating time at
critical parameters

Throughout D-T oper-
ations

Time required to re-
move and analyze
components and to
analyze effect of
operating environ-
ment on their
functions

Means of monitoring
required

Capability for
materials test”
experiments must
be provided

€8
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The design of. ETF components ﬁo satisfy maintenance time and con-
fidence goals will have an impact‘on the design effort and impose design
constraints. Maintenance features wili have to be known early in the
design and will be one more requirement influencing the final design.

In close coordination with the component design, maintenance equipment
and procedures must be established.

Functional mockups will be needed to support the development of
maintainable designs, maintenance equipment, maintenance procedures, and
personnel training techniques. Maintenance equipment will include some
specialized equipment. Equipment to recover from the malfunction of the
normal maintenance equipment will be required. F¥or certain c¢ofiponents,
such as ion sources, hot cells will be needed to recondition the compo-

nents after they are removed from the reactor room.

A.5.3.3 Device/Facility Requirements

Specific functional and performance requirements for the ETF compo-
nents, equipment, and facilities involved in remote maintenance must be
established in concert with design and overall device specifications.
General requirements include (1) establishment of detailed component
removal, repair, and requalification procedures; (Z2) establishmernt of
accurate maintenance operation time lines; (3) proving of equipment
design and procedures by preoperational check-out; and (4) qualification

of personnel.

A.5.3.4 Testing Schedule Requirements

"Most maintenance operations must be performed with the device shut
down. This means that those operations that cannot be or are not carried
out on mockups during design and/or assembly will have a significant
effect on the machine's operational availability. Because the ETF
components to be maintained and the maintenance equipment and procedures
to be used are yet to be designed, goals for the maintenance times
should be established. These goals should be selected considering

(1) the. expected maintenance frequency, (2) the time during the program
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when the maintenance takes place, (3) the ETF availability requirement,

and (4) the maintenance time/availability requirement for EPR and DEMO.
Maintenance demonstration may be performed (1) during device

assembly, (2) prior to D-T operation, (3) after D-T operation, and

(4) during decommissioning. Lengthy and risky demonstrations such as TF

coil replacement might best be accomplished during assembly, during ‘

design or mockup, or during decommissioning.

A.5.4 ACQUISITION OF DATA FOR IMPROVED MAINTAINABILITY
OF FUTURE REACTORS

The objective'of this issue is the recording, analyzing, and dis-
semination of information for reactor maintenance. This information
will be applied to the design and operation of future fusion reactors to
improve their maintainability and overall performance. Key items of

data and information desired are

(1) subsystem failure rates and causes,

(2) reactor room and component radiation environment,

(3) effectiveness in detecting and locating failures and
minimizing damage,

(4) techniques for monitoring device operation to obtain data for
preventive maintenance,

(5) f£fluid line joint and seal performance, leak detection, and
repair,

(6) delLerwination of potential for contact and semiremote main-
tenance,

(7) effects of radiation environment, temperatures, vacuum, oOr
corrosion on component removal, replacement part fit, and
mechanical joining,

(8) feasibility of maintenance with magnets cold,

9) evaluation of vacuum seal adequacy and seal maintenance

(mechanical seals or welds),

(10) evaluation of adequacy of maintenance ﬁrocedures and
equipment, and

(11) identification of items/areas of particular difficulcy.
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A.5.4.1 Assumptions

Some data will bé available from fusion devices, including TFTR,
JI-60, T-15, Doublet III, JET, and MFTF. Other experimental devices
such as Alcator C, PLT, and PDX can also provide some information.
However, not all of thesé machines maintain complete failure logs. The
testing of subsystems to support the development of fusion devices will
also provide data. (Included in this category are LCP, TSTA, and FMIT.)
Fission power plants, breeder development reactors, and special nuclear
facilities will be additional sources of data and information. However,
none of these provides a c¢ombination of environment, size, and design
that closely resembles the.fusion reactor. The ETF provides a unique

test-bed in this regard.

A.5.4.2 Achievements/Milestones

Accomplishment of the data acquisition mission does not in itself
require advancements. It will be achieved primarily by instrumentation
and planned experiments that are compatible with the ETF. The reactor-
like features of the ETF, its long cumulative operating time, and the
design of many components for maintainability will provide the con-
ditions that make the EUF an excellent tacility toir this mission. Unly
a small impact on the device characteristics, facilities, or schedule is

anticipated.

A.5.4.,3 Device/Facility Requirements

The inétrumentation and special experiments required should imposeA
a minimum need for new functional and performance requirements for the
ETY device and facility. Plans for the required instrumentation and Lhe
special experiments necessary to acquire the desired data must be defined
early in the ETF program. Also, to ensure completeness the data record-
ing and dissemination required should be established early. Some of the
data needs will require special experiments. One example might be
determining the effects of radiation environment, high temperatures,

vacuum, or corrosion on the binding up of parts that must move for
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maintenance and the fitting of the replacement part. Swelling, creep,
corrosion products, or vacuum deposition might cause distortion or
binding. A special experiment to evaluate a range of parameters influ-
encing such distortion or binding may be the best way to obtain the
needed data. Another example is determining the potential for contact
and semiremote maintenance. In this case, different sectors of the
torus might use different degrees of shielding and/or penetrations to
evaluate alternatives. Furthermore, protective mobile shields might be
instrumented and placed in the reactor room at appropriate locations to

confirm shield effectiveness.

A.5.4.4 Testing Schedule Requirements

This mission can probably be accomplished within the operating
times and downtimes established by other missions. Although the added
instrumentation appears simple, its presence and maintenance may add to
the total maintenance time requirements. The special experiments are
considered to be relatively straightforward and can be designed so that

their failure would not cause the device to be shut down.

A.5.5 ACQUISITION OF DATA ON DESIGNING ETF FOR MAINTAINABILITY

The ETF will be a system of high visibility, and its availability
as perceived by the utilities will be particularly noted. Notwith-
standing its precursor function, its availability will be interpretéd as
indicative of future systems. For a base load electrical generating
plant, the target for the gross annual availability is =2857% and for
shorter periods it is >95%. Therefore, during the entire ETF project
from design to decommissioning, great care must be taken to provide
adequate facilities for service, maintenance, and repair in order to
achieve a final target of (for inétance) 50% availability. Furthermore,
during the engineering stages of the ETF, the influence of the demands
of maintainability on the design will be noted and evaluated. The

following guidelines to be used during the design of the ETF are offered:



(1)
(2)

(3)
(4)

5)
(6)
(7)
(8)
(9)
(10)

(11)
(12)

(13)
(14)

(15)

(16)

This
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modularization of components,

tradeoff on vacuum (primary and secondary) boundary location
and shielding,

identification and assessment of critical path maintenance
actions (including high frequency activities),

tradeoff of number and size of TF coils vs performance, cost,
and access {(including consideration of trimming coils),
minimization of number and size of trapped PF coils,

design for inspection,

provision of back-up and redundant operation in design,
appropriﬁtc ugc of mockups,

maximum use of off-the-shelf maintenance equipment,
evaluation of the ability to perform contact maintenance
consistent with cnvironment in reactor room,

povision of clear access to elements requiring maintenance,
choice of fluid/electrical joihts based on tradeoff between
replacement time, frcquency, and reliability,

provision for recovery from maintenance equipment failure,
adoption of parts standards when remote handling is involved,
development of maintenance procedures during component design
and check-out with mockup and during assembly, and
agslstance and support from the newest hazardous environment
operations technologies (e.g., space, undersea, fission,
chemical plant, and machine actuation, production, and control

systems) that may be of use in a fusion reactor environment.

list of guidelines must be reevaluated and expanded. For

maximum effectiveness, the design guidelines for maintainability must he

established at the beginning of the program and their application

enforced throughout the design period.

A.5.6 MILESTONE CHART AND MISSION ANALYSIS TABLES

Figure A.5.1 indicates probable dates for the completion or occur-

rence of the deliberate maintenance events described in Tables A.5.3-

-A.5.8 and for the review of cumulative operational data.



ETF MISSION/OPERATION SCHEDULE
25-year operation

ORNL-OWG 80-2234 FED

Operation

First wall section replacement
Blanket module replacement
Shield module replacement

First wall in situ servicing
(high frecguency)

Limicer blede changeout
(high frecuency)

TF coil replacement/repair

Interlockec PF coil
replacement/repair

Exterior PF coil sservice

Divertor replacement/repair
Central OH coil replacement
Failure and cause statistics

Environmentsl radiation
survey

Assessment of cor.tact
maintenance

Maintenance with magnets cold

Maintenance procedure
evaluation

Eeam component replacement
(new filaments every few
weeks)
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Fig. A.5.1.

Maintenance schedule.
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As indicated in the text and in Table A.5.2, many mockup and
assembly trials of maintenance procedures are scheduled to take place
before hydrogen startup in 1990. Before D-T operation (assumed to start
in 1993), data on failures will be reviewed and maintenance operations
reviewed and tested.

Immediateély after the start of D-T operations, radiation surveys
will be made and the areas of possible contact or shadow-shielded main-
tenance determined. Thereafter, statistical information will be obtained
largely at random. However, accumulating information will be reviewed
at least annually.

The ETF mission is summarized in Tables A.5.3-A.5.8, which show the
relationship of the maintenance and operational functions to the ETF

program.
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APPENDIX A.6

MATERIALS TESTING
A.6.1 INTRODUCTION

Materials testing has been identified as one of the principal ETF
missions for providing the data base for an EPR. In the materials
testing subgroup the approach taken was to address materials testing
(from a functional viewpoint. Five materials categories were identified,
and a separate category for plasma/wall interactions was established.
Participants in the subgroup are listed in Table A.6.1. Key findings
are summarized in Tables A.6.2-A.6.7.

Testing for fusion-produced radiation effects was the only con-
sideration proposed for the ETF materials testing mission. It is assumed
that testing of material propefties (e.g., corrosion of breeding and
cooling fluids) will be-provided at other test facilities.‘

The use of the ETF as a materials test facility was found to have a
significant impact on its operéting and lifetime requirements. In
addition, the timing between the ETF and EPR will probably not permit
the long-term testing required to develop a design data base. An alter—
nate proposal may be required in which the ETF provides correlations
betwcen the radiation effects produced in a reactor environment and the

data base that will be available from fission test reactors.

A.6.2 KEY ISSUES

As a basis for the materiale mission analysis, testing requirements

were considered for six functional materials areas.

A.6.2.1 TFirst Wall and Blanket Structural Materials

The first wall and blanket structural materials category includes
all metallic materials to be used as structural elements within the

radiation~-affected zone of the blanket and shield.
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Participants in materials testing subgroup
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rxf

Bloom, Chairman

Clausing
Davis

Davis
DeVan

Gold
Hoffman
Micich
Rosenwasser
Smith

Straalsund

Wiffen

ORNL

ORNL

McDonnell-Douglas Astronautics Company
Sandia Laboratories

ORNL

Westinghouse Electric Corporation
Energy Technology Engineering Center
Grumman Aerospace Corporation

GA

ANL

Hanford Engineering Develupment
Laboratory

ORNL




Table A.6.2. Materials testing — structural materials
Key technical Device/facility Reference design
somponents/issues Assumptions Milestones requirements Testing time impacts

Engineering data
base, basis for
design methods

Eliminations and
judgments based
on Alloy Develop-
zent for Irradi-
tion Performance
(ADIP) program

Surface/bulk
synergisms

Data available from
ORR, ' FMIT, EBR-II,
HFIR, and FFTF for
70-300 dpa on paths
A, B, C, and D? and
ferrous alloys and
for end of 1ife {EOL)
in helium for paths A
and B alloys

Correlation on selected
alloys from FMIT;
extensive data base
on unirradiated
material properties;
better definition of
limiting properties
of various materials

No data available

Examine candidate materials

for EPR/DEMO-in fusion
environment; correlate
with fission data base;

conduct tests lasting at
least ore-half the design

lifetime of candidate
alloys zt 6 MWyr/m?;
develop capabil-ty to

test at up to V20 MWyr/m?

for EPR,DEMO qualifica-
tion

Post-mortem on ETT compo-

nents a: end of mission

Verify pra=dictive capa-

bility Eor bulk prop-
erties in presemce of
plasma

125-liter test volume; .
neutron wall loadings of
>2 MW/m2; fully instru-
mented and controlled
test stations with inde-
pendent cooling; rapid
(1-3 days) access to test
stations; full hot cell
and handling facilities

Fully instrumented and con-
trolled test statioms
with exposure to plasma

Examination of can-
didate materials,
vl year after full
power D-T opera-
tions; testing to
one~half of design
lifetime, V6 years;
testing to ~20
MWyr/m?, >10 years

Will take place at
end of facility
life

3 years

Longer operation
schedule for ETF;
increase in product
of duty factor and
wall load to
>2 MW/m?; possible
effect on compati-
bility with vacuum
building; need for
separate controlled
systems for load-
ing, cooling, etc.

Requires V5 test
stations, with and
without exposure
to plasma, fully
instrumented, and
~50 cm square by
10 cm deep

2 : . P . . . .
Four paths of apprcach are being pursued in the ADIP prcgram: 4, austenitic stainless steels; B, higher strength iron-nickel-chromium alloys;
C, refractory and reactive metals; D, innovative concepts.

€6



© Table A.6.3. Mazerials testing — nonmetallic mzaterial’s

Key technical
components/issues

Assumptions

Device/facility

Milestones requirexnents

Testing time

Reference design
impacts

Current break,
insulators in
high flux coils,
waveguides, and
neutral beam
lines ~

UnirradZiated properties
data base availzble;
irradiation effects
data based on fission
reacto= irradiations
availzble; no iz situ
information available

Test swelling, mechanicel
proparties, and elzc-
trical properties to &t
least one-half the design
lifezime of materials at
6 MWsr/m?

Nothing beyond requirements
for structural materizls
(see Table A.6.2)

Testing of materials
to one-half design
lifezime, 6 years;
in situ testing
for correlation,

3 years

Nothing beyond re-
quirements for
structural mate-
rials (see Table
A.b.2)

Table 2.6.4. Matarials :zeszing — hzat sink nmaterials

Key technical
components/issues

Asanptions

Device/facility .

Milestones requirements

Testing time

Reference design -
impacts

Beam dumps,
limiters, armor,
divertor/col-
lector, liners

Data available on bzam

dumps, l-miters, znd
armor from TFTR; gre-
liminary divertor/
collector data fram
PDX; datz availatle
from neutral beam
test stards; good
thermal Zesign back-
ground; uvery limited
data on frradiation
effects

Evzluate performance in
ectual fusion reactor
enviromment; examine per-
formance of near-fuil-
scale divertor/collector
raterials if divertor iec
used o1 ETF

Capabtility for visual in-
speccion of beam dumps
and limiters during
routine shutdcwns and .Zpt
removal or replacement >f
portions of components
for inspecticn

Continuing over life
of machine

Capability for in-
spection and
replacement of beam
dump and limiter
materials; dedi-
cated limiter for
candidate materials
with ready access,
on-line surface
temperature
measurements
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Tatle A.6.5.

Materials testing — tritium-breeding materials?

Key technicak
components/issues

Assumptions

Mil=stones

Device/facility
requirements

Testing time

Reference design
impacts-

Chzmical and phys-
.ical properties
of . liquid
1ithium, liquid
lithium alloys
(e.g., Pb-1i),
sclid . lithium
zompounds,
Telten salts

.Adequéte data base
available except for
the fusion spectrum

Confirm expected behavior

through examination of
blanket modules

Blanket modules for 'solid

and liquid breeder
materials thet can be
retrieved for examina-
tion; on-line recovery
instrumentation

Continuing over life
of machine

Requires separate
cooling loops,
retrievable blanket
modules, on-line
recovery instrumen-
tation

%Joint effort with blenket/first wall/shield technology testing. See Appendix A.4.

'

Table A.6.6. Materials testing — magnet materials?

Xey ‘technical
cozponents/issues

Assumptions

Mil=stones

" Device/facility
Y- requirements

- Testing time

Reference design
impacts

Swz2lling, mechan-
ical properties,
2]ectrical prop-
srties

Unirradiated properties

established; some

data on irradiated
properties but at

wrong spectrum

Test materials to at least
one-half of design life-

time at 6 MWyr/m

Nothing beyond ‘requirements
for structurzl materials

~v6 years

.

.-

Nothing beyond re-
quirements for
structural ’
materials

%The ETF will be used to test non

tested elsewhere.

superconcucting magnet materials under nigh fluence ‘conditions. It is assumed that superconducting ‘materials will be

G6



Table A.6.7.

Materials testing — plasma/wall interactioas”

Key technical
components/issues

Assamptions

Milestonzas

Device/facility
requirements

Testing time

Reference design
impacts

Effects of gas re-

tention and
recycle (of fuel
and helium) on
plasma and
materials;
effects of wall
erosion (includ-
ing sputtering,
arcing, blister-
ing, chemical
attack, metalli:
snow, etc.);
effects of
impurity recycl=
(helium and wall
assoc}ated)

Testing and verifi-

cation. of
materials and
processes for
bare or coated
components (in
particular, for
in situ coatings)
for first wall,
divertor plate
(if used),
limiters, beam
dumps, insulators,
and rf windows

Individuzl phenomera
measured in labo-
ratories and short
pulse cevices; ccl-
lective phenomenz and
synergistic effects
unknowr., especially
in long pulse, high
neutror. flux, tritium
envirorments

Individual properties
(i.e., thermal shock
resistamce, hydrcgen
recycling, arcing
resistamce, ete.)
measured ir labora-
tories; some expe-
rience and testimg on
ISX-B, TFTR, Doublet
III, amc Alcator C;
no data on long burns
in D-T plus neutron
enviroments

Verify =redictions based on

models (i.e., test
modulzs) and s>z_ing
effec:s; provile data for
EPR/DIMO

Test coating adhesion znd

durab:lity in ~ezctor
plasma and evaluzte
effeczs of failure;
select coatings znd/or
Dater—als for ZPE/DEMO;
jualiZly coatings,
mater-als, and processes
for EPR/DEMO

Surface stations for

analysis and testing
similar to those on ISX-B
and PLT (on-line, real-
time); time-resclved
diagnostics for plasma
edge conditions; incident
fluxes of particles and
radiation, and emission
fluxes from surfaces

Component~testing faciliry

with full instrumenta-
tion, removable compo-
nents, separate cocling,
and electrically insu-
lated wall section,
divertor section, limicer
section, ete. .

Gas retention and
recycle: 4 years
of hydrogen opera-
tion and 2 years
of D-T operation;
wall erosion and
impurity recycle:
"4 years of hydro-
gen operation and
3 years of D-T
operation

Continuous over life
of machine; also,
destructive end of
life tests

Surface stations will

require 500 cm? per
station at plasma
position and
transfer tubes
through all machine
peripherals and
radiation shields;
evaluation of wall
erosion and
impurity recycle
requires a hot
surface analysis
laboratory on-site

Dedicated test sec-

tions to represent
each critical
component; compo-
nent sections must
be fully instru-
nented and visually
observable during
operation and pref-
erably removable or
at least retrac-
table without
nachine downtime;
removable inde-
pendent limiters
and divertor plate;
hot surface anal-
ysis laboratory
on-site

a
If a divertor is used, separate sets of Jiagnostics wilil be required. Cond:tions in the divertor will be significantly different and in some cases

much more demanding.
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A.6.2.2 Nonmetallic Materials

The nonmetallic materials were included primarily to cover non-
metallic thermal and electrical insulators that may be used within the

area of neutron radiation.

A.6.2.3 Heat Sink Materials

Heat sink materials include the nonstructural metallic materials
such as liners, limiters, neutron shielding, and particle/beam dumps to

be used for protective armor, shielding, or heat absorption.

A.6.2.4 Breeder Materials

Breeding materials were included for testing of chemical and
physical properties. This testing should be carried out as a joint
effort with the blanket/first wall/shield subgroup testing of breéding

materials for neutronic performance.

A.6.2.5 Magnet Materials

Magnet materials were identified as a testing category to include
the nonstructural elements of magnets that may be used inside the TF
coils and exposed to the high energy neutron radiation. Khowledge of
the radiation effects on electrical and mechanical properties is required.
Nou testing of supcrconducting coil materials has beén proposed. It was
assumed that acceptable neutron fluences and heat loadings can be estab-

lished with presently available facilities.

A.6.2.6 Plasma/Wall Interactions

Plasma/wall interactions were included as a special materials
category to establish the effects of plasma/particle interactions with
first wall surfaces. Gas retention, erosion, sputtering, and coating

properties should be evaluated.
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A.6.3 ASSUMPTIONS

A major function of the ETF is to provide a test-bed for the develop- v
ment and qualification of materials;, design methods, and components for
EPR and DEMO. For materials outside the radiation-affected zone, it was
assumed that a sufficient data base will be available (or provided as
required) from other sources. Therefore, the ETF will be required to
test only those materials that are close enough to the fusion reaction
to require evaluation of the effects of the high energy neutron spectrum
on material properties.

A significant materials data base will he availahle from the ongoing
fusion materials program, primarily from fission reactor testing with
some correlations between the fission reactor data; a high energy neutron
spectrum will be available from the Fusion Materials Irradiation Test
(FMIT) facility. IL was assumed that funding for these programs will be
sufficient to support the desigﬁ needs for the evolving DOE strategy and

schedule for the construction of EPR. ’ i

A.6.3.1 Fission Reactor Simulations

A significant materials data base will be established for a wide
range of helium and atom displacement levels. Primary sources of infor-
mation will be the Oak Ridge Research Reactor (ORR), the High Flux
Isotope Reactor (HFIR), the Experimental Breeder Reactor (EBR-II), and
the Fast Flux Test Facility (FFTF). An adequate data base for design of
EPR could be established from tests nsing these reactorslprovided that a
correlation can be established in the ETF between the actual fusion

spectrum and the fission simulations.

A.6.3.2 Beam Fusion Testing

The FMIT facility will provide some early indications of the cor-
relations between helium production and atom displacement in fusion- .
and fission-produced neutrons. The correlations will help to bracket

the problem, but the added restrictions of the small sample-testing
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capability and the beam-produced neutrons with energies greater than
14 MeV will prevent achieving the level of confidence on which to proceed

with an EPR.

A.6.3.3 Tokamak Experimental Programs

TFTR will provide some information on unirradiated heat sink
materials used as beam dumps, limiters, etc. Also, PDX and ISX-B will
provide basic materials design data on divertor collectors. Additional
plasmé/wall interaction data will be available from these and other

hydrogen test devices.

A.6.3.4 Shortfalls and Priorities

No data will be available prior to ETF operation on the surface/
bulk synergistic effects. The combined influence of these effects can
be determined only in reactor-like D-T devices that operate with plasmas.
Although a large irradiated materials data base is assumed, the ETF will
provide the all-important correlation for actual fusion reactor con-
ditions, with the added advantage of a large test volume. Therefore,
first priority should be given to obtaining correlations with the
fission-produced data base for the major materials categories. Although
a data base provided by the ETF is a good long-range goal, it may not be

practical because of the long-term operations required.

A.6.4 ACHIEVEMENTS/MILESTONES

The primary materials testing achievements identified for the ETF
mission are described under the following three milestones, listed in

the order in which they would occur in the materials testing schedule.

A.6.4.1 Correlations

The first and most important milestone is to provide correlations
between testing in a simulated fusion environment and the actual D-T

plasma. Typical correlations are
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(1) fission materials data with fusion plasma,

(2) FMIT data with fusion plasma,

(3) plasma/wall interaction hydrogen experiments with fusion
plasma,

(4) 1in situ testing with postirradiation testing, and

(5) synergisms between surface and bulk.

A.6.4.2 Data Base Provided by ETF

To obtain the necessary materials data base for EPR, a minimum test
time of one-half the design lifetime of candidate materials must be
provided at full power D-T operating conditions in the ETF. The design
lifetime goals of EPR/DEMO and commercial power reactors will therefore
have a strong impact on the operating lifetime of the ETF if it is to be
a materials test reactor for establishing the primary data base for

future reactors.

A.6.4.3 Post-Mortem Testing

Possibly the most significant materials design information can bé
obtained by testing and inspection of the ETF components at the end of
the mission. Complex design features that are difficult to simulate in
test samples (such as mechanical joints and welds, multidimensional
stress fields, and environmental effects) can be evaluated using the

actual hardware.

A.6.5 DEVICE/FACILITY REQUIREMENTS

Requirements on the ETF device and facility were found to be rather
modest, considering the importance of the materials testing mission,

The principal requirements are summarized below.

A.6.5.1 Test Modules

A volume of n125 liters is required with a minimum of five test

locations, 50 x 50 x 10 cm, at the first wall. Some test samples will
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require direct exposure to the plasma. Independent cooling will be
required for each location and possibly for submodules at a single
location., Fully instrumented and automatically controlled sample test

fixtures will be required within each location.

A.6.5.2 Reactor Power Levels

Neutron wall loadings >2 MW/m? will be required to evaluate reactor-

level radiation effects adequately.

A.6.5.3 Operations and Maintenance

Access will be required for both scheduled and unscheduled removal
and replacement of test modules. Materials test units consisting of an
entire station/module will be removed for maintenance outside the reactor
cell., One to three days is proposed as the maximum time for this
operation. A limited number of tests (e.g., of first wall and limiter
samples) can possibly be handled inside the reactor cell. Access for

visual inspection of components is also desirable.

A.6.5.4 Additional Facilities

Hot cell facilities outside the main reactor cell will be required
for routine maintenance and assembly of the test modules. However,
equipment for postirradiation testing is not considered a necessary part
of the ETF. Laboratory facilities for hot surface analysis will be
required.

Heat transfer systems will be required for a range of coolants and

operating temperature conditions.

A.6.6 TESTING SCHEDULE REQUIREMENTS

Estimates.of the time required to achieve the missions defined in

Appendix A.6.4 are listed in Table A.6.8.
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Table A.6.8. Testing schedule requirements

. : . .. a.
Milestones Testing time
First examinations and -1 year of full power D-T
correlations operation

One-hall design lifetime
of candidate materials

for EPR/DEMO 6 years
Qualification of materials o

for CPR >10 years
Post-mortem test Not applicable

aBecause of the continuous nature nf materials test;ing, an -overall
operating schedule chart is not showm.

‘'
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APPENDIX A.7

ALTERNATE CONCEPTS
A.7.1 INTRODUCTION

The base fusion concept for the ETF, the tokamak, satisfies the
urgent need to achieve a D-T burning device that can providé the test
environment necessary to establish engineering designs and component
qualification. An examination of the applicability of the tokamak ETF
test results to the needs of any of the aiternate magnetic fusion con-
cepts shows that the ETF can make a significant contribution to most of
their major engineering and technology needs. (The physics issues are
to be addressed by the planned alternate concept research devices.)

The alternate magnetic fusion concepts considered at the ETF Mission
Workshop are listgd in Table A.7.1 and include the tandem mirrof concept
and those concepts discussed in Ref. 1. Participants in the alternate

concepts subgroup are listed in Table A.7.2.

A.7.2 KEY ISSUES

The key issue relating to the alternate fusion concepts is to
identify the manner in which the ETF can advance the development of the
alternate fusion concepts. General conclusions reached regarding the

contributions of. the ETF to the alternate concepts include the following:

(1) Tnformation obtained in the ETF on first wall and blanket
engineering, on.radtation effects on materials and reactor components,
on plasma/wall interaction, and on tritium handling and processing is
pertinent and relevant to all alternate concepts.

(2) Beam-and fueling technoiogies required for the ETF are of
general interest and will advance ‘the entire fusion program.

(3) licensing issues and environmental and safety constraints
satisfied in the ETF will benefit the alternate concepts program by
setting guidelines for future fusion reactors.

(4) Operational and maintenance experience gained on the ETF will

benefit the broader fusion programs.
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Table A.7.1. Alternate fusion concepts considered
in ETF Mission Workshop

Tandem Mirror Reactor (TMR)
ELMO Bumpy Torus (EBT)
Reverse Field Pinch (RFP)
Stellarator/Torsatron
Linear magnetic fusion (LMF) devices:
*» Linear theta pinch
+ Laser-heated solenoid
+ Eloctron-bcam-hcated solenaid
* Multiple mirror

Multipole

Table A.7.2. Participants in alternate concepts subgroup

Aronstein, Chairman Bechtel Corporation
. Bogart Science Applicatiohs, Inc.
» Damm LLL
A. NeFreece MoDonncll-Douglas Aatronautics
Company
K. Jensen ‘ Public Service Electric and Gas
Research Corporation
A. Krakowski LAST. .
A. Krall JAYCUR
L. Reid ' ORNL
A, Uckan ORNL
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(5) The actual operation of a fusion device as demonstrated by the
ETF will establish credibility for fusion and instill confidence in the
reality of fusion in general.

(6) The ETF will provide an established facility containing equip-
ment and structures common to many fusion devices, e.g., power supplies,
a vacuum system, cryogenic plants, tritium-processing units, a heat
rejection system; test cells, and administration buildings. Some of
these facilities could be shared with alternate concept devices, thus
reducing the time and investment required to bring an alternate concept
experiment on-line.

(7) 'The ETF will not answer many of the plasma physics questions
of the alternate concepts. A strong basic program for the alternate

concepts is required.

A.7.3 ASSUMPTIONS

In Table A.7.3 the component technology requirements for the alter-
nate concepts are compared to those of the ETF in 1990. The programs to
achieve the level of technology assumed in 1990 for the alternate con-
cepts are listed in Table A.7.4. It is assumed that the results of the
various pfograms are all positive and budget restrictions are not imposed.
In some cases (e.g., linear magnetic fusion and multipole), both the
programs and data base relative té 1990 are exlLremely speculative. The
areas in which the ETF might advance the technology of the alternate
concepts beyond the assumed data base presented in Table A.7.3 are

presented in the following section.

A.7.4 ACHIEVEMENTS/MILESTONES

The achievements of the ETF relative to the alternate fusion con-
cepts lie primarily in the area of materials testing, with some simulation
of the interaction of fueling with the plasmé and of beam heating with
the plasma. Materials tb be tested, in addition to the stainless steels,
include conducting first wéll materials, direct converter materials, and’

normal magnet materials. Some of the linear magnetic fusion devices



Table A.7.3.

Technology and operational requirements of alternate concepts

compared with those of ETF in 1990

Concept
Stellarcator/ a
Component THR EBT RFP Torsazron LMF Multipole
First wall Similar Similar Conductirg wall Similar Higher wall loading
4 recuired .
Blanket/shield Similar . Similar Similar Similar Short, rapid burn
cycles
Magnets Higher fields, no 3  Lower fields, no B Lower fields, Similar fields, More radiation

Plasma heating

Fueling

Vacuum chamber
exhaust N
processing

Instrumentation
and control

Power supplies

Blanket process-
ing

Heat transport
!

Power conversion

Divertor

Higher beam energy,
more beam power,
negative icn

. injectors, and
steady-state
beams

Similar

Higher wvoltage,
steady-state; no
pulsed emergy
requirerent

Similar

Direct comverter
required

No divertor
required

Similar beams, rf
heating required

Similar

Similar technologzv.

Some similar instrumentation.

No poloidzl field
pulsed .power

Similar

Similar
Similar
Similar or less

severe require-
ment

similzax B

Compression heating,
. higher plasma
currer:t than ETF

Batch® burn

Lelical winding
required

Similar

Similar; -—nteraction

with plasma has
many comnon
elements

Throughput varies acccrding to device.

Similar

Similar

Control unique to each device.

No pulsed power

Similar

danger in some
concepts

Lasers, electcron

beams, etc,; dif-

ferent require-
ments

Batch burn for
" pinches and
solenoids;
similar for

multiple mirrors

Similar

Steady-state devices do not requir2 thermal storage

Water-cooled, direct
cycle steam system

Unknown

Similar

Poloidal cr helical
divertor recui-ed

Direct converter
required

Not enough information availablz-to make assessmenkt.

901



Table A.7.4.

General assumptions for data base at beginning of ETF operations

TNR

EET

RFP

Torsatron

LMF - Multipolea

T™X, MFTF-B, and Phaedras
operated

Scaling and physics
understood

15-T magnet technology
tested

High energy, steady-state
reuatral beam injection
tested

Rezdy for ETF/EPR-type
cevice before 1990

EBT-S, EBT-I1, and proof-
of-principle experiment
operzated

Scaling and physics under-
stood

Heating understool

Ready for ETF/EPR-type
device before 1390

2T-40, reverse field experimenc,

and near-ignition proof-of-

principle experiment operated

Ready for ETF/EPR-type device by

1990

Continued operation
of existing
devices; PLT-size
device in early
1980's

" Ready for TFTR-type

device by 1990

Existing program
too speculative
to ascertain

a -
Not enough information available to make assz2ssment.

L0T



108

require compression coils near the plasma; hence, there is a need for
evaluating material damage properties of normal magnets in a high neutron
flux environment. Some answers relative to the fueling and heating of
plasmas unique to the alternate concepts (e.g., penetration, pellet

size, pellet speed) could possibly be achieved by tailoring the plasma

of the ETF to simulate the conditions of the density, temperature, and
impurity levels of the alternate concept. This simulation could perhaps
be modeled for toroidal devices such as the ELMO Bumpy Torus (EBT) and
Torsatron. Table A.7.5 lists achievements for each alternate concept

that might be derived from the ETF.

A.7.5 DEVICE/FACILITY REQUIREMENTS

A.7.5.1 Device Requirements

The materials testing program for the alternate concepts is expected
to be integrated into the overall materials program of the ETF. Require-
ments listed in Appendix A.6 are also relevant to the alternate concepts.
A portion of the materials test volume of the ETF should be allocated to
testing materials specifically for the alternate concepts.

Provisions should be made for varying the injection angle of the
neutral beams and the size and speed of the pellets in order to test
neutral beam and pellet-fueling interaction with plasmas. If helical
control windings are used on the ETF (to mitigate plaéma disruption). a
crude simulation of a Torsatron plasma might be provided.

The reverse field pinch (RFP) reactor assumes near-reversible
magnetic field energy recovery. This mechanism could be demopstrated by
the PF system of the ETF if provision is made for recovering this energy
(as opposed to dumping it). Also, information relative to rapidly
changing fields in superconducting magnets required by the RFP reactor
will be provided by the PF system of the ETF.

The divertor option for the ETF has not yet been selected. 1If a
bundle divertor is selected, operational cxperience relative to EBT
Acould be obtained. A poloidal divertor would yield information of

interest to Torsatron operation. Changing divertor types to provide



Table A.7.5 Necessary milestones to be achieved during ETF mission

TMR

EBT

RFP

Torsatron

LMF

Demonstrate fueling of mirror
central cell

Test direct converter
materials

Simulate neutral beam/plzsma

operarion for reactor-
grade EBT

Simulate fueling/plasma
operation for reactor-
grade EBT

Test conducting first wall
materials

Demonstrate near-revers-
ible: PF energy recovery

Demonstrate B requirement
in PF winding

Simulate neutral beam
ignition (non-
perpendicular)

Simulate fueling

Test poloidal or
helical divertor

Conduct irradiation test
of pinch and solenoid
first wall material

Conduct irradiation tests
of magnet materials

Conduct irradiation tests
of direct converter
materials

Test near-reversible
field energy recovery
for application to
linear theta pinch

60T
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operational simulation for the alternate concepts would require a major
modification of the ETF device, and this would have to be considered in

the initial design of the ETF device.

A.7.5.2 Facility Requirements

Hot cells, power supplies, cryogenics, heat dissipation systems,
etc., provided for the ETF should be adequate for conducting specific
tests for the benefit of alternate concept reactors. However, if a
second load assembly were constructed ét the ETF exclusively for alter-
nate concept testing, facility requirements (land, electrical power,

water, etc.) would be affected:

A.7.6 TESTING SCHEDULE REQUIREMENTS

As previously indicated, the major contribution of the ETF to the
alternate concepts is in the area of materials testing. Test modules in
the ETF should be allotted to alternate concepts materials, and testing
should be integrated into the overall materials test program. At lcast
a l5-year duration is estimated for the testing of conducting first wall
material, copper and aluminum magnet material, and materials used in
direct converter components. An overall operating schedule for the ETF
pertinent to alternate concepts developmental activities is shown in
Fig. A.7.1.

Poloidal or helical divertor operation and gas blanket fueling are
included on this schedule as desirahle tests relative to eome of thc
alternate concepts. However, if the ETF does mnot have such components
in its initial design, major modification of the device would be required
in order to perform these tests; this may not be programmatically or
economically feasible.

The impact on the schedule (either construction or operation) of

providing a second load assembly on the ETF site was not addressed.
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(25-year operation)
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Material testing
(conductiag first wall
material, normal magnet
material, and direct
converter material)

Fueling/plasma interaction

Neutral beam/plasma inter-
action

Magnetic emergy reversible
recovery demonstration

Rapic¢ field change (B) in
superconducting winding
testing

Poloidal or helical
divertor cperation

Gas blanket operation

Fig. A.7.1. Alternate concepts.

11T
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APPENDIX A.8

ETF MISSION WORKSHOP
A.8.1 PRELIMINARY MISSION DESCRIPTION FOR THE ETF!

A.8.1.1 Design Philosophy

The underlying philosophy for the ETF design should be to produce a
skeletal, basic framework machine designed to include a series of pre-
planned upgrades that will allow progressing from a short hydrogen/
deuterium check-out phase to the high Q, high duty cycle, D-T plasma

phase. The objectives in general should be as follows:

(1) 1Investigate the plasma engineering of alternative startup,
burn, and shutdown scenarios for both low Q and high Q toroidal fusion
reactors.

(2) Serve as a test-bed for fusion reactor technologies, including -
thermal hydraulics, first wall pgrformance, radiation damage, tritium
and fissile breeding, synfuel production, support systems, and main-
tenance techniques.

(3) Generate a data base on the operational reliability, safety,
and ease of repair of fusion reactor subsystems.

- (4) Serve as a national facility for experiments that require an

intense source of l4-MeV neutrons.

A.8.1.2 Experimental Plan

Figure A.8.1 outlines a possible plan for utilization of a proposed
ETF based on the tokamak concept. The basic structure of the program
plan is defined by a set of project milestones that are directly related
to the stated purposes of the device. Actual times required to complete
particular engineering and physics tasks requisite to the achievement of
each milestone will be sensitive to the allocation of personnel and
budgetary'resoufces to each task at various phases of the program.

Resources would be allocated toward the earliest practical attainment of
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near-thermonuclear ignition, consistent with the need for considerable
engineering and plasma physics tests in hydrogen, before neutron acti-

vation precludes convenient access to the device.

A.8.1.3 Design Objectives

The ETF is intended to bridge the gap between TFTR and a full-scale
EPR. 1In order to fulfill the engineering test role, the ETF should _
produce a near-ignition plasma and achieve a stable (or coﬁtrollable)

~extended burn state for a substantial length of time (330 s). 1In

order to attain these goals, a number of subhsidiary physics questions
must be addressed, including plasma position, shape, and current profile
control in the presence of internal alpha particle heating; impurity
control; fueling; alpha particle physics (confinement, thermalization,
and instabilities); and the control of burn thermal equilibrium.

The technology demonstration aspect of the ETF objectives will be
achieved if the machine can be operated reliably and routinely for
extended pgriods of time. Preliminary program milestones related to
teéhnology demonstration are the achievement of the design point 507%
duty cycle (4.5 years after initial startup) and successful generation
of electrical power (v5.5 years) in one or more test 10055.

At some point, the first wall of the ETF must be replaced because
of limits imposed by cyclic fatigue and radiation damage. Prior to this
point, but after the nuclear engineering mission of the ETF has been
accomplished, testing of advanced plasma technology such as higher
energy neutral beams or higher frequency rf generators could be per-
formed. Techniques for driving steady-state tokamak currents, if demon-
strated on small-scale experiments, might be tested onAthe ETF during

this period.

RIEFERENCE

1. This material appeared as.Section 5 of Enclosure 3 of a letter from
E. E. Kintner (Office of Fusion Energy, Department of Energy,
Washington, DC) to M. Gottlieb, T. Ohkawa, and L. A. Berry,

Octolber 2, 1978. |
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A.8.2 ETF MISSION WORKSHOP: REFERENCE PARAMETERS

The reference case for the ETF Mission Workshop consisted of the
preliminary mission statement, included as Sect. A.8.1; the TNS design
parameters, listed in Tables A.8.1 and A.8.2; and the current EPR/DEMO
parameters, listed in Tables A.8.3 and A.8.4.

A.8.3 SUGGESTED GUIDELINES, AGENDA, AND PARTICIPANTS

A.8.3.1 Suggested Guidelines for Subgroup Deliberations

The initiation of the ETF mission or facility operations is assumed
to be v1990. 1In order to define a meaningful testing program for the
ETF, we must establish the scope of data base in physics, technology,
and engineering expected at the initiation of the testing program. This
difficult task requires assumptions concefning the program achievements
that will be realized during the next decade. It is suggested that only
those machines now planned (plus modest upgrades) be considered in this
exercise. The forthcoming data base/R&D needs assessment will provide
guidance and recommendations for modifying the assumptions adopted in
developing the ETF Mission Statement. The following guidelines are

proposed as a means ftor achieving the Workshop objectives.

(1) Divide éubgroup areas into a workable number of key technical
components that have a minimum of overlap. Each component can then be
addressed separately in all aspects of the subgroup deliberationms,
thereby helping to ensure that all key components are considered.

(2)" Develop a consensus of general assumptions for the technology/
physics data base available at the beginning of EIF operations. It is
from this base that the advancements required from the ETF operations
can be described. Each key component should be discussed and assumptions
for each delineated.

(3) Using the EPR/DEMO characteristics, prepare a descriptive list
of necessary advancements or milestoﬁes th;t should be achieved for each
key component during the ETF mission. These advancements should build

on the assumed base of knowledge developed in response to item (2) above.



Table A.8.1. TNS design parameters — plasma and device

ORNL Tt'S GA TNS PPPL SLPX-1II ANL EPR

Operatirg mode

Power 1130 MN(t) 650 MW(t) 534 MW(t) 600 MW(t)

Opereting period 569 s 60 s 762 s 75 s

Burn time 500 s 30 s 86 s 60 s

Number of pulse/lifetime 0.35 x 108 0.2 x 108 4.0 x 103 1.0 x 108
Ciwensicns

Major radius 5.7 m 3.6 m 4.5 m 4.7 m

Plasma radius/elongation (c) 1.2 m/1.6 0.95 m/2.7 1.2 m/1.6 1.34 m/1.64

Plasma volume 225 m3 180 m3 205 m3 337 m3
Flasma

Ion temperature 12 keV 12 keV 13 keV 8 keV

Ion censity 2 x 1020 p3 1.9 x 1020 n3 3.0 x 1020 m3 1.4 x 1020 p=3

Effective charge (Zeff) 1.5 2 <2 1.7

Energy confinement time 1.2 s 1.4 s 1.4 s ©2.5s

By on axis 5.3 T 5.¢ T 6.0T 4.5 T

Safety factor (q) 3.8 2.5 3.0 3.0

Bp 1.2 2.8

By 7% 6-5% 3.7% 7%

Plasmz current 5 MA 11.6 MA 5.4 MA 7.3 MA
TF coils

Number of coils 12 12 16 16

Condactor NbjSn NbTi Nb3Sn NbTi

Bore (height/width) 9.8 m/6.2 m 9.2 m/5.8 m 6.8 m/5.15 m 8.7 m/5.6 m

Maxinum field 106.9 T 10 T 12 T 9 (10) T
PF coils

Conductor (EFC/OHC) (Cu/NbTi) /NbTi. Cu/NbTi Cu/NbTi NtTi/NbTi

Position (Inside/outsid=)/outside Inside/outside Inside/outside Outside
Neutral beams

Beam energy 150 keVv 150 kev 150 kev 180 keVv

Injection power 5C MW 60 MW 35 MW 40 MW

Injection time 6 s 2-5 s 6 s 4-6 s
Vacuum vessel

Ccntainment building First wall Outside shield Outside blanket

First wail
Type and material

Neutron wall loading
Wall lifetime (efp yr)

Blanket
Structure
Coolant
Breeding mzterial
Thickness

Bulk shield -
Material

Thickness
Coolant

Stainless steel tubes

2.4 MW/m?
5

None

Stainless steel, Pb

0.60 m
Borated H,0

Inconel 625

Carbon coating on
Inconel 625

1.8 MW/m?

None

W, Pb, stainless steel,
Sorated H,0

0.40/1.1 m

HyD

Stainless steel

Stainless steel

1.4 MW/m?

None

Stainless steel, Pb, Cu,
borated Hy0

0.66 m

H,0

Stainless steel

Coolant panel, beryllium
coated on 316 stain-
less steel

1.3 MW/m?

2.5

3i6 stainless steel
H20/steam

None

0.2 m

Stainless steel, B4C,
Pb, Al

0.5/1.0 m

H20

LTT
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TNS design parameters — systems

ORNL TNS

GA TNS PPPL SLPX-III

Fueling system

Type Pellet injection via centrifugal
slinger
Fueling rate 0.185 g/s, provided by A0.5-cm-

diam pellets with a velocity
of 1000 2000 m/3 and a l=s
particle confinement time

(during burn)

Pulsed power supplies

Energy conversion AC motor-generator flywheel

systems (MGF) system with transformer/
12-pulse thyristor bridge;
1200 MVA; 4.3-GJ deliverable
energy for 35-g pulse
Initiation RF heating
Coil connection Series

Torus maintenance

16 sectors, each consisting of a
22.5° module of first wall and
shield

Segmentation

Each sector removed between
stationary TF coils

Replacement tech-
nique

Vacuum building with mechaniral
seals between sectors

Sealing technique

PF coil access Railse (or lowaer) coils

Bundle divertor with 3% ripple
at plasma centerline, 3 x 1023
particles/s flux, 226-MW max-
imum heat load, watcr-cooled
copper coils, lithium droplet
cluud colleccor syseam, apa
10-MW/m? collector heat flux

Plasma purity countrol

Vasuum pumping syotem

Cryosorption pumps with Zr-Al
gattering system for pump
regeneration; base pressure of
1076 torr; specific pumping

- speed of 7 x 103 liters/s;
pumpout time of 25 s

Torus high vacuum
pumps

Mechanical diffusion pumps with
base pressure of 107" torr

Secondary enclo-
sure vacuum

pumps

On-site batchwise processing of
plasma exhaust; maximum on-
site storage of 10 kg; iso-
topic¢ separation by cryo-
distillation; tritium sepa-
ration from lithium via sorp-
tion of tritium on solid
yttrium or via permeation-
diffusion process using
niobium

Tritium handling

Plasma-gas blanket with gas ‘Pellet injection
puffing at the plasma
boundary or pellet injec-

tion

0.046 g/s, with a 1.92-s
particle c¢onfinement time

0.5-GJ homopolar motor- AC MGF system
generator (HMG) system

plus a 200-MVA MGF system,

providing 0.8 GJ of

storagc capacity for

neutral beams

Pulse field coils from 1-MJ
capaaitor bank

Parallel with voltage
sources connected in
serles

Parallel

8 sectors, each consisting
of 2 TF coilsc and
including a 45° module
of first wall and shield

30° plasma chamber seg-
ments, 48 hlanket modules
located between the
plasma chamber and the
vutboard field coils, and
shield segments encom-
passing the placma
chamber and the field
coils

Blanket and shield segments - Complete sector removed

removed between TF coils;

plasma segment remotcly

cut in situ and removed

Gecvadary vacuuw euclusute
with mechanical seals

Unlded plagma shamber

Disconnect P¥ coils at
joints

Disconnect vutbuard fleld
cotls ar joints

Flow reversal (requires use Poloidal divertor

of low Z materials in

vacuum chamber)

Cryocondensing vacuum pumps
with turbomolecular foure-
pumps

On-site batchwise process-
ing of plasma exhaust;
0.64-kg tritium inventory
including 0.38 kg as
basic standby, 0.038 kg
in fueling system,

0.065 lig in cryodistilla-
tion complex, and 0.16 kg
in processing equipment;
uranium hot and cold traps
for impurity removal and
storage of hydrogen,
deuterium, and tritium;
isotopic separation hy
cryodistillation

On-site batchwise process-
ing of plasma exhaust;
1.63-kg tritium inventory
including 1.49 kg as
basic standby and 0.10 kg
in fueling system; im-
puriries remnved by cryo-
genic trapping and hot
gettering; helium removed
by a cryostripping column;
isotopic separation by
cryodistillation




Table A.8.3. EPR/DEMO design parameters — plasma and device

University of Wisconsin

. ORNL DEMO GA DOUBLET MIT/PPPL HFCTR-DEMO NUMAK~-CPR
Operating mode
Power 2930 MW(t) 2350 MW(t) 2440 MW(t) 2097 MW(t)
Operatimg period 2260 s 197 s 588 s 245 s
Burn time 1200 s 168 s 500 s 224 s
Number of pulses/l1ifetim=
(20 years) 0.5 x 108 3.6 x 106 1 x 108
Dimensions
Major radius $.2 o 6.8 m 6.0 m 5.1m
Plasma radius/elorgation %g) .5 m/1.6 2.1 m/2.8 1.2 m/1.5 1.13 w/l.64
Plasma wolume %60 m3 2015 m3 317 w3 312 m3
Plasma
Ton tempexature 23 kev 16 keV 12.4 keV 13 keVv
Ion density 2.7 x 1020 o3 1.8 x 1020 o3 5.2 x 1020 n~3 2 x 1020 o3
Effective charge (zaff) Z.1 1.7 1.2 1-1.5
Energy confinement .time _.5s 0.6 s 1.0 s 1.0 s
By on axis 3.47T 3.7T 7.4T 6.1 T
safety Zactor (q) 3.0 2.5 3.0 2.6
Bp 1.49 3.7
[ ~0.0% 10% 4.0% 6.02
PIasma current 3.8 MA 22 MA 6.7 MA 7.0 MA
TF coils
Number of coils _8 16 16 8 (plus 16 .copper trim
coils) :
Conductor WbTi NbTi Nb3Sn NbTL
Bore (height/width) 1n/7m 18 m/11 m 6.8 0/5.2 m 9.5 /6.3 m
Maximum field 3.0T 8.6 T 13.1 T 11.9 T
PF coils
Conductor (EFC/OHC) ICu/NbT1) /NBTL Cu/NbT1i (Cu/NbT1i) /NbTi (Cryo Al/NbTi)NbTi
Positioa {lnside/outside)/outside  Inside/outside (Inside/outside) foutside (Inside/outside)/outside
Neutral beams None Ripple injection None
Beam energy 150 kev 120 keVv
Injection power 25 MW 100 MW
Injection time 5s 6.4 s
RF heating Rone None
Frequen:zy 2 GHz 92 MHz
Injection power 25 MW 75-80 MW
Injection time 7.3 s 1.0 s
Vacuum vessel )
Position Containment building Secondary vacuum enclosure First wall Secondary vacuum enclosure
(inside TF coil) (inside TF coil)
Material Molybdenum alloy (TZM)
First wall

Type and material
Neutron wall loading
Wall lifetime (efp yr)

Blanket

Structure

Coolant

Breeding material
Thickness

Bulk shield

Material
Thickness
Coolant

Stainless steel tubes
2.7 ¥W/m?
5

Stairless steel
Helivm

Zithium

J.75 m

Stairless steel, Pb
J.é6n
3orated H30

None

Inccnel 718
Helium
Li7Fby/L1,Si0y
0.4 m

&Y

Stainless steel, B,C
0.26 m '
Hy0

Molybdenum alloy (TZM)
3.4 MW/m?
3

Molybdenum alloy (TZM)
2LiF-BeF,

Lithium

0.6 m

Stainless steel, 3.C
0.6 m

None

Ti~5A1-4V
Boiling Hy0
LiP>

0.5 m

B4C, Pb
0.85 m ’
H,0

61T



Table A.8.4. ZPR/DEMO design parameters — svstems

ORNL DEMO

GA DOYBLET

MIT/PPPL HFCTR-DEMO

University of Wisconsin
NUMAK-CPR

Fueling system

Pulsed power supplies

Storage systems

Coil connection

Torus maintenance

Segmentation

Replacement
technique

Sealing technique

PF coil access

Plasma purity control

Pellet injection orx
gas puffing

AC MGF system

Series

54 primary vacuum
sectors with
attached first
wall and 18 seg-
mented shield
modulss

Remove sutboard
shield and primary
vacuun sectors
Detwean stationary
TF coils '

Vacuum building with
mechaaical seals
Setwea2n primary
Jacuum sectors

Relocat2 exterior 0Od
coils and dis-
conne<t interior
EF coils at joints

Bundle divertor plus
a plasma-gas
blanket

Plasma-zas blanket
with gas puffing at
the plasma boundary
or pellet injection

HMG system

Parallel

408 blanket modules
m=2chanically
atzached through
vacuum-s=2aled pena-
trations in the
blanket support
stTuctur2

Rem>ve each blanket
mddule individually
batween stationary
T? coils

Secondary wvacuum en-
closure inside TF
cozls with mechan-
ical seals

PF coils do mot
obstruct blanket
access

Impurity gas reversal

Plasme-gas blanket with
gas puff-ng a: the
plasma boundacw

8 sectors, each consist-
ing of b_anke: and
shield medules plus
2 TF coi’s

Remove complete sactor

Secondary vacuun anclo-
sure at cnspecified
location with nechan-
ical seals between
sectors

Disconnect interior EF
coils at joints

Plasma-gas blanket plus
a limiter to Temove
alpha ast

Plasma-gas blanket with
gas puffing at the
plasma boundary (may be
supplemented with pellet
injection)

2-MW HR superconducting
storage coil system

24 blanket/shield segments
and 16 normal TF trim
coils

Remove outboard vertical
shield, TF trim coil,
and blanket module
between stationary TF
coils

Secondary vacuum enclosure

inside shield with high
vacuum area inside
blanket area

Lower exterior PF coils;
interior PF coils do not
obstruct blanket access

Plasma-gas blanket

0Tt
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(4) Based on the above list of technical advancements, a set of
functional and performance requirements should be established for the
ETF device and facilities.

(5) Each specific technical advancement/milestone should now be
allocated testing time. The resulting testing schedule should include
best estimates for operating time requirements and downtime requirements
for éomponent changeouts.,

(6) Using the TNS characteristics and the preliminary ETF mission
statement as the basis, list aqd comment on the major device, facility,
and schedule impacts that may result from following the recommendations

of the subgroup; i.e.:.

* Must the device characteristics be altered?
* Must other facilities be available on-site?

* Must the schedule be changed significantly?

(7) Each attendee is asked to prepare some comments on the sub-
group areas of key interest to him and to which he feels best able to

" for comments

contribute. It is encouraged that '"going around the table
and short presentations be allowed initially to get all pertinent inputs
that may add to the effectiveness of the subgroups' activities.

(8) . Each subgroup is requested to consider the issues of remote
maintenance, reliability, and safety relative to their area and to
provide comments and recommendations for preparing for these needs.

(9) During the last morning of the meeting, each chairman will
present his subgroup's findings, conclusions, and recommendations to the
plenary session. Approximately 30 min per group is planned. The

presentation material will constitute the key part of the initial ETF

Mission Statement that is to be prepared by the Design Center.
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ETF Mission Workshop Agenda

13 — 'Tuesday
AM

=

EEEE

noon

PM
M
™
PM
PM
PM
PM

Introduction D. Steiner

ETF Activity Logic

ETF - EPR -~ DEMO

ETF Design Center Staffing
IAEA/ETF Interface
Role of Workshop

.

(G I SRR

TNS Reviews

1. Physics Assumptions/Issues
2. Technology Assumptions/Issues
3. Fngineering NDesign/Assemhly/Maintenance

GA TNS J. Rawls
Coffee Break

PPPL-SLPX-III . ' P. Reardon
ORNL TNS : T. Shannon
Lunch

Subgroup Operations Suggestions
and Meeting Guidelines D. Steiner

Subgroup Meetings
Coitee Break
Reconvene

Adjourn for the lay
Cash Bar

Banguetd

_ Ranquet Speaker — .I. F. Clarke, Deputy Nirector

Office of Fusion Energy
Department of Energy

14 — Wednesday

noon
PM
PM
PM
PM

Continue Subgroup Meetings
Coffee Break

Reconvene in Subgroups
Lunch

Reconvené in Subgroups
Coffee Break

Reconvene in Subgroups

Adjourn for the Day
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February 15 —. Thursday

8:30 AM |

$

12:00 noon

Plenary Session

Presentations by Subgroup Chairmen

Adjourn Workshop

A.8.3.3 ETF Mission Workshop Participants

Subgroup chairmen and invited key contributors

(1) Plasma Operations Testing

J. M. Rawls, Chairman GA
J. D. Callen ORNL
D. Cohn MIT
‘R. W. Conn University of Wisconsin
Y-K. M. Peng ORNL
J. A. Schﬁidt PPPL
gt S. Yoshikawa PPPL
5 (2) Heating/Fueling Technology Testing
J. Sheffield, Chairman ORNL
R. L.‘Freeman GA
H. H.AHaselton ORNL
J. C. Hosea PPPL
S. L. Milora ORNL
P. Parks GA
R. V. Pyle LBL
J. Scharer Uﬁiversity of Wisconsin
. J. M. Sluyters BNL '
L. D. Stewart Exxon Nuclear Company
E. Wright PPPL

D. Steiner
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(3) Tritium/Particle Collection Technology Testing

V. A, Maroni, Chairman ANL
J. L. Anderson LASL v
T. H. Batzer LLL
M. H. Dandridge Grumman Aerospace Cotrporation '
J. S. Watson ORNL
W. M. Wells ORNL
W. R. Wilkes Monsanto Research Corporation
T. F. Yang Westinghouse Electric Corporatinn
(4) Blanket/Firet Wall/Shicld Tcchnology Testing
A. Flanagan, Chairman Westinghouse Electric Cerporation
A. Abdou Georgia Institute of Technology , N
Harkness ANL .
J. Huxford ORNL
H. Sager GA >
Stauber Grumman Aerospace borporation | v
Trachsel McDonnell-Douglas Astronautics Company
(5) Remote Maintenance and Engineering Operations Testing
L. Kummer, Chairman McDonnell-Douglas Astironautics Company
G. Crocker Idaho National Engineering Laboratory
Fuller McDonnell-Douglas Astronautics Company
. B. Joyce PPPL
E. Mullen Aerojet Manufacturing Company
A. Puhn GA
Sniderman Westinghouse Electric Corporation
T. Spampinato Grumman Aerospace Corporation
L. Wakefisld PPPL
E. Young EBASCO Services
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E. Aronstein,

C.

(6)

E. Bloom, Chairman

R. Bauer
W. Davis
Gold

Micich

L. Smith

Damm

Defreece

A,

. A.

A.

Krakowski
Krall

lickan

. N. Rosenwasser

(N

Chairman
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Materials Testing

ORNL

Sandia Laboratories

McDonnell-Douglas Astronautics Company
Westinghouse Electric Corporation
Grumman Aerospace Corporation

GA

ANL

Alternate Concepts

Bechtel Power Corporation

LLL

McDonnell-Douglas Astronautics Company
LASL

Science Applications, Incorporated

ORNL
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File, Princeton Plasma Physics Laboratory
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L. Freeman, General Atomic Company

. W. French, EBASCO/Princeton Plasma Physics Laboratory
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P. Gagnon, United Technologies Research Center
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W. Graumman, General Atomic Company

E. Guest, General Atomic Company
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. N. Haubenreich, Oak Ridge National Laboratory

R. Head, DOE/OTE

J. Hoffman, Energy lechnology Engineering Center
C. Hosea, Princeton Plasma Physics Laboratory

J. Huxford, Oak Ridge National Laboratory
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K. Jensen, PSE&G Research Corporation
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