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FOREWORD

Development of nuclear fusion as a practical energy source could provide
great benefits. This fact has been widely recognized and fusion research has
enjoyed a level of international co-operation unusual in other scientific areas.
From its inception, the International Atomic Energy Agency has actively
promoted the international exchange of fusion information.

In this context, the IAEA responded in 1986 to calls for expansion of
international co-operation in fusion energy development expressed at summit
meetings of governmental leaders. At the invitation of the Director General
there was a series of meetings in Vienna during 1987, at which representatives
of the world's four major fusion programmes developed a detailed proposal for
a joint venture called International Thermonuclear Experimental Reactor
(ITER) Conceptual Design Activities (CDA). The Director General then
invited each interested party to co-operate in the CDA in accordance with the
Terms of Reference that had been worked out. All four Parties accepted this
invitation.

The ITER CDA, under the auspices of the IAEA, began in April 1988 and
were successfully completed in December 1990. This work included two
phases, the definition phase and the design phase. In 1988 the first phase
produced a concept with a consistent set of technical characteristics and
preliminary plans for co-ordinated R&D in support of ITER. The design
phase produced a conceptual design, a description of site requirements, and
preliminary construction schedule and cost estimate, as well as an ITER R&D
plan.

The information produced within the CDA has been made available for the
ITER Parties to use either in their own programme or as part of an
international collaboration.

As part of its support of ITER, the IAEA is pleased to publish the
documents that summarize the results of the Conceptual Design Activities.



PREFACE

This report describes the research and development (R&D) plans for
the International Thermonuclear Experimental Reactor (ITER) for the period
1991 through 1995. It is anticipated that this R&D will proceed in parallel with
the planned engineering design programme. The plan is presented in two parts;
part A is the Physics R&D and part B is the Technology R&D.

The Concept Definition of ITER resulted from the Definition Phase of
the ITER Activity conducted from May through September 1988. The results of
that effort are described in two volumes, ITER Concept Definition, ITER
Documentation Series, No. 3. The conceptual design activities were completed in
December 1990 and the final report summarizes all of the conceptual design; see
ITER Conceptual Design Report, ITER Document Series No. 18.

The ITER Activities involve the participation of the European
Communities, Japan, the Union of Soviet Socialist Republics, and the United
States of America under the auspices of the International Atomic Energy
Agency.
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PART A. ITER-RELATED PHYSICS RESEARCH
AND DEVELOPMENT NEEDS FOR

1991/1992 AND BEYOND



I. INTRODUCTION

The Physics R and D needs for ITER are presented in terms of task
descriptions of an ITER-related R and D programme for the years 1991/92 (and
beyond). These tasks constitute the basis of the ITER-related R and D programme
in physics, which is the continuation of the programme conducted in 1989-90. The
tasks were derived from the Framework of Programme Needs for ITER-Related
Physics R and D during Detailed Design (1991 - 1995) as given in Appendix A.
Suggestions received from sna^y members of the fusion community were taken into
account. In contrast to the R and D programme for 1989-90, the present document
covers all R and D needs as presently seen, to provide support to the design
optimization and eventually to complete the data base necessary for taking the
decision to start ITER construction. This programme does not contain the R and D
needs on plasma diagnostics, although they are covered in Appendix A; these are
described in the Technology R&D programme (see Part B).

An overview of the tasks is given in Chapter II of this document The
detailed task descriptions are collected in Chapter ID. The tasks are structured
according to areas similar to those defined in point 03 of Appendix A; they are
numbered using a decimal system, the first digit indicating the area and the second
being the number of the task within an area (e.g., PH1.1 for the first tasks of area 1).
More specific questions important for ITER design are address in subtasks; these are
referred to by adding a letter to the task number (e.g., PHl.l/a).

The most crucial problems, to validate the ITER design concept and
complete the physics data base required for starting ITER construction, in practical
terms, are:

1. The demonstration in experiments prototypical for ITER, that operation
with a cold divertor plasma (T e 130 eV) is possible, that the peak heat flux
onto the divertor plate can be kept below about 10 MW/m , and that helium
exhaust conditions corresponding to fractional burnup larger than 3% can be
ensured;

2. A characterization of disruptions which allows to specify their consequences
for the plasma-facing components, and evidence that the number of
disruptions to be expected allows an acceptable lifetime of these
components;

3. The demonstration that steady-state operation in a regime with enhanced
confinement (in particular in the H-mode) and satisfactory plasma purity is
possible, and provision of scaling of energy confinement for this mode which
allows predicting the performance of ITER with satisfactory accuracy,

4. Ensurance that the presence of an appreciable population of fast ions does
not jeopardize plasma performance in ITER.

Tasks which contribute to resolve these problems are singled out by the
designation "«fflGH PRIORITY*". For these tasks, specific efforts are necessary to
provide the information in the tune needed.

To achieve the objectives of the ITER-related Physics R and D Programme,
dedicated aim-oriented research is necessary. However, at the same time, the work
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must maintain a sufficient breadth. Innovative approaches and basic research must
also be pursued since these generate the bass for concept improvements. These
latter activities are ngt exhaustively covered by the tasks described here.

The data base to be generated must be such that a coherent prediction of
ITER performance is possible with satisfactory accuracy. This implies that the
research efforts must combine experiments, theoretical analysis, and modelling; the
aim is to give answers which provide enough physics insight to be able to extrapolate
to ITER conditions. In many cases, this means that models or codes, validated on
the basis of experimental results, will have to be produced or further refined for use
in the ITER design.

14



II. LIST OF TASKS

1. Power and Particle Exhaust Physics

1.1. Experimental exploration in hydrogcnic background plasmas of the
characteristics of the scrape-off layer, divertor plasma and divertor target
power load, as well as validation and development of models
complemented by:

-subtask a: Poloidal and toroidal dependence of divertor power load and
temperature

-subtask b: Impact of divertor geometry variation
-subtask c: Hot spots on plasma-facing components
-subtask d: Impact of auxiliary heating and current drive on the edge plasma
-subtask e: Impact of fuelling
-subtask f: Characterization and control of ELMs (and other edge

transients)

.HIGH PRIORITY,

1.2. Impurity radiation and transport in the bulk, scrape-off layer and divertor plasma
complemented by:

-subtask a: Powerfully radiating plasma edge

. HIGH PRIORITY .

13. Exhaust of helium and hydrogenic species

.HIGH PRIORITY,

1.4. Active control and optimization of divertor and startup limiter conditions

* HIGH PRIORITY,

IS. Characterization and tests of plasma-facing materials complemented by:
-subtask a: Wall conditioning methods
-subtask b: Wall conditioning between discharges

.HIGH PRIORITY.

1.6. Alternative divertor target concepts

2. Disruption Control and Operational I imi>c

2.1. Characterization and statistics of disruptions complemented by:
-subtask a- Characterization and minimization of disruption-produced

runaway electrons
•subtask b: Characterization of disruptions with soft current quench

• HIGH PRIORITY.
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2.2. Characterization of vertical displacement events (VDEs) and plasma motion
during disruptions

« HIGH PRIORITY .

23 Disruption avoidance and control complemented by:
•subtask a: Reliable Identification of Pre-Disruptive State

« HIGH PRIORITY,

2.4. Characterization and control of beta-limiting phenomena complemented by:
-subtask a: Impact of profile effects on the beta limit
-subtask b: Steady-state pressure and current profiles in inductive operation
-subtask c Impact of the m = 1 (sawtooth) and other MHD modes on high

beta operation
-subtask d: Impact of the presence of fast ion population on high beta

operation

25. Density limit

3. Fntianced Confinement

3.1. Steady-state operation with enhanced confinement complemented by:
-subtask a: Improvement of global energy confinement scalings
-subtask b: Plasma particle transport
-subtask c: Momentum transport

» HIGH PRIORITY »

32. Control of MHD activity

33. Identification of transport mechanisms relevant in tokamak plasma
complemented by:

-subtask a: Identification of plasma turbulence and correlation with
transport

d Optimisation of Operation Scenario and Long-Pulse Operation

4.1. Long pulse operational experience
-subtask a: Bootstrap current
•subtask b: Lower hybrid wave injection and current drive in large tokamaks
-subtask c: Fast-wave current drive efficiency
-subtask d: Electron cyclotron current drive efficiency
-subtask e: Neutral beam current drive
-subtask f: Advanced noninductive current drive techniques

42. Optimization of startup complemented by:
-subtask a: Lower hybrid wave current rampup and/or rampup assist
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43. Optimization of shutdown and development of rapid shutdown techniques, with
and without soft disruptions

4.4. Heating physics: heating and control of energetic ions by ion cyclotron waves

4.5. Fuelling physics: pellet ablation model
-subtask a: Fuelling by the injection of compact toroids

5. Physics of a Burning Plasma

5.1. Transport of and energy transfer to the plasma from fast ions (single particle
effects) completed by;

-subtask a: Fast ion losses induced by the ripple of the toroidal field

52. Collective effects due to a fast ion population

• HIGH PRIORITY,

53. Properties of DT plasma and of alpha-particle heating
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III. TASK DESCRIPTIONS

The detailed ITER-related physics R&D needs for the years 1991-1992, and
beyond are tabulated in the following pages in accordance with die task structure
given earlier.

Task No: PH 1.1 Date: 14.03.1990

Task Title: Experimental Exploration in Hydrogenic Background Plasmas of the
Characteristics of the Scrape-off Layer, Divertor Plasma and Divertor Power
Load, as well as the Validation and Development of Models

Task Objective: A detailed understanding is needed of the physical mechanisms
which control plasma transport of the background hydrogen plasma in the
scrape-off layer (SOL) and divertor to provide consistent predictions of ITER
performance. Conditions in the SOL must be related to those in the divertor;
both of these must be related to conditions in the main discharge. The present
data base is sparse, its interpretation contains ambiguities and it is insufficiently
detailed for consistent validation of models.

Description of Task: Measure the radial profiles of plasma n , T , Tj,
electron/ion drift-side particle flux and power flow, measure drift velocity m the
SOL and adjacent to the divertor plates. The profile of power load on the plates
is required (see Task PH 1.1/a). Information on the associated neutral particle
sources and transport, e.g. by HL, observation, and on the local Z^ (see Task
PH 1.2) is highly desirable. Also, quantify the effects of toroidal asymmetries and
hot spots due to localized, non-thermal transport effects. Determine the
following dependencies:

-Plasma power flow into the SOL and SOL plasma density (e.g. at mid-
: plane separatrix). Account for power balance accurately.

-Bulk plasma parameters and confinement mode of main plasma,
e.g. L-mode, H-modc and during ELM's.

-Heating mode and fuelling mode (see Task PH 1.1/d and e) including
their locations.

-MHD activity (see PH 1.1/f).
-Divertor configuration, SN and DN, direction of B x grad T drifts (see

Task PH 1.1/a). Data are required for both inner and outer
%, (top/bottom) divertors and data for inner SOL are highly desirable.
I -Divertor geometry (see Task PH 1.1/b).
i -Divertor and first wall material (see also Task PH 1.5).
% -Data for limiter discharges in conditions relevant to ramp-up and shut-
% down of ITER are also important.
|, : -Integrity of magnetic topography - i.e. effects of ergodization.
|J Quantify ITER-relevant values of parameters such as Xperp(®)' Xpernft)'
% DDCTD a n d v (inward) aa^ a l s 0 ^ e e ^ e c t s °f kinetic processes upon the fluid
•* moaeis. Quantify fnebasic mechanisms of cross field transport (e.g. flute modes
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etc). Quantify plasma sheath effects and secondary electron emission at grazing
incidence of the magnetic field lines. Use these detailed results to validate and
improve edge plasma models.

Schedule: Ongoing throughout the period under review; exploration of existing
data and comparison with existing edge plasma models: 1991.

Task No: PH 1.1/a Date: 20.03.1990

Task Title: Poloidal and Toroidal Dependence of Divertor Power Load and
Temperature

Task Objective: To establish the profiles of power per unit area and plasma
temperature along the divertor plate. Results will have a major impact on
divertor plate design, will detennine power handling capability and erosion
lifetime (except for disruptions), and will therefore be important in the choice of
material. The present database is sparse, but shows variations of a factor of 4 in
power distribution depending on conditions. Further experimental data including
simultaneous measurements of in-out and up-down symmetry for double-null
operation scenarios are needed. Model development is necessary and should
ideally include drifts, realistic geometry, impurities, and kinetic effects. Empirical
scaling relationships for ITER-relevant conditions are also needed.

Description of Task: Measure the power deposition profile and plasma
temperature at the divertor plate of a divertor tokamak, preferably with ITER-
relevant power fluxes, with special emphasis on symmetry and model validation.

Single-null operation: Along divertor plates establish profiles of
power/area to detennine in-out distribution of power and peak power/area as a
function of plasma conditions (density, heating power and power into SOL,
current, confinement modes, ELMS (see also Task PH 1.1/d)) and toroidal field
direction (drifts). Establish scaling of power scrape-off width at plate. Vary null-
to-strike distance if possible (s. also Task PH 1.1/b). Develop models to describe
the observed variations. Establish toroidal distribution of power load and plasma
temperature, flow velocity and sheath potential. Supplement by upstream
measurements.

Double-null operation: Perform experiments as for single-null, also
establish up-down symmetry. Break vertical symmetry of double-null and vary
resulting separation of separatrices originating at upper and lower X-points from
zero to several power scrape-off lengths in both directions to evaluate evolution
of in-out and up-down distribution of power and peak power/area in oscillating
up-down operation. From measured profiles establish power scrape-off widths
on inside and outside divertor plate, determine transition point or range and
possibly time evolution of transition from typical double-null to typical single-null
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characteristics, and determine separatrix separation for small (e.g.
variation of power and peak power/area from ideal case.

Schedule: Results are highly desirable in (1991-1992); additional results leading
to definition of optimized operation scenarios are necessary during the entire
period to 1995.

Task No: PHl . l /b Date: 20.03.1990

Task Title: Impact of Divertor Geometry Variation

Task Objective: To determine the effect of variations in the geometry of the
divertor in a specific tokamak, particularly null-to-strike point distance, plate
inclination, and baffles near divertor throat. A major impact on ITER
machine/plasma size, divertor design, and definition of operational scenarios is
expected. Since comparative experimental results from a single device have up to
now not usually been available for technical design reasons, and results in this
area may remain sparse, modelling has been used to bridge the gaps between
devices.

Description of Task: The measurements of the variation in plasma and neutral
gas parameters resulting from three separate variations of geometry are of
particular interest (synergistic effects may also be important):

Vary the distance from null point to strike point on divertor plate of a
single-null divertor tokamak. Establish variation of power load, peak
power/area, power scrape-off length, temperature at plate, density at plate and
radiated power in divertor region with this distance. Include measurements on
both inner and outer plates to establish variation of in-out asymmetry. Provide
the profile information required for simulation by modelling.

Vary angle of inclination of divertor plate to establish scaling of peak
power loads with this parameter. This should ideally include extremes in
inclination, i.e. re-entrant shapes.

Vary baffling of divertor region to establish variation of plasma
parameters at the divertor plate (densities, temperatures) and in main plasma
(recycling, impurity reflux).

The impact of divertor geometry upon neutral particle exhaust should
be explored (Task PH 13).

Schedule: Information on the effects of variation of null-to-strike point distance
are crucial early in the Engineering Design Phase (not later than 1993) to
establish divertor design and minor radius of the plasma for the various
operating scenarios, and may be a strong factor in the decision for single-null or

21



double-null operation. The optimization for the technology phase scenario
(lower current and higher heat load than physics phase, possibly tungsten) may
lead to a compromise having a longer null-to-strike-point distance and smaller
plasma size to reduce tk= terspcrature at the divertor. To prepare this scenario,
information later in the Engineering design phase continues to be very useful.
Information on inclination and baffling is welcome as soon as possible.

Task No: PH l.Vc Date: 15.03.1990

Task Title: Hot Spots on Plasma Facing Components

Task Objective: Highly localized theimal loads (hot spots) are observed in many
tokamaks and they have been variously attributed to:

(a) Irreducible mechanical misalignment,
(b) Presence of suprathermal particles due to:

-rectification of RF fields,
•high energy tails of non-inductively driven currents, and
-loss of trapped particles.

In some instances, the high surface temperature can cause gross local
enhancement of the release of low Z materials, i.e. carbon which causes rapid
rise in Z e g and radiation losses from the main plasma. If the surface is high Z
material, the enhancement of sputtering due to the presence of suprathermal
ions could lead to gross degradation of plasma performance. The major objective
is to minimize the consequences of hot spots on ITER.

Description of Task:
(1) Temperature effects are most important for low Z materials and the onset of
runaway erosion (e.g. the carbon catastrophe) is sensitive to:

-the energy of the recycling impurity ions and
-their ability to return to the hot spot region.

Thus surface geometry, magnetic field line inclination and local plasma
conditions are important. Plasma simulation experiments would be useful in this
respect. Observations in tokamaks of the dependence of misalignment induced
hot spots on plasma edge conditions, presence of MHD activity, location of local
field extrcma and correlation of hot spot size with core contamination are
desirable.
(2) In the case of high energy particles information is required regarding
effective approaches for minimizing the impact upon both surface and bulk
plasma conditions.

Schedule: Ongoing throughout the period under consideration.
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Task No: PH 1.1/d Date: 15.03.1990

Task Title: Impact of Auxiliary Heating and Current Drive on the Edge Plasma

Task Objective: Bulk plasma contamination and modification of edge plasma
conditions is often observed when high power auxiliary heating and/or current
drive are applied. It may be caused by enhanced impurity transport, presence of
suprathermals, rectification of R.F. fields, modification of sheath conditions,
and/or enhancement of impurity release, e.g. "hot spot" formation (see also Task
PH 1.1/f). The major impact of this task is on the selection of auxiliary heating
and current drive schemes, wall and divertor plate concepts.

Description of Task: Changes of the wall, plate and launcher erosion, plasma
edge and sheath conditions under auxiliary heating and/or current drive are to
be examined. The dependence of the relevant parameters on the heating power,
RF spectrum and/or neutral beam energy, launcher wall and plate design as well
as plasma facing material should be established. The influence of suprathermals
and of plasma edge conditions should be identified. The impact of auxiliary
heating and/or current drive on impurity and background transport in the edge
and the causes of "hot spot" should be clarified.

Schedule: The existing data base should be expanded. It * '-nportant to have
sufficient data to compare the relative performance of the various
heating/current drive schemes of ITER, possibly by 1992/93.

Task No: PHl.l/e Date: 15.03.1990

Task Title: Impact of Fuelling

Task Objective: The fuelling scheme influences conditions in the edge plasma
and divertor plasma as well as the exhaust performance for helium and
hydrogenic neutral gas. Modelling indicates that gas puffing close to the plate in
the divertor enhances backflow into the scrape-off layer (SOL) and causes the
SOL plasma pressure to rise (possibly over the density limits). In the case of a
double-null configuration, puffing into the unpumped divertor might provide a
method for flushing impurities out of the SOL. A single-null divertor could be
preferentially fuelled at the inner plate and sweep impurities around the SOL to
the outer plate. The impact of SOL flow patterns upon helium ion transport is
not known but could be important. Puffing raises the plasma density but reduces
the plasma temperature close to the plate and the consequences upon helium gas
exhaust are important. If pellet fuelling steepens the density profile in the edge
plasma and results in too low an edge density then divertor performance is
severely degraded. For example, operation at an edge density below 2 x 10 /nr
is probably unsatisfactory whereas densities >5 x 10 /m are probably not
credible. Enhanced charge exchange erosion of the first wall is expected in the
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locality of pellet injectors. The impact of both gas puffing and pellet injection
upon edge plasma conditions most also be related to the ability for the fuel to
penetrate to the core plasma (see also Task PH 3.1/b).

Description of Task:
(1). Explore the impact of gas puffing upon edge plasma, divertor plasma and

divertor plate conditions, as well as helium and impurity exhaust in both
single and double null configurations and upon core fuelling
performance.

(2). Relate plasma fuelling performance by pellets (into the core as well as into
the outer part of the plasma) to edge plasma, divertor plasma, and plate
conditions as well as gas exhaust.

Schedule: Ongoing through period under consideration.

Task No: PHU/ f Date: 12.03.1990

Task Title: Characterization and Control of ELMs (and Other Edge Transients)

Tusk Objective: Transport of energy and particles in the edge plasma is altered
by edge modes such as ELMs or nunor disruptions. The ITER conceptual design
relies on ELMs to avoid both a build-up of impurities and a very thin power
scrape-off layer frequently associated with quiescent H-mode discharges. To
assess whether edge plasma behavior in ITER will have these desirable
characteristics, it is necessary to develop scalings for, and a more fundamental
understanding of, ELMs and other edge localized phenomena. At issue is
whether an ITER plasma regime can be found which avoids impurity build-up
without an unacceptably large degradation of energy confinement.

Description of Task: By analysis cf edge temperature and density profiles, heat
and particle flows, and sheath potentials, time and spatially resolved
measurements of plasma transport coefficients in the SOL and at the divertor
must be made in discharges with ELMs. The average energy of ions impacting
the plasma-facing components must be measured. The frequency and duration of
ELMs must be measured as a function of edge plasma parameters such as radial
power flow, shear, q, suprathermal populations, T ( r ) , n (r), A T . and Ap. An
understanding of the transition from giant ELMs to grassy EJUMs must be
developed. Experiments are required in both SN and DN configurations because
edge mode structure may differ in the two.

Schedule: The properties of ELMs are a crucial element of the divertor
conceptual design. Conditions in present-day tokamaks cad already be
sufficiently representative of ITER SOL and edge conditions. Both these facts
merit that detailed experiments be performed now.
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Task No: PH 1.2 Date: 14.03.1990

Task Title: Impurity Radiation and Transport in the Bulk, Scrape-off Layer and
Divertor Plasma

Task Objective:To provide an experimental data base for impurity transport and
its associated radiation losses in the bulk plasma, scrape-off layer (SOL) and
divertor plasma and to validate and improve models. Powerful radiation losses in
the divertor (and possibly the SOL) would be beneficial in reducing divertor
plate power loads and the plasma temperature adjacent to the plate of ITER.
(Losses from inboard of the separatrix are the subject of Task PH 1.2/a). The
impurities can either be released due to plasma surface interactions or
deliberately injected but in either case the core plasma must be adequately
screened against the ingress of impurities which will degrade energy confinement
and dilute the D/T plasma. Both radial and parallel transport are involved and
the present experimental data base is insufficiently detailed to validate impurity
transport models, and the treatment of physical transport processes by the
models is less consistent than for the background hydrogen plasma. The task is
closely related to that on the edge density limit (see Task PH 2.5).

Description of Task: The data requirements as well as the operational and
topographic dependencies closely parallel those described for the background
hydrogen plasma (see Task PH 1.1) but with the much more demanding
requirements that distinction must be made between impurities and background
plasma and the fact that impurity release (or injection) mechanisms must also be
related to transport. In addition, impurity transport in the bulk plasma must also
be covered.

Suggested Approaches to the Task: The present data base relies heavily on
spectroscopic observation supplemented by some impurity collection techniques
which are not in general time resolved. Improved diagnostics are required -
possibly on the lines of B x E analyzers and time resolved surface collection
probes.

Schedule: Ongoing throughout the period under consideration.

Task No: PH 1.2/a Date: 14.03.1990

• Task Title: Powerfully Radiating Plasma Edge

Task Objective: The ability to radiate a substantial fraction of plasma power to
the first-wall would reduce both the power load and plasma temperature at the
divertor plates of ITER. In order to avoid plasma dilution or degradation of
energy confinement it is important that the radiating impurities be restricted to
the plasma edge (i.e. a relatively thin layer just inboard of the separatrix).

25



Experimental data are required in order to establish if a powerful radiating edge
can be attained in ITER relevant conditions without violation of the edge density
limit (see Task PH 2.5) and whether it is compatible with the plasma
confinement modes envisaged for ITER. Furthermore, it is necessary to know
what impurity species are most suitable in respect to: (a) avoidance of core
plasma contamination and (b) effect on surface erosion by impurities. Helium
exhaust should not be degraded and so the impact upon edge transport is
important.

Description of Task: Measure radial and poloidal profiles of impurity density
and radiation intensity in main plasma, SOL and divertor. Explore sensitivity of
surface erosion to impurity content. Explore the impact upon confinement and
upon edge plasma transport (see Tasks PH1.1 and PH 1.3). Explore the effect on
edge density limit. The following dependencies are required:

-Bulk plasma properties confinement mode, e.g., L-mode, H-mode and
during ELM's,

-Plasma heating power and density,
-Heating mode and fuelling mode,
-Manner of impurity injection,
-The magnetic configurations and divertor geometries set out in

Task PH 1.1.

Schedule: Data should be available before 1992.

Task No: PH 1.3 Date: 14.03.1990

Task Title: Exhaust of Helium and Hydrogenic Species

Task Objective: To explore experimentally the exhaust behavior of helium and
hydrogenic species and to validate and improve models. In order to design ITER
it is necessary to predict the required pumping speed of helium and the
associated accumulation of helium ions in the core plasma as well as the
concentration of helium in the exhaust gas. This particular task refers to helium
ion transport outward from the core into the scrape-off-layer (SOL), transport in
the SOL, neutralization at the divertor plates and exhaust of gas. It also requires
a knowledge of helium transport in the bulk plasma. The scheme adopted for
fuelling (see Task PH 1.1/e) is expected to be important. A major objective is to
determine if there are differences between helium ion and background hydrogen
plasma transport in the core, SOL and divertor (e.g. outboard displacement of
helium ion flux due to backflow and thermal forces in the background plasma).

Description of Task: In the experiments, a centrally deposited source of helium
(e.g. by neutral beam injection) is highly desirable. Global performance can be
determined by measuiing the ratio of He ions to hydrogen ions in the core
plasma, and the He/hydrogen neutral ratio in a pumped divertor. However
detailed understanding and model validation requires radial profiles of helium
density, flux, drift-velocity, etc. in the bulk plasma and SOL as well as adjacent to
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the divertor plate. A knowledge of the velocity and spatial distributions of the
neutralized helium and hydrogen released from the plate is also desirable. The
data requirements embrace the range of plasma operating conditions, magnetic
configuration and divertor geometry set out for Task PH 1.1.

Schedule: The exploration of detailed information will be ongoing throughout
the period under review. Global data should be available before 1992.

Task No: PH 1.4 Date: 20.3.1990

Task Title: Active Control and Optimization of Divertor and Startup Limiter
Conditions

Task Objective: To demonstrate experimentally active control of divertor
conditions leading to an ITER divertor concept or operational mode which is
either entirely new or improved with respect to the present concept. The ITER
divertor is one of the critical elements of the machine. Demonstration of
concepts to control divertor impurity reflux, power load, temperature, density,
and helium pumping efficiency is urgently required, in addition to the more basic
physics studies of Tasks PH 1.1 and PH 1.3 and PH 2.5. The experimental
demonstration of the concept should either be carried out in an ITER-relevant
parameter regime or detailed extrapolations showing a clear upgrade path to
ITER parameters should be carried out, including also impact on the bulk
plasma.

Description of Task: Innovative concepts with the potential of fulfilling the task
objective are to be investigated. Both those concepts already proposed in the past
and possibly new concepts relevant to the task objective for ITER should be
included. Examples of already proposed concepts and studies are:

a) Divertor with gas recirculation, reduction of power deposition on the
divertor plates by radiation and charge exchange in the divertor volume
and active pumping (e.g. proposed JET divertor concept). Particular
issues to be demonstrated are: penetration of recirculating gas into SOL
plasma and interdiction of impurity reflux to main plasma.

i Measurement of flow velocities is crucial.
? b) Powerful pumping of divertor volume to increase flow velocity and
* reduce impurity reflux. Issues are: demonstration of effect of pumping
I on divertor plasma, extrapolability of concept and avoidance of
| substantial reduction of fractional burnup. For pumped limiter:
t survivability of leading edge, pumping efficiency.
•• c) Biasing and current injection into SOL via divertor plates. Issues are:
' effect on particle confinement time, fuelling and recycling, energy
j
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confinement time, electric field, achievable current, current penetration,
plate and wall erosion.

d) Impurity injection into divertor region to increase radiation without
deleterious effect on main plasma. Issues are: reflux of impurity,
compatibility with density limit.

e) Fuelling near the flow reversal point in one divertor of a double null
system to set up a preferential flow pattern toward the other (pumped)
divertor. Issues are: flow pattern, effect on fuelling, effect on impurity
reflux at both divertors, helium flow toward pump, possible variations of
concept for single null. See also Task PH 1.1/e).

f) Ergodic edge to increase area of power deposition. This is an alternative
concept to the poloidal divertor. Among the main issues are: impact on
confinement and plasma purity, peaking due to hot spots, helium
pumping.

g)RF impurity control. Demonstration of interdiction of impurity
production by RF or purification by Pi7 in absence of deleterious effects
would be required,

h) Alteration of He exhaust efficiency by techniques such as He burial, He-
D separation by membranes, and H e + exhaust by ICRF.

i) Startup limiter conditions: Investigation of poloidal heat load variation,
toroidal peaking, erosion, characteristics of SOL in conditions
characteristic for ITER startup.

Schedule: Innovative concepts should be attacked as soon as possible to provide
alternative concepts or scenarios for ITER. Ideally, they should be demonstrated
by the middle of the period, i.e. about 1993.

Task No: PH 1.5 Date: 12.03.1990

Task Tide: Characterization and Tests of Plasma-Facing Materials

Task Objective: The materials that compose the wall and divertor armor must
withstand high heat and particle fluxes with little erosion or degradation. They
must be compatible with other ITER requirements, such as safety, which
requires low chemical reactivity and low tritium retentivity. Moreover, the wall
and divertor materials must retain their desirable properties at elevated
temperatures and after exposure to intense fluxes of particles and radiation. The
broad objectives of this R&D task are: to corroborate, in an ITER-like plasma
environment, the combined material properties that have been determined in
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separate thennomechanical, ion beam, and other non-plasma test facilities; to
,>» assess the relative merits of high- and low-Z materials in an ITER-like plasma

environment; to assess the compatibility of low-Z and high-Z materials wben
used in different locations, e.g., low-Z divertor plates with high-Z wall armor; to
test, by plasma model development and application, the response of materials to
the combination of effects that occur in the ITER environment.

Description of Work: All the experiments and modeling activities described here
must be carried out for a collection of materials which includes representatives
from pure CFC, doped CFC, Be and its compounds, and higher Z materials,
such as niobium, molybdenum and tungsten.

a) The retention of hydrogen isotopes in plasma-exposed materials must be
examined. (Wall conditioning techniques for tritium removal are
described in a separate task, PH-1.7.) Where the hydrogen is bound in
the material is critical. This means that, at an atomic level, one must
know if the hydrogen is trapped at grain boundaries, interstitially, at
defects, or at vacancies. At a macroscopic level, one must determine if
the hydrogen is trapped in redeposited layers, in the virgin material, in
areas of intense bombardment, or in areas of low exposure.

b) Models of erosion/redeposition predict a factor of >20 reduction in the
net erosion compared to the gross erosion. This must be validated by
experiments on real divertor plates. The physical and mechanical
properties of the redeposited films must be measured. Long-pulse
simulations would be useful in this respect.

c) The initiation and current ramp-up of ITER plasmas will likely be done
in a limiter configuration on the inner or outer walls. Thermal
properties of the wall dies, material erosion, and impurity generation
and transport must be shown by experimental and model simulations of
various start-up scenarios to be compatible with these scenarios.

d) Limited calculations exist on the disruption survivability of the candidate
divertor materials. Tests should be performed in devices capable of
generating the intense particle and heat loads representative of ITER
disruptions.

e) Impurities in plasmas have a beneficial effect, namely (limited) edge
radiation losses which reduce divertor power load and electron
temperature, as well as detrimental effects, as core radiation and fuel
dilution. The net effects on core plasma behavior must be determined in
ITER-like divertor configurations. Specifically, there must be tests of
high Z divertor plates to compare with the extensive low-Z data base.

\ Schedule: The comparison between high- and low-Z materials is critical to
, establish the reference material for the later phases of TTER operation where a
; longer lifetime of the plasma-facing components is a critical issue. Hence, it is

urged that tests of various materials for the divertor plates, and in particular of
1 W plates, be performed within 2 to 3 years.
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Task No: PH 1.5/a Date: 12.03.1990

Task Title: Wall Conditioning Methods

Task Objective: Wall conditioning has been essential in all tokamaks to reduce
the amr it of loosely bound impurities, particularly gaseous ones such as water
vapor and carbon monoxide, to pacify arc initiation sites, and to assist density
control by depleting (readily desorbable) hydrogen in the walls. In ITER it will
also be necessary, for safety reasons, to deplete tritium in the bulk and, for
plasma purity reasons, hydrogen retained in the near surface region.
Mechanisms to accomplish these actions include thermal and particle desorption
with material dependent parameters (temperatures and particle energies).
Techniques to produce these effects include thermal cycling, neutral or ion beam
impact, and plasma exposure (e.g., photons, electrons, ions, and reactive radicals
or neutrals). The plasma techniques have included rf and dc glow and
microwave-heated discharges. Thermal cycling may be done by conduction
processes (e.g., hot water through pipes) or by microwave heating. This task is to
identify the conditioning techniques useful for cleaning the variety of materials
and plasma-facing component structures in ITER, and to develop models to
explain the conditioning processes. Task PH 1.5/b addresses the possible need
to condition between discharges when the toroidal field is still at its full value.
Extrapolation of conditioning by coating (e.g. boronization, beryllium coating)
should be pursued if shown to be applicable to ITER conditions (wall loading,
long pulses with short dwell time,...)

Description of Work: Further work is required on isotope exchange and impurity
release in tokamak wall and divertor plates. This must be done with better
sensitivity to the deeply trapped hydrogen and the temperature dependence of
the detrapping, diffusion, and desorption rates. Determine the effects on
hydrogen retention of altered material properties, specifically neutron damage
and material redeposition (application of data and models to ITER will be done
by the design team). Major differences between structures (e.g., some wall tiles
are to be conduction cooled, others are to be radiation cooled, while all divertor
tiles are conduction cooled) may necessitate several conditioning options. Then-
compatibility should be examined. Establish the minimum required conditioning
temperature for different wall materials, e.g., carbon or metal, and also the
minimum required duration of the elevated temperature. The present
conditioning temperatures are 350°C for C and 180° C for metals. Temperatures
down to 100° C should be tested and results extrapolated to ITER conditions.

Schedule: Experiments should proceed at a rate consistent with the Engineering
Design Activity.
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Task No: PH 1.5/b Date: 16.07.1990

Task Title: Wall Conditioning between Discharges

Task Objective: ITER is presently envisaged to have graphite walls, at least
during its first phase of operation, with the majority of the tiles at a temperature
of 100-150° C at start-up. Similarly, the divertor tiles will be cool at start-up.
Typically, present tokamaks with extensive graphite components either operate
with hot (300° C) walls and/or resort to extensive He glow-discharge (GD)
conditioning between shots to control the plasma density evolution. He GD
conditioning in ITER has a major impact on die cryopumping system. Moreover,
GD must be accomplished in the presence of the toroidal field, because the TF
should not be cycled for this purpose. The objective of this task is to determine
the effectiveness of such conditioning for ITER conditions and to prepare other
techniques if necessary.

Description of Task: To evaluate the necessity of He glow discharge
conditioning between shots for ITER and to examine the desorption efficacy of
GD conditioning in the presence of a toroidal magnetic field with cool walls.
Identify conditioning techniques other than He GD which assure adequate
control over the plasma density and purity during start-up. A change of gas from
D/T to He at the end of the pulse has been suggested as a means of desorbing
the hydrogen. This mode of operation should be developed in ITER relevant
conditions (cool graphite walls). It should be demonstrated that no other
conditioning technique for gas control is then necessary between shots.

Schedule: To be determined. However, a requirement of extensive He GD
would have a major impact on the gas handling systems, and a requirement for
start-up with hot (~300° C) walls would strongly affect first-wall/cooling system
design. These decisions must therefore be taken very early in the design phase.
Other conditioning techniques can be developed on a longer time-scale.

Task No: PH 1.6 Date: 15.03.1990

\ Task Title: Alternative Divertor Target Concepts

Task Objective: Under ITER conditions there is strong divertor plate erosion.
Therefore, investigation of alternative divertor concepts which (a) can reduce
erosion (possibly by powerful volume neutralization in a gas target) and/or (b)
use a more readily replaceable material (liquid metal, ball curtain) are desirable.
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Identification of concepts with better disruption survivability or less exposure of
water-cooling pipes to potential damage from runaway electrons would also be
desirable.

Description of Task: The gas target concept assumes strong absorption of the
heat power flow by the gas. Liquid metal and ball curtain concepts employ liquid
metal or solid ball curtain as a neutralizing surface to provide heat removal.

Alternative divertor plate concepts for ITER relevant conditions must
demonstrate:

a) bulk plasma purity not worse than the reference concept
b) helium pumping efficiency not worse than the reference concept
c) lifetime not less than reference design
d) tritium throughput not greater than reference design
e) chemical reactivity (corrosion or exothermic reactivity) compatible with

ITER safety requirements.

Schedule: The major impact of this task is on the divertor plate concepts.
Therefore, results should be available early in the engineering design phase (by
1992).

Task No: PH2.1 Date: 09.03.1990

Task Title: Characterization and Statistics of Disruptions

Task Objective: To characterize the thermal and current quench phase of
disruptions, specifically including the heat loads on the various plasma-facing
components. To investigate the statistics of disruptions, to assign a reason to
each one, and to identify those difficult to avoid. The effect of disruptions on the
first wall and divertor plates of ITER is major and severely limits component
lifetimes. Minimizing the number of disruptions is a major concern. A good
identification of regions of peaked heat loads in the disruption phases would
permit special designs for these areas. Thermal fatigue of the first wall due to
disruptions is especially critical in the technology phase if no suitable armor can
be identified. Plasma motion during disruptions is included in Task PH 2.2.

Description of Task: The reasons for disruptions are to be examined, and
statistics for those operating regimes most relevant to ITER (reasonably close to
beta-limit or density limit; see Tasks PH 2.4 and PH 2.5) are to be established.
The statistics should be established with reference to the stability (lj-q) diagram
for different beta-values. Examine causes of disruptions during ramp-up and
ramp-down, as well as their dependence on the time rate of change of plasma
current. Give special attention to those disruptions with obvious causes
("avoidable" disruptions) to determine if they can be avoided in ITER. To do
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this, assess the operational experience of disruption avoidance for given devices.
Establish the fraction of thermal energy lost during the thermal quench, and the
resulting plasma resistance at the start of current quench. Examine the spatial
distribution of heat loads on plasma-facing components, for both the thermal
and current quench phases. Establish a scaling of quench times with plasma
current (and other parameters), and examine statistics/reasons for long quench
times. Consider the effect of coupling to external circuits (passive and active) and
compare with models for the current quench phase. Characterize the time delay
between thermal and current quench, and correlate this with model calculations.
Compare the current quench for different wall conditions: graphite, boronized
(nr other treatment) graphite, low-Z metallic (Be), and high-Z metallic (steel,
refractory metal), as well as for different plasma equilibria. Clarify the
occurrence of poloidal currents in the first-wall components (see also Task PH
2.2).

Schedule: The major impact of this task is on the lifetime of the plasma-facing
components. Any information during the detailed design phase will be useful.
Significant new information should be available in 1991-92. Clarify the influence
of different wall materials on disruptions which could then influence the choice
of plasma-facing materials.

Task No: PH 2.1/a Date: 09.03.1990

Task Title: Characterization and Minimization of Disruption-Produced Runaway
Electrons

Task Objective: To determine the scaling of disruption-produced runaway
currents and energies with plasma current, plasma current decay rate, coupling
to external circuits, error fields, etc. To develop procedures to minimize these
currents and energies. The energies (100's of MeV) and currents (Megamperes)
of runaway currents which are expected, according to present experiments, to be
produced during a disruption represent a major problem for the first wall
structure. Graphite protective tiles would shield the structure sufficiently only
with high-Z inserts (whose absorbed power may be excessive). Extensive damage
to tiles and divertor plates could result from such currents. If a mechanism to
limit the energy and current can be found, this would have a major impact on
first-wall design.

Description of Task: The dependence of runaway energies and currents on
current quench rate, error fields, coupling to external fields must be examined.
Reasons must be found for the difference in runaway yields for different
machines and experimental conditions. Clarify why some tokamaks
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(e. g. DIII-D) seldom observe runaways. ITER-relevant methods to
reduce/limit the runaway energy/current must be identified and tested.

Schedule: The major impact of this task is on the concept of the first wall armor
and on the lifetime of the structure. Methods of limiting the effects of the
runaways must therefore be found early in the engineering design phase (1992)
and can be supplemented or improved between 1992 and 1995.

Task No: PH 2.1/b Date: 09.03.1990

Task Title: Characterization of Disruptions with Soft Current Quench

Task Objective: To evaluate the thermal quench of disruptions not followed by a
fast current quench. For the first wall in the technology phase of ITER, such
disruptions are severe and may be the limiting factor if they occur more
frequently than the normal hard disruptions because of thermal fatigue of the
unprotected structure.

Description of Task: Establish the statistics, the operational range (including the
configuration) over which disruptions with a slow current quench occur, and
classify them according to cause. Determine their statistical occurrence with
different wall materials. Determine the distribution of heat loads on the first wall
during the thermal quench and the slow current quench phases of such
disruptions. Characterize the plasma (e.g. temperature, impurity content)
following the thermal quench, and establish the difference to plasmas exhibiting
rapid current quench.

Schedule: This is important for the first wall structure in the technology phase,
so that information received up to 1995 (and beyond) is useful.

Task No: PH2.2 Date: 18.07.1990

Task Title: Characterization of Vertical Displacement Events (VDE's)
and Plasma Motion During Disruptions

Task Objective: To identify the conditions when vertical displacement events
occur, and scale the poloidal currents produced in first-wall components. To
analyze the plasma motion during disruptions and VDE's. To determine whether
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a reliable displacement away from the X-point can be obtained in single-null
operation to avoid the current quench on the divertor plates. The anchoring and
insulation of plasma facing components is affected by poloidal currents. A
reliable displacement away from the X-point during VDE's and disruptions
would allow the design to incorporate a sacrificial component in the area
opposite the X-point, and reduce the abnormal conditions for which the divertor
must be designed.

Description of Task Measure, analyze and model the plasma motion resulting
from disruptions and vertical displacement events. Measure the poloidal currents
and/or voltages and compare them with predictions. Analyze the production of
runaway electrons during the associated current quench and evaluate their
deposition (see also Task PH 2.1/a). Create and verify geometries where failure
of active vertical control reliably results in movement away from the X-point.

Schedule: Demonstrated movement away from the X-point would identify an
attractive single-null region for ITER. This decision should be taken early in the
design phase (1991-92).

Task No: PH2.3 Date: 09.03.1990

Task Title: Disruption Avoidance and Control

Task Objective: To develop means of avoiding/controlling disruptions or at least
of minimizing their impact. To test these concepts in an ITER-relevant regime.
The impact of disruptions on the plasma facing components and on the structure
of ITER is a major limitation of the design. Improvement of disruption
frequency by at least an order of magnitude compared to presently obtained best
values is required. If disruptions can be avoided or their effect minimized, the
lifetime of the PFC and divertor plates would be increased.

Description of Task: The various schemes for disruption control must be tested
for reliability and ITER relevance. The methods to be tested include:

-current profile control by lower hybrid current drive. A method of
determining the current profile in real time must be found,

-localized electron cyclotron current drive to modify the current profile
near the q = 2 surface. A method for determining the location of the q = 2
surface in real time must be found,

-stabilization of m = 2 modes near the q = 2 surface by feedback control of
such modes.

For all methods, it is necessary to find reliable signals for a pre-disruptivc
condition (see also Task PH 2.3/a) and to demonstrate effective and reliable
disruption control. The control method should be shown to reduce appreciably
the occurrence of disruptions, or at least to minimize their severity.
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Schedule: Because of the requirement of integrating the diagnostics and active
feedback control elements into the ITER design, a demonstration of feedback
control of MHD modes (e.g. by saddle coils) would be desirable very early in the
detailed design phase (1992). Information on current profile control techniques
can be injected into the design at any time before 1995, as long as the technique
requires no major changes in the design of the current drive and heating systems.

Task No: PH23/a Date: 09.03.1990

Task Title: Reliable Identification of Pre-Disruptive State

Task Objective: To develop near 100% identification of a pre-disruptive state of
the plasma in order to shut down without a disruption, to activate control
mechanisms to avoid a disruption, or, at the least, to be able to reduce the
impact of the disruption on the machine. Present data are diverse: some
machines exhibit clear precursors, others can correlate with increased radiation
loss, and others have no clear advance warning. The impact of disruptions on the
plasma facing components and on the structure of ITER is a major constraint on
the design. If the disruptive condition can be clearly identified early enough to
activate control mechanisms, this would increase the lifetime of the divertor
plates and first wall.

Description of Task: The present data base of disruptive discharges is to be
systematically examined to attempt to identify a common denominator for each
machine. The identified characteristics of the pre-disruptive state are then to be
evaluated for iheir applicability to ITER from the point of view of diagnostic
effort and compatibility with the ITER environment. Identification of a reliable
input signal, depending on the type of operational limit encountered (see also
Tasks PH 2.4 and PH 25), for feedback control of disruptions would be a major
advance.

Schedule: The major impact of this task is on the lifetime of the divertor plates
and first wall. From this point of view, any information during the detailed design
phase would be useful. However, additional specific diagnostics which may be
required for this identification would have to be integrated into the machine
design, which would require definite information in the 1992-93 period.
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Task No: PH2.4 Date: 09.03.1990

Task title: Characterization and Control of Beta-Limiting Phenomena

Task Objective: To characterize the operational regimes in large, high-beta
tokamaks with respect to the nature and frequency of beta-limiting phenomena.
Detailed description both of high-beta disruption and beta-collapse phenomena,
and of the conditions for their occurrence, is required to establish means to
prevent them.

Description of Task-
Global:

Describe the experimentally accessible operational regime in the g-lj
and g-q^u spaces (for the range 2.5 < q«u(95%) < 6) and differentiate the beta-
limit from other operational limits suclras available power, confinement and
density. Determine the parameter range in which beta-disruption and beta-
collapse do not occur. Characterize the ranges with regard to the frequency of
high beta disruption and collapse as the Troyon coefficient g approaches its
maximum attainable value (i.e., does the disruption/collapse frequency decrease
with an increase in distance from the beta-limit boundary?).

Detailed:
Determine the high-beta disruption/ collapse characteristics for

g S 0.7 gm a x . Determine the responsible mode(s) for the disruption/collapse
using high resolution diagnostics and detailed comparison with codes.
Determine the role of sawtooth phenomena in triggering high b
disruption/collapse.

Suggested approaches to the task : Make pressure profile measurements
before/after die disruption event. This requires < 100 msec resolution, e.g. multi-
laser Thomson scattering. Increase emphasis on q-profile measurements and
extend them, where feasible, to the high-beta regime. Alternatively, use L and
SXR measurements. Utilize existing nonlinear ideal and dissipative codes to
make detailed comparisons.

Schedule: Experimental facilities and the theoretical tools exist. Contributions
are expected continuously during the period 1991-1995.

TukNo: PH2.4/a Date: 18.07.1990

, Task title: Impact of Profile Effects on the Beta limit

Task Objective: To experimentally determine the explicit relation between the
beta-limit and pressure and current density profiles in present experiments and
to make detailed comparisons of this limit with theoretical models relevant for
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ITER conditions. At present, the ITER guidelines do not distinguish the beta-
limit for different profile types, although theory suggests that there should be a
very strong dependence. Stronger peaking of the pressure profiles would favour
high fusion reactivity, and flexibility in the current density profile is desired for
long pulse/ steady-state operation. No definite experimental data on these
dependences are presently available.

Description of Task
General:

Make a systematic evaluation of the strengths and weaknesses of present
models by preparing documented data sets for discharges for a Troyon
coefficient g £ 0.7 ^nax and analyze these cases with existing ideal and
dissipative nonlinear codes.

Pressure profile effects:
For a given device, holding the global parameters (I , Bj) fixed, make

comparisons of the beta-limits with neutral beam and RF heating, pellet and gas
fuelling, supershot, L and H mode conditions (as far as high-beta is possible in
the L-mode).

Evaluate the theoretical prediction that an increase in the Troyon
coefficient g is possible when the maximum of the pressure gradient is placed in
the high-shear region near the plasma edge, by using on- and off-axis heating
(RF or neutral beam) to vary the location of the maximum pressure gradient.

Current density profile effects:
Keeping P n e a t and the other global parameters (I , Bj) fixed in the

same device, use neutral beam and RF heating to generate similar pressure
profiles for discharges which differ significantly in 1-. For this question, even a
transient phase gives useful information. Compare the beta-limits in these cases.

Use current ramping to produce finite dj/dr at the edge, or a flat j
profile, and evaluate the existence of theoretically predicted 'ravines' (regions of
very low beta-limit).

Compare current density profiles at low-beta with those obtained near
the beta-limit where the current density profile might be changed due to the
MHD activities.

Use global/local noninductive current drive to vary the current density
profile j(r) near the beta-limit.

Schedule: Experimental facilities and the theoretical tools exist. Contributions
are expected continuously during the period 1991-1995.

Task No: PH2.4/b Date: 09.03.1990

Task Title: Steady-State Pressure and Current Profiles in Inductive Operation.

Task Objective: To determine pressure and current density profiles which are
consistent with each other under ITER steady-state conditions in inductive
operation. In steady-state the operational limits are determined by a profile
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which is constrained by Ohm's law with external momentum sources. As yet,
direct experimental verification that the neoclassical form of Ohm's law is valid is
incomplete, as is self-consistent theoretical evaluation of the beta-limit for such
profiles. The task is to assemble experimental measurements to establish the
proper form of the Ohm's law to use, to determine the effect of recurrent
sawtooth phenomena in modifying the steady-state condition and to evaluate the
stability of profiles predicted by the neoclassical (or improved) model.

Description of Task: The question of the validity of the neoclassical fonn of the
resistivity should be established in shaped plasmas at high beta. By combining
local q and magnetic measurements with T and Z ^ profile measurements,
experiments should examine the validity of the condition T|j = constant over the
cross section in conditions with sawtooth phenomena and/or other MHD effects.
Predictions for the stability of neoclassical profiles have been made using the
ideal MHD model for high-n modes. These studies should be extended in two
ways : by considering low-n mode stability, by using ideal and resistive MHD
models, and by applying the neoclassical (non-ideal) MHD stability model, which
may be more relevant in the low collisionality regime of ITER.

Schedule: Experimental facilities and the theoretical tools exist. Contributions
are expected continuously during the period 1991-1995.

Task No: PH 2.4/c Date: 18.07.1990

Task Title : Impact of the m = l (Sawtooth) and Other MHD Modes on High-
beta Operation

Task Objective: To experimentally determine the role of m = 1 phenomena on
the beta-limit and related confinement, to characterize the interaction of these
modes with other (possibly dissipative) modes and to develop means for
controlling them. The m = l mode is the most complex of the MHD modes, and
is important in establishing the current density profile and in triggering other
modes thought to be responsible for setting the beta-limit. Detailed
characterization of this mode and its interactions with related modes in the high-
beta regime has not been done, and it is required to develop means for its
control.

Description of Task:

Glc
Determine experimental parameter ranges which are free of strong

sawtooth and other MHD phenomena in g-1- and g-q-i. spaces. Determine also
whether edge MHD activity can purge impurities effectively in these regions
(also Task PH 1.2).

Detailed:
Characterize sawtooth behavior experimentally, especially in the high-

beta regime, in terms of period and amplitude, dependence on plasma shape,
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and role in destabilizing other modes : e.g., 2/1, 3/2, continuous 1/1. Establish
the dependence tof the sawtooth period on plasma parameters for low
collisionality [v (min) < < 1]. Make detailed comparisons with existing models.

To establish whether there can be a weak form of sawtooth saturation,
determine experimentally whether flux surfaces exist inside the q = 1 radius at
high-beta.

Suggested Approaches to the Task: Document the pressure profile changes due
to the sawtooth crash (requires fast time resolution) and other MHD effects.
Increase emphasis on q-profile measurements and correlate with sawtooth
phenomena. Make detailed comparison with theoretical predictions.

Schedule: Experimental facilities and the theoretical tools largely exist.
Contributions are expected continuously during the period 1991-1995.

Task No: PH2.4/d Date: 09.03.1990

Task Title : Impact of the Presence of Fast-Ion Population on High Beta
Operation

Task Objective: To experimentally determine the role of fast particles in setting
the beta-limit and related confinement (see also Task PH 5.2). The ITER plasma
will contain a significant fast alpha-particle population, and present theoretical
estimates suggest stabilization of sawtooth effects by m = 1 modes due to fast ions
and/or a possible 30% reduction in the achievable value of the Troyon factor g
due to a-particle destabilization of resonant modes and the toroidal Alfven
eigenmode (TAE). Experimental tests of these models are required for different
distribution functions of the fast ions.

Description of Task: Lacking D-T operational capability in the near term,
experimental tests must be devised to test the models using the production of
energetic ion populations (using neutral beam and/or RF waves) in existing
H/D experiments. These can be compared with theoretical models to evaluate
the impact on both the low-n (sawtooth stabilization) and high-n modes.

Extend the region of validity of high-n models by establishing a realistic
criterion for marginal stability of the resonant modes and the TAE and defining
the predicted mode number ranges of stability and destabilization for localized
modes. These analyses are needed for comparison with the experiments.

Determine also the effect of sawtooth phenomena on the fast ion
population by detailed measurement of the fast-ion distribution before/after
sawtooth events.

Schedule: Experimental facilities and the theoretical tools exist. Contributions
are expected continuously during the period 1991-1995.
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Task No.: PH2.5 Date: 13.07.90

Task Title: Density Limit

Task Objective: Density limits may be associated with the occurrence of
disruptions (disruptive density limit), confinement regime transitions (H-L
transition), or resistance to further density increase (refuelling limit). Density
limits may impose more stringent constraints than the beta limit on the
accessible parameter space for plasmas having a temperature < T > « 10 keV.
Crucial questions of divertor design (erosion, heat loads) are ea*>ed by raising the
density allowing for a low temperature divertor plasma (see Tasks PH 1.1 and
PH 1.2). Operating close to the density limit is probably required to achieve
acceptable divertor conditions. Prediction of the accessible densities in ITER
(and of the consequences for the divertor plasma parameters) is therefore
crucial for achieving the projected performance of ITER.

Description of Task: Density limit studies have to aim at 1) detailed empirical
analysis of the underlying mechanisms, 2) complementary systematic scans to
establish empirical scaling relations for the critical density and 3) development of
models that allow reliable predictions.

According to current understanding, the density limits are edge density
limits, where the relevant region is outside q = 2 and includes the scrape-off
layer and divertor regions. Detailed experimental studies therefore require
measurements of the densities and temperatures at the edge and in the divertor
region, measurements of the global power balance and of the energy account in
the divertor region, measurement of hydrogen and impurity fluxes, etc., before
and after disruption. For these detailed studies the number of discharges can be
limited, but the global discharge parameters [q(a), B. a, R, P- ] should cover a
representative range. Special investigations should be launched to discriminate
between different theoretical concepts (e.g. B{ variation at fixed q, change of
configuration (SN-DN), impact of different locations of gas valves, impurity
injection into divertor chamber,...). The inboard scrape-off layer has to be
included in the analysis. In the case of the disruptive density limit, the transient
phases that end with the destabilization of the m/n = 2/1 mode should be

'. analyzed.
In order to establish global scaling relations, systematic scans of all

relevant global parameters [q(a), B( a, R, P- , configuration, wall conditions]
have to be performed. The problem li completely analogous to the establishment
of empirical confinement scalings, and the advanced interpretation techniques
developed there have to be adopted. Improved information on the power and
size scaling of the disruptive density limit as well as information on the scaling of
the critical density for L-H transition is urgently needed.

':, Present understanding is that density limits are determined by edge
| transport or, in the case of the disruptive limit, at least triggered by edge
i transport phenomena. For detailed modelling, current edge codes have to be
if extended to include the bulk plasma periphery. Simplified analytical models have
| to be developed to derive scaling relations. Experimental studies as described
( under i) and ii) have to provide the data base for model validation.
ji
'[ Schedule: Density limits may substantially impact the divertor design and ITER
- performance A reliable basis for predictions is therefore highly desirable by 1992
f
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and required at the beginning of construction at the latest. Analysis of data being
produced by ASDEX, DIII-D, JET, JFT-2M, all limiter machines, etc. are
expected to show considerable progress in understanding the disruptive density
limit. For the H-mode density limit the data base is still rather uncertain and
intensified work is urgently needed.

Task No: PH3.1 Date: 12.07.1990

Task Title: Steady-State Operation with Enhanced Confinement

Task Objective: Achievement of the objectives of ITER (ignition and long pulse
burn at Q > 5) requires a level of energy confinement consistent with
moderately favorable extrapolations of the confinement data from present
tokamak experiments. This high level of confinement must be obtainable in
steady-state conditions which implies that the impurity content of the plasma
remains within acceptable limits and that the density can be controlled. In
addition, the development of techniques for active control of the plasma
confinement is needed to be able to control the operating point in ITER during
burn. It is anticipated that ITER will operate in the H-mode. The most critical
issue of this mode is the possibility of excessive impurity accumulation in the
bulk plasma.

Description of Task: More operational experience with the H-mode and other
enhanced confinement modes is to be acquired. This includes:

-accumulation and steady-state profiles of impurities and helium must be
studied (see Tasks PH 1.2 and PH 1.3);

-techniques for controlling the H-mode have to be developed and tested
[e.g., met'ods of controlling the ELM amplitude and repetition rate
(see also Task PH 1.1/f), as well as control of L-H and H-L transitions];

-the conditions under which enhanced confinement modes are accessible
must be quantified, in particular in view of the needs for operation at
high edge density to ensure acceptable divertor working conditions;

-the impact of the edge plasma conditions on the transport properties in
the plasma core and the potential of influencing bulk plasma transport
by controlling the edge conditions must be evaluated.

Schedule: TLJ relevant information has to be obtained early in the detailed
design phase (about 1992/93) to consolidate the choice of the basic parameters
of ITER and to be able to include techniques for control of the H mode into the
ITER design, if required.
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Task No: PH 3.1/a Date: 12.07.1990

Task Title: Improvement of Global Energy Confinement Scalings

Task Objective: To predict the energy confinement time in ITER with better
accuracy, to confirm adequacy of the ITER parameter choice to its mission, e.g.,
to demonstrate ignition and extended burn of D-T plasma with steady-state high-
Q operation as an ultimate goal. To accomplish these objectives, ITER must
operate in an optimized confinement regime, such as the H-mode (or in another
improved confinement mode). At present, uncertainties in predictions of the
energy confinement time in ITER for both L- and H-mode discharges are large
and not well quantified. A small variation of "shape factor", f =03Ra"°'75k ,
in the L-mode data base, as well as different dependencies of the energy
confinement time on the electron density, safety factor and mass of hydrogenic
species in different machines were identified to be the major reasons for large
uncertainties in the L-mode scalings. A simple characterization of
H-mode confinement as Tg = % Tg with %= const is clearly inadequate.

Description of Task: Examine the scaling of energy confinement, both for
enhanced confinement modes and the L-mode with the "shape factor", safety
factor, plasma density, particle and power deposition profiles, hydrogenic iou
mass, toroidal magnetic field and heating power taking account of the influence
of volume radiation, fast ion pressure contribution, and sawtooth effects (i.e., the
radius of the q = 1 surface). Identify physics reasons to explain different
dependencies of the energy confinement on the electron density, safety factor,
and A- in different machines.

Develop the scaling of energy confinement in H-mode discharges
including the effects of the edge localized modes (ELMs). Give special attention
to changes in confinement properties near the operational limits, e.g., near beta
limit, density limit, and q(a)-limit for both L- and H-mode discharges. Validate
constrained confinement scalings based on theoretical considerations (use of
dimensionless variables; specific functional dependencies characteristic for
particular transport mechanisms, see also Task PH 3.3) and determine free
parameter dependencies. The dependence on dimensionless size a/p* with
a = plasma minor radius and pi = gyroradius is particularly important; it can be

;, obtained from magnetic field scans. Study discharges having as many
I dimensionless parameters as possible (close to) equal to those encountered in
r ITER. Profile effects also require attention.
i,

ii
t Schedule: Needed to consolidate the choice of the main parameters of ITER
{ early in the detailed design phase (1992/93).
i
t
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Task No: PH3.1/b Date: 12.07.1990

Task Title: Plasma Particle Transport

Task Objective: (1) To improve the data base on the transport properties of
hydrogenic ions in the bulk plasma; and (2) to develop and validate theoretical
models of the transport of hydrogenic ions, as a basis for the prediction of
density profiles and to develop density profile control schemes.

Description of Task: (1) Improve the data base on transport of hydrogenic ions
in various confinement regimes (L-mode, improved L-mode and H-mode
with/without ELMs; with ohmic, neutral beam, electron cyclotron, ion cyclotron,
and lower hybrid heating and current drive), in particular:
-Investigate particle confinement properties as a function of plasma density,

plasma density profile, plasma current and heating power; study a possible
difference in transport of the hydrogenic species, i.e., H and D in H/D plasma;

-Determine the mechanisms ("forces") driving particle fluxes as well as the
particle transport coefficients (in particular, more detailed information on the
"inward pinch" and its possible dependence on the heating/current drive
methods is needed);

-While obtaining information on the dependence of the particle flux on the
driving forces requires transient experiments (pellet injection, pulsed gas puff,
etc.), knowledge on steady state profiles (equivalent to information on the
relative importance of "diffusive" transport and the "inward pinch", i.e. on
D/v • _•) is of great interest as it determines the steady-state density profile;

-Clanfytne correlation between particle and energy confinement.
(2) Further develop and validate theoretical models (neoclassical/ anomalous)
for the inward pinch and particle diffusivity and compare with the growing
experimental data base.

Pellet injection and pulsed gas puff experiments are needed. Investigate
the controllability of the density profile by comparing gas puffing, shallow and
deep pellet injection for conditions that can be extrapolated to ITER.

Schedule: Sufficient improvement of the data base on transport of hydrogenic
ions by 1992 to be able to develop fueling and density profile control scenarios
for ITER. Continuation of the efforts beyond 1992 is needed to improve the
accuracy in pirsdi-^ing fuelling and density control requirements.
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Task No: PH 3.17c

Task Title: Momentum Transport

Date: 12.07.1990

Task Objective: To drive the plasma current non-inductively in steady-state
operation, ITER will use tangential injection of the high-power neutral beams
which will cause toroidal rotation of the plasma. Plasma rotation speed
approaching the ion sound velocity would be dangerous from the viewpoint of
plasma stability. Experiments show that the momentum confinement time in
tokamaks is anomalous and comparable with the energy confinement time.
Applying the present-day empirical scalings, it then results that the injection-
induced plasma rotation in ITER will be relatively smaller than in current
experiments. However, a further study of momentum transport is needed to be
able to make reliable predictions for ITER.

Description of Task: Detailed measurements of radial profiles of the toroidal
rotation speed in experiments with parallel neutral beam injection are needed for
a broader range of machine and plasma parameters. The rotation speed both in
the L- and in the H-mode has to be investigated. Theoretical models for
momentum transport have to be developed and validated.

Schedule: Ongoing throughout the period under consideration.

Task No: PH3.2 Date: 12 071990

Task Title: Control of MHD Activity

Task Objective: To optimize the confinement capability of ITER. The sawtooth
osciUations strongly affect the energy and particle transport in the central region
of plasma and can produce a significant modulation of die fusion power that may
induce plasma disruption; on the other hand, sweeping impurities and helium
outwards would be a beneficial effect. Also other low-n internal modes must not
be appreciably excited.

Description of Task: The characteristics of the sawteeth and of other low-n
internal modes as well as their impact on confinement have to be further
investigated and models for extrapolation to ITER have to be developed and
validated; techniques for control (such as current profile control) have to be
developed and tested.
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Schedule: The relevant information has to be obtained early in the detailed
design phase (about 1992/93) to be able to select techniques for control of MHD
activity for ITER.

Task No: PH3.3 Date: 12.07.1990

Task Title: Identification of Transport Mechanisms Relevant in Tokamak
Plasma

Task Objective: To develop an understanding of the relevant transport
mechanisms in tokamak plasmas; to create a firmer basis for extrapolating the
plasma performance to ITER parameters.

Description of Task: A comparison of experimental data from tokamak
discharges (for both L- and H-mode) with theoretical transport models must be
performed in a broad range of machine and plasma parameters including
equilibrium (steady-state) plasma profiles and transient characteristics. A
detailed comparison of discharges having fully or partially equal physics
characteristics (dimensionless parameters) should be made. All transport effects
(electron and ion energy transport as well as particle and momentum transport)
should be considered together.

Schedule: Contributions are expected continuously during the period 1991-1995.

Task No: PH3.3/a Date: 12.07.1990

Task Title: Identification of Plasma Turbulence and Correlation with Plasma
Transport

Task Objective: To identify the dominant transport mechanism.

Description of Task: Detailed measurements of fluctuation spectra (e.g., studies
of amplitudes and phases of fluctuations in plasma density, electron and ion
temperature, plasma potential and in magnetic field) and their correlation with
the energy, particle and momentum transport are needed. Theoretical and
computational effort is necessary to refine the predicted characteristics of drift-
wave and magnetic turbulence.

Schedule: Ongoing throughout the period under consideration.
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Task No: PH 4.1 Date: 05.03.1990

Task Title: Long Pulse Operational Experience

Task Objective: To gain experience with long-pulse tokamak operation. With a
pulse duration approaching 100 seconds it will be possible to study both current
profile evolution for times longer than the resistive skin time (so that the current
profile is no longer influenced by the initial current ramp-up), and plasma wall
interactions over a time greater than the time required to reach equilibrium
conditions in the plasma-wall interactions (so that the plasma-wall interactions
are no longer influenced by the initial wall conditioning). The time scales of
importance in the context of plasma-wall interactions are difficult to quantify in
simple terms, and depend on the wall materials and the power exhaust
configuration.

The experimental facility should have the capability to maintain the
plasma current in full or in part (I^n > ?••* *« ) ty non-inductive current drive
for a time greater than the resistive skin time to ensure that stable operation at
the beta values required by ITER is possible. The method of non-inductive
current drive should be chosen to provide some operational control over the
driven current profile.

Description of Task: ITER promises to enter a new physics regime in which the
Ohmic current has reached resistive equilibrium, and it is no longer possible to
control the current profile through control of the current ramp-up. Experience
is needed in operational control of the current profile (e.g., control of the
internal inductance and the value of q on axis) in this long-pulse regime.
Possible benefits include avoidance of disruptions through control of the internal
inductance; and avoidance of saw-tooth oscillations (and, thus enhanced energy
confinement; see Task PH 3.2) together with improved stability to MHD
ballooning modes by operation with q(0)> l (see also Task PH 2.4/a).
Operation with q(0) > 1 would also eliminate possible "fish-bone" instabilities
driven by fast alpha particles (see Task PH 5.2).

The most relevant experiments to the ITER baseline design would
employ a combination of neutral beam and lower hybrid current drive. The
experiment should be designed to allow both full and partial non-inductive
current drive. The diagnostic set should include measurements of the time
evolution of the current profile [at a minimum this should include the internal
inductance and q(0)]. The evolution and approach to equilibrium of the plasma-
wall interactions should also be characterized. The experiments should be
accompanied by time-dependent modeling which includes non-inductive current
drive,current profile evolution, etc. Develop and validate such models against

•• experiments to provide a reliable means of extrapolating results into ITER
,< operating scenarios.

I \f Schedule: Results by 1992 would be most useful for choice of ITER current drive
l;\ and heating systems. However, the possibility of steady-state operation and/or
M current profile control through non-inductive current drive can have a major
H>, impact on ITER operating scenarios. Further information in this area will
C continue to be relevant beyond 1992.
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Task No: PH 4.1/a Date: 09.03.1990

Task Tftie: Bootstrap Current

Task Objective: To verify the validity of neoclassical theory for the bootstrap
current distribution, and to study the time behavior of the bootstrap current over
a resistive skin time.

Description of Task: Neoclassical theory predicts bootstrap current fractions in
the range of 50-60% for some lower-current steady-state and hybrid operating
modes of ITER. If it is shown that ITER can depend on the existence of such
large bootstrap current fractions, this will have a substantial impact on ITER
operating scenarios, particularly in the technology phase.

A large tokamak with good energy confinement is required. Operation
should be with substantial auxiliary power and high beta poloidal (which
generally means less than full current). The theory should be extended to
calculate the bootstrap current in the presence of a mixture of light and/or non-
thermal ions (e.g., D, T, He, and slowing-down alphas), with finite aspect ratio.

Schedule: The issue should be resolved by 1992 if it is to impact final choice of
ITER current drive and heating systems.

Task No: PH4.1/b Date: 09.03.1990

Task Title: Lower Hybrid Wave Injection and Current Drive in Large Tokamaks

Task Objectives: ITER operating scenarios involve a substantial extrapolation
from the current data base. This extrapolation is made with a well-developed
theory of lower hybrid wave coupling, propagation, absorption, and RF current
drive. However, there are several issues that remain unresolved between theory
and the present experimental data base. These issues include apparent
anomalous penetration of the lower-hybrid-driven current profile, and
broadening of the lower hybrid spectrum to fill the "spectral gap". These issues
must be understood to allow reliable prediction for ITER.

Description of the Task: Theoretical predictions are in fair agreement with
experimental measurements of power reflection coefficients in individual
launcher elements. Comparisons between the spectrum actually launched and
theoretical predictions would increase our confidence in the theory of lower
hybrid coupling. Investigation of methods to improve lower hybrid coupling by
modifying plasma conditions in front of the lower hybrid launcher (e.g., by local
gas puffing, or pellet injection) should be pursued.

In a number of experiments the lower hybrid driven current profile (as
inferred from diagnostics) shows better penetration than expected from a ray-
tracing analysis of lower-hybrid wave propagation. The mechanism for this
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improved penetration must be assessed. In particular, the role of anomalous
spatial diffusion of the fast electrons within a slowing-down time and the origin
of the spectral broadening (which has been invoked to explain the magnitude of
the driven current in a number of lower hybrid experiments) must be examined.

The lower hybrid spectrum absorbed by the plasma in present current
drive experiments appears to be up-shifted relative to the launched spectrum. A
number of mechanisms have been proposed, including multiple "bouncing" of
the lower hybrid rays from the plasma surface, interaction between the lower
hybrid waves and the toroidal field ripple, and non-linear scattering of the lower
hybrid waves by density fluctuations near the plasma surface. The role of these
different mechanisms m the evolution of the lower hybrid spectrum should be
assessed to insure reliable predictions of the penetration of lower hybrid waves
into the ITER plasma.

Schedule: Results are needed by 1992 to impact the design of the ITER current
drive and heating systems.

Task No: PH4.1/c Date: 16.02.1990

Task Title: Fast-Wave Current Drive Efficiency

Task Objective: To experimentally measure the efficiency (and, if possible, the
spatial profile) of current driven on a medium to large tokamak by fast waves in
the ion cyclotron range of frequencies, and to compare the measured value(s)
with theory. The efficiency of fast-wave current drive has not been measured.
Until a measurement has been made that demonstrates FWCD efficiencies
comparable to the predicted values, FWCD cannot be considered as a serious
current drive technique for ITER. However, if the efficiency is good, it might be
a replacement for the present neutial beam current drive reference system.

Description of Task: Measure the current drive efficiency of a FWCD system in
a medium or large sized tokamak. For a good proof-of-principle experiment that
would be applicable to ITER, the following characteristics would be desirable:

-Frequency should be in the range 0.5 - 3 f •.
-The antenna array should have enough elements, with appropriate

spacing between the elements, that a highly directional wave spectrum
can be launched.

-The phase and amplitudes of the currents in the individual antennas
should be measured and adjustable, to allow for scans of the parallel

• phase velocity of the launched wave.
-The combination of electron temperature, density, and rf power should

[ be such that a large fraction (preferably all) of the tokamak current
\ could be sustained by fast wave current drive.
I -The duration of the current drive experiment ideally should be
i comparable to or longer than the current skin time in the plasma.
j -Parameters important in calculating current drive efficiency (such as

Zefp Te, and ne) should be measured in enough detail to provide for a
• c.] caparison with theory.
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-Profile information on density and temperature would be necessary. A
measurement of the current density profile would be highly desirable; if
not possible, measurements of the internal inductance of the plasma and
the possible observation of sawteeth would provide some information on
the current distribution. Other information is also welcome.

Schedule: Technology development of neutral beam systems is planned to
provide for a technology proof-of-principle experiment by 1995. In order to
impact the deliberation on possible alterations in the choice of the current drive
system for ITER, information for this task should be available by 1993, and 1992
would be even better. It is assumed that positive results from this task would
permit technology R&D to proceed on if launcher designs for ITER, and that a
final choice on the current drive system could be made as late as 1995.

Task No: PH4.1/d Date: 05.03.1990

Task Title: Electron Cyclotron Current Drive Efficiency

Task Objective: To validate the theory of electron cyclotron current drive. Our
present theoretical undersianding of electron cyclotron current drive and wave
propagation suggests that electron cyclotron waves should be well suited for
making localized modifications of the current profile. However, there is as yet
no convincing experimental demonstration of electron cyclotron current drive in
an optically thick plasma like that expected in ITER. Validation of the theory of
electron cyclotron current drive could lead to a method for control of disruptions
(see Task PH 2.3/a).

Description of Task: The most promising electron cyclotron current drive
scenarios for reactor plasmas involve outside launch at frequencies above the
cyclotron frequency at the location where the wave is absorbed a ad the current is
driven. If RF sources are not available at a high enough frequency, it is also
possible to drive current with waves somewhat below the local cyclotron
frequency. However a substantial reduction in current drive efficiency is
predicted for the lower frequency scenarios. To date there is no experimental
verification of either the upshifted or downshifted electron cyclotron current
drive scenarios.

Electron cyclotron power should be launched from the outboard side of
a tokamak (or possibly a stellarator) in the ordinary mode at the first harmonic
(of somewhat less relevance to ITER would be the extraordinary mode at the

• second harmonic) into a plasma of sufficient electron temperature and density
such that the optical depth was substantially greater than one. Low density

1 operation is advantageous to improve the current drive efficiency. A substantial
1 fraction of the plasma current must be driven for a convincing quantification of

the electron cyclotron current drive efficiency.

/ Schedule: Results by 1992 would be desirable for selection of final heating and
j current drive systems for ITER and to provide the basis for the design of an
' ITER electron cyclotron system.
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Task No: PH 4.1/e Date: 15.03.1990

Task Title: Neutral Beam Current Drive

Task Objective: The ITER baseline operational scenario includes a 75 MW.1.3
MeV negative-ion neutral beam injection system as the major current drive and
heating system. While a data base for tokamak operation with neutral beam
current drive exists, improvements in this data base are needed to guide ITER
operation and to provide verification of the theoretically expected improvements
in the neutral beam current drive at higher beam energies and electron
temperatures. Ideally, the experiments should include investigation of regimes
in which the neutral beam energy is of the order of the critical energy (as it will
be in ITER), and the electron temperature is high enough to yield an interesting
current drive efficiency, investigation of neoclassical effects on neutral beam
current drive; effects of plasma rotation and momentum transport (see also tasks
PH 3.1/c, 3.3); and operation in regimes in which the beam velocity greatly
exceeded the Alfvgn velocity to investigate the possibility of Alfv6n instabilities
driven by the beam ions. Additional experiments with a high-energy diagnostic
beam (0.5-1.0 MeV) would allow investigation of the multi-step processes, which
are predicted to enhance the stopping cross-section of high energy neutral
beams.

Description of Task: The current drive investigations should include attention to
the current drive efficiency, and its dependence on the electron temperature, the
effective charge state (Ze£j), neoclassical effects, and the tangency radius of the
beam relative to the major radius of the plasma The investigations of the Alfv6n
instability should examine conditions for the onset of instability, with attention to
the stabilizing effect of electron damping and any thresholds in beam energy and
current. If instabilities are observed, information about the resultant changes in
the beam distribution function should be obtained, and the effect of these
instabilities on the neutral beam current drive efficiency should be evaluated.
The investigations of the the neutral beam stopping cross-section should include
attention to dependence of the stopping cross-section on the impurity mix, and
the electron temperature and density.

Schedule: Information by 1992 is required to influence the final choice of ITER
current drive and heating systems. However, operational experience with neutral
beam current drive will continue to be of great interest to ITER beyond 1992.

Task No: PH 4.1/f Date: 15.03.1990

Task Title: Advanced Non-inductive Current Drive Techniques

Task Objective: Studies of new schemes having the potential for improved
current drive efficiency should be performed (even if the demonstration of these
schemes is not insured in time for use at the start of ITER operation).
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Task Definition: Steady-state operating scenarios for ITER and other future
tokamak fusion reactors could be greatly improved if new, more efficient
methods for non-bductive current drive could be developed. Proposals that
have been advanced include helicity injection (AC helicity injection, DC helicity
injection, and injection of helicity with waves or compact toroids) schemes to
maximize the neo-classical bootstrap current, and the use of Alfv6n waves.

Schedule: Results are needed by 1992 to influence the choice of ITER current
drive and heating systems. Results beyond 1992 can influence ITER operation.

Task No: PH 4.2 Date: 19.03.990

Task Title: Optimization of Startup

Task Objective: To ensure reliable plasma formation and current initiation at
electric fields down to 0.3 V/m, to minimize the Volt-second requirements for
current ramp-up, and to develop optimized scenarios for density ramp-up,
density profile control, and heating for reaching ignition.

Description of Task: Optimized start-up procedures are to be developed in
medium-sized and large tokamaks, including the use of electron cyclotron and
lower hybrid waves to assist plasma formation and current initiation as well as
active means (wave form of the current ramp-up and fueling, evolution of the
plasma shape, fueling by pellets, etc.) for profile control. Information is
particularly required on die influence of the location of the electron cyclotron
resonance in EC-assisted start-up scenarios. Theoretical models of start-up
requirements need to be validated by comparison with experiments to insure
reliable predictions of ITER start-up requirements.

Schedule: Results are needed by 1992/3, in time for the definitive selection of
auxiliary systems for ITER.

Task No: PH4.2/a Date: 09.03.1990

Task Title: Lower Hybrid Wave Current Ramp-up and/or Ramp-up Assist

Task Objective: Extended, high-current operation (at currents above 22 MA) in
the ITER physics phase will require use of lower hybrid current drive in order to
reduce the Volt-second requirements for current ramp-up. Extensions to the
data base for lower hybrid current ramp-up are required to verify the theoretical
models used for predicting lower hybrid current ramp-up in ITER. In particular,
it is necessary to conduct experiments with detailed measurements of the energy
balance, plasma density, and electron temperature during the current ramp-up.
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Measurement of the current density profile is highly desirable. Optimization of
the conditions for current ramp-up is needed. Theoretical models of non-
inductive current ramp up need to be validated to insure a reliable means of
extrapolating to ITER operating scenarios.

Description of the Task: Lower hybrid current ramp-up scenarios have the
paradoxical property that relatively poor energy confinement is desirable as this
reduces the time required for ramp-up, and improves the efficiency with which
lower hybrid power is converted to poloidal field energy. An improved
understanding of energy confinement during lower hybrid current ramp-up (or
ramp-up assist) would be of great value in developing lower hybrid current
ramp-up/ramp-up assist scenarios for ITER.

Schedule: Results are needed by 1992 to impact design of ITER current drive
and heating systems

Task No: PH 4.3 Date: 22.03.1990

Task Title: Optimization of Shutdown and Development of Rapid Shutdown
Techniques, with and without Soft Disruptions

Task Objective: To develop the scenario for plasma shutdown in ITER. To
develop means of quenching the ITER plasma in a very short time (tbd) by
reliably inducing a soft disruption. To develop means of shutting down the
plasma on a slower time scale (of the order of 10 s or faster) without disruption.
To test these concepts in an ITER-relevant regime. For safety reasons, it must
be demonstrated that it is possible to extract the energy of the plasma (kinetic
and magnetic) in an orderly and reliable fashion on several different timescales.
It is advantageous to accomplish this without disruption.

Description of Task: Demonstrate rapid shutdown (which may be disruptive)
e.g., by injection of impurities, or by programmed intervention on the
equilibrium fields. Scale the time of such an intervention to ITER. Demonstrate
passive means of achieving this (without control system intervention, e.g. based
on the temperature of first-wall components). Demonstrate "soft-landing"
capability (without a strong disruptive behavior) on a time scale short with
respect to the natural (L/R) decay time of the plasma current (e.g. by applying a
negative loop voltage or by controlled increase of resistivity) and extrapolate this
to ITER. Investigate the development of the current profile, the plasma density,
and the density limit during the rapid decrease of plasma current. Determine the
level of plasma current at which disruptive behavior can be accepted without
deconditioning the plasma facing surfaces for the subsequent shot. Model the
processes involved and scale them to ITER conditions.
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Schedule: In order to stop the plasma energy release before burnout of cooling
components (in the case of loss of cooling), demonstration of passive means of
inducing soft disruptions is urgent. Soft landing without disruption is preferred
because the risk to ITER would be minimized. Information on this point is
useful throughout the design phase.

Task No: PH4.4 Date: 09.03.1990

Task Title: Heating Physics: Heating and Control of Energetic Ions by Ion
Cyclotron Waves

Task Objective: ICRF waves are a demonstrated method of central heating in
tokamak plasmas. In addition to heating, ICRF waves have a unique ability to
produce energetic ions in the plasma in a controlled manner. This function can
be applied in ITER for control of fusion alphas, enhancement of fusion
reactivity, burn control, stabilization of sawteeth, etc. Further investigation of
these ICRF applications are required to support ITER operating scenarios.

Description of Task:
(1) Fundamental and second harmonic heating should be investigated for the
purpose of developing methods to produce suitable ion energy spectra for the
enhancement of the fusion reactivity, which will allow efficient scenarios for the
approach to ignition.

(2) Higher harmonic (~30) •) heating, which is suitable for selective heating of
energetic ions as well as reliable central heating, should be investigated with a
view to developing burn control methods involving fast alphas and/or thermal
alphas.

Schedule: Results are needed by 1992 to influence the choice of ITER current
drive and heating systems.

Task No: PH4.5 Date: 16.03.1990

Task Title: Fuelling Physics: Pellet Ablation Model

Task Objective: To select a reliable model of pellet ablation for predicting the
penetration depth of the pellet and the ablation profile and for determining the
velocity dependence of the pellet penetration depth in the velocity range of 2.5 to
5 km/s corresponding to an advanced injector.

A validated ablation model is needed to generate ignition scenarios
using pellet injection, and to evaluate the penetration depth of the pellet in a
burning plasma. In addition, knowing the velocity dependence of pellet
penetration is important to judge the possible benefit of developing a pellet
injector with higher speed ( ~ 10 km/s).
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Description of Task: To investigate the effect of thermal electrons, fast ions and
suprathermal electrons on pellet ablation by comparing the experimental pellet
ablation profile (obtained from the soft X-ray emission profile) with the
predicted one from various proposed pellet ablation models.

A detailed comparison of available ablation models with the
experimental data is needed. Measurement of the soft X-ray emission profile
with high resolution (space and time) is desirable. The pellet mass and velocity
must be known with high accuracy. In particular, the magnetic shielding model
(predicting deeper penetration of the pellets due to magnetic field line
deformation and corresponding reduction of the electron energy flux onto the
pellet) should be compared with experimental data in a wider range of electron
temperatures and pellet speeds.

Schedule: Develop a convincing model until the end of 1993. Continue to
improve the ablation model until 1995.

Task No: PH 4.5/a Date: 09.03.1990

Task Titie: Fuelling by the Injection of Compact Toroids

Task Objectives: To investigate the feasibility of field reversed compact toroids
as a vehicle for carrying fuel deeper into reactor plasmas. It is desirable to get a
proof of principle of the penetration of compact toroids into tokamak plasmas,
and to develop an experimental data base for extrapolations to fueling in ITER
conditions.

Description of Task: The mechanisms by which compact toroids slow down,
stop, and reconnect within a hot plasma need to be investigated. A model
(either an existing model, or one suggested by the experimental results) must be
developed and benchmarked against experimental results so that one is able to
make predictions about the penetration of compact toroids into the ITER
plasma. Possible effects of compact toroid injection on the MHD behavior of the
plasma and on energy confinement should be investigated.

The physics uncertainties of compact toroid propagation can be
addiessed by injecting compact toroids into a small tokamak. The minor radius
of the tokamak should be substantially larger than the radius of the compact
toroid. while the internal magnetic field of the compact toroid should be similar
to the tokamak's magnetic field.

The compact toroid injector should have a capability to vary both the
compact toroid mass, energy, and internal magnetic Meld. Mass variation can be
accomplished by varying the neutral density at compact toroid formation
provided that care is taken in the selection of refractory materials for the
electrodes of the compact toroid gun in order to reduce the impurity content.
The energy and internal magnetic field can be varied independently if the
compact toroid gun has separate formation and acceleration electrodes (similar
in design to that used in the RACE experiment at LLNL).

Schedule: Information is desired by 1993.



Task No: PH 5.1 Date: 16.07.1990

Task Title: Transport of and Energy Transfer to the Plasma from Fast Ions
(Single-Particle Effects)

Task Objective: To improve the data base on the single particle behavior of fast
ions (transport and loss, energy transfer to the plasma). Large scale MHD
fluctuations and the ripple of the magnetic field (for the latter, see Task PH
5.1/a) may be important causes of fast ion losses. Knowledge of these effects is
the basis for predictions of the distribution of fusion alpha-particles in ITER as
well as on a-particle fluxes onto plasma-facing components.

Description of Task: In quiescent plasmas, the interaction of fast ions with the
plasma appears to be coUisional; further confirmation of this fact is desirable.
The impact of large scale fluctuations (sawteeth and other low n modes) on the
transport of fast ions, in particular in the vicinity of the beta limit, must be
investigated.

Schedule: Ongoing activity over the period considered.

Task No: PH 5.1/a Date: 19.03.1990

Task Title: Fast Ion Losses Induced by the Ripple of the Toroidal Magnetic
Field

Task Objective: To validate models based on the dynamics of single fast ions in a
tokamak configuration, covering the effect of the ripple of the toroidal magnetic
field as well as of collisions, which are used to predict fusion a-particle losses and
the corresponding loads on the plasma-facing components for ITER.

To investigate the possibility that synergistic effects due to the presence
of MHD activity leads to an enhancement of such losses of fast particles.

Ripple-induced losses may cause high localized heat loads on the
plasma-facing components. To keep these within acceptable limits, good
knowledge of the phenomenon is needed.

Description of Task: Measurements of fast ion fluxes to the wall for varying
plasma conditions (current, density, temperature, MHD activity) and magnetic
field ripple have to be performed and compared with model predictions.

Schedule: Results by 1991-92 are highly desirable.
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Task No: PH5.2 Date: 16.07.1990

Task Title: Collective Effects Due to a Fast Ion Population

Task Objective: To provide information on the impact on plasma behavior in the
presence of a substantial fast ion population. The properties of a burning plasma
are expected to be influenced significantly by the presence of an appreciable
population of fusion alpha-particles. This includes:

-instabilities driven by this population and the consequences of such
instabilities on the accessible operational range, energy confinement,
and fusion alpha-particle losses;

-modification of the electric field in the plasma, potentially important for
the transport properties;

-absorption of RF waves by fast ions.
In particular an impact on the beta limit (see Task PH 2.4/d) and on the stability
properties of the sawtooth mode is expected, and a limit to operation at low
collisionality (high temperature and low density), as is required for operation
scenarios with substantial noninductive current drive, might be imposed.

Description of Task: Investigations of collective effects caused by fast ions have
to be performed by combining simulation experiments using He minority
heating by ion cycle'_ on and neutral beams with theoretical analyses and model
calculations. An important issue is to analyze the consequences of the anisotropy
of the distribution function of the fast ions created in simulation experiments to
be able to assess their relevance for the actual conditions in a burning plasma.
Improved diagnostics for the fast ion population are needed.

Phenomena to be studied include the stability of Alfven waves (in
particular, the "gap" mode), the fishbone mode and other MHD modes; as well
as the possible appearance of anomalous transport, both in the plasma and of
fast ions, and of anomalous pitch angle scattering of and energy transfer from
fast ions. The investigations will have to concentrate on plasmas with low
collisionality.

Schedule: Ongoing activity over the period considered.

Task No: PH5.3 Date: 19.03.1990

Task Title: Properties of DT Plasma and of Alpha-Particle Heating

Task Objective: To obtain information on the properties of a DT plasma (e.g.
the ion mass effect on confinement). To acquire preliminary knowledge about
alpha-particle heating (characterized by a strong central peaking of tk? heating
profile and a close coupling of heating and plasma parameters).

Description of Task: The basic properties of a DT plasma can be studied at low
values of Q. Investigation of alpha-particle heating requires conditions in which
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the alpha-particle power density in the core plasma approaches that of external
heating.

Schedule: 1994/95
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APPENDIX: FRAMEWORK OF PROGRAMME NEEDS FOR
ITER-RELATED PHYSICS R&D DURING

DETAILED DESIGN (1991-1995)

0. Overall Objectives and R and D Areas

0.1 The overall objectives of the ITER-Related Physics R and D Programme
during the Detailed Design of the device are to provide support to the design
optimization and eventually to complete the data base necessary for taking
the decision to start construction.

0.2 To reach these objectives dedicated aim-oriented R and D work is
necessary. However, at the same time, the programme has to maintain a
sufficient breadth, and innovative approaches and basic research must also
be pursued as these generate the basis for concept improvements. The
research efforts have to combine experiments, theoretical analysis and
modelling.

0.3 The data base to be generated must be such that a coherent prediction of
ITER performance is possible with satisfactory accuracy.

0.4 In particular, it is of greatest importance to anive at an overall optimization
of tokamak discharge conditions which can be extrapolated to ITER. This
optimization has to cover plasma bulk properties, plasma edge conditions,
stability and disruption resistance, as well as pulse length requirements. The
largest tokamaks which are able to operate with a separatrix, viz. JT-60 U
and JET (if its schedule is extended), will play an essential role in achieving
this, though other devices will also be able to contribute.

0.5 The main specific areas to be covered are:

-power and particle exhaust physics (Le., the combined fields of the physics
of the plasma edge and plasma-wall interaction as well as impurity
control);

-disruption control and operational limits;
-enhanced confinement;
-heating and fuelling physics;
-long-pulse operation and optimization of discharge startup and shutdown

(including non-inductive current drive);
-physics of a burning plasma;
-plasma diagnostics.

methods and systems, appropriate for a fusion reactor environment, requires
an approach different from that in the other physics areas. The diagnostics R
and D has to be directly coupled to the design activity and oriented to the
aim of preparing the construction of the systems required for the device.

0.7 Heating and current drive as well as fuelling systems will also have to be
developed and tested. This activity is included in the ITER-Related
Technology R and D Programme.
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0.8 The tokamak R and D programme, in addition to covering the ITER-relatcd
needs, must also address problem areas which may allow to improve the
tokamak reactor concept beyond ITER. Examples of this kind are plasma
operation at high aspect ratio with a high fraction of the current driven by
the bootstrap effect, high-beta operation in strongly shaped plasma
configurations and plasma performance in highly elongated plasmas.

0.9 In the following the ITER-rclatcd R and D needs in the specific areas given
above up to the start of ITER construction are described in some more
detail.

1. Power and Particle Exhaust Physics.

1.1 Ensurance of satisfactory conditions for power and particle exhaust and, at
the same time, good plasma rlffnnlinrss is an extremely crucial area for
FTER. From a practical point of view, one has to develop a working regime
of the edge plasma in contact with the plasma-facing components such that:

-reliable operation of the plasma-facing components is ensured;
-the lifetime of the plasma-facing components is satisfactory,
-efficient Indium pumping is possible under conditions in which excessive

helium y*niTnw*wrif>" in the core plasma (no more than 5 to 10%) is
avoided in steady-state operation;

-imparity contamination in the core plasma is low enough to avoid
«igmfi/T»nt plasma dilution (25%) and a large effective ion charge
( Z e f f £ 2 ) .

This will require complementary efforts in tec'. Jiology (e.g. on materials)
and engineering.

A poioidal divertor configuration is considered to be most suited to reach
these goals.

In the areas of plasma edge physics and plasma-wall interaction, the work
still to be done to be able to predict ITER conditions with satisfactory
accuracy is considerable and requires a dedicated effort. Investigation of new
concepts is necessary to be able to find the best conditions for power and
particle exhaust. The approach should be broad and not only include various
poloidal divertor schemes (including optimization of the recycling
conditions, application of external electric fields, current profile control,
plasma filters to optimize the exhaust, various divertor target materials, etc.),
but also limiter configurations and edge stochastization.

1.2 Optimization of the power and particle exhaust conditions is a complex
problem, as the plasma edge conditions are influenced by the parameters
and properties of the core plasma, the surface properties of the plasma-
facing components, the recycling conditions and the configuration of the
edge plasma while the transport pattern is two- or even three-dimensional.

13 Issues to be addressed include:
-the interdependence of plesma parameters and properties at the edge and

in the core of tokamak discharges,
-plasma transport in the edge plasma (scaling, impact of edge density and

of fluctuations, in pirticular of ELM's in the H-regime, role of the edge
configuration and recycling, impact of plasma particle fluxes and profiles,
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possible effects of nonambipolar transport, application of external
electric fields, issues related to RF power injection, etc.),

-the helium transport properties in the edge and core plasmas and ways for
their control (e.g., by using appropriate fuelling schemes),

-the impurity transport properties and impurity production in plasma-wall
interaction,

-avoidance of oxygen contamination,
-active control of the power exhaust channels, in particular the viability of

conditions with appreciable radiation losses from the edge plasma
(including enhanced impurity radiation losses from the outermost part of
die hot plasma column, scrape-off layer, and divertor plasma), in
particular the stability of a radiative edge,

-control of the up-down symmetry of the divertor heat load in double null
configuration,

-compatibility of satisfactory divertor operation and noninductive current
drive condition.,

-the relation between the presence of a cold divertor plasma and the
density limit (see also point 2.2).

All these issues require experimentation with improved diagnostic tools and
a strong effort in the theory and on the development and validation of
models of the plasma edge, to achieve a better understanding of the edge
plasma.

1.4 As regards protection materials for the plasma-facing components, while
emphasis will have to be on low-Z materials (graphite, carbides, Be, etc.),
high-Z materials and liquid targets will also have to be investigated because
of their potential to provide a longer life time for the plasma-facing
components. The problem areas include:

-physical and chemical erosion, as well as impurity production,
-redeposition and the properties of redeposited material,
-recycling properties,
-hydrogen retention and outgassing,
-thermomechanical shock resistance,
-behaviour under fast particle (electron/ ion) bombardment.

1.5 The most urgent task, from a practical point of view, is the demonstration, in
experiments prototypical for ITER, that ITER operation with a cold divertor
plasma (T £30 eV) is possible and that the peak heat flux to the divertor
plate can be kept below about 10 MW/m . The compatibility of such an
operation regime with core plasma densities < n > < lCr^ m as needed
for efficient noninductive current drive, must be addressed.

1.6 While investigation of edge plasmas in a poloidal divertor configuration
provides information on edge plasma conditions directly relevant to ITER,
the basic physics issues of the plasma edge (e.g., sheath physics, kinetic
effects, role of configuration and edge transport properties) can be
addressed in a limiter configuration (including stochastic edges) and also in
stellarators and model experiments (e.g., linear devices).

2. Disruption Control and Operation Limits

2.1 The critical consequences for the device of hard plasma disruptions and
vertical displacement events are such that in ITER the frequency of
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occurrence of such events must be minimized, both during the phase of
physics investigations and, still more so, during the period when the
technological tests are performed and ITER operates at high availability.
This has to be achieved for working conditions that ensure, at the same time,
the required plasma performance and avoidance of a close approach to
disruptive operational limits in density (see also point 13), beta and safety
factor. Therefore a systematic effort will have to be made to devise ways and
techniques to avoid the occurrence of hard disruptions as well as vertical
displacement events.

2.2 In addition, the physics conditions when approaching the operational limits
in density, beta and safety factor both for steady-siate operation and during
transients (startup and shutdown) must be better elucidated. An important
issue is the impact of profile effects (current, pressure, density), as well as of
the plasma edge conditions (in particular for the density limit; see point 1.3).

2 3 While it is expected that the phenomenology of disruptions and vertical
displacement events (energy and current quench dynamics, power and
particle loss channels and distribution on walls, poloidal currents, generation
of runaway electrons) can be clarified and statistical information on the
causes for their occurrence can be obtained already by 1991/92, research
into the development of schemes for their avoidance must be systematically
and vigourously pursued for a few more years, aiming at:

-a better knowledge on the conditions under which operational limits are
disruptive,

-finding ways (including the needed diagnostics) for detecting the approach
to a disruptive state,

-the development of methods for the avoidance of disruptions (e.g., current
profile control by noninductive current drive, feedback control of the 2/1
mode, importance of the minimization of error fields causing mode
locking),

-devising schemes to «tiinimi7P. the consequences of disruptions (e.g.,
avoidance of fast current quench after energy quench, other schemes to
reduce the generation of a large population of runaway electrons of high
energy),

-improving the plasma equilibrium control devices.

The experimental effort will have to be accompanied by theoretical analysis
as well as model development and validation.

2.4 All operating tokamaks can contribute to the research needed; stellarators
can contribute to the understanding of the density limit.

3. Enhanced Confinement

3.1 Achievement of the objectives of ITER in a device having a plasma size and
current approaching those prospected for a reactor, but with a downgraded
fusion power output, will require a level of energy confinement consistent
with moderately favourable extrapolations of the confinement properties of
present tokamak experiments (typically corresponding to energy
confinement times by about a factor of 2 longer than those in the L-regime,
as achieved in present devices in the H-regime). This high level of
confinement must be obtained in steady-state conditions. This also implies
that a significant accumulation of helium and impurities in the bulk plasma
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is avoided. In addition, there is a need to develop techniques for active
control of the energy transport properties to be able to control the operating
point in ITER during burn.

3.2 Energy confinement is a very active field of experimental and theoretical
plasma research in toroidal confinement systems, and in particular in
tokamaks. Continuing this effort, it is expected that the information needed
to predict the confinement capability of ITER with satisfactory accuracy will
be available in the early nineties. This also assumes that the systematic effort
in comparing experimental results with theoretical transport models, started
under the 1989/90 R and D programme, will continue. Work on detailed
confinement optimization and on control issues will extend to the mid-
nineties. It is expected that insight k. the basic transport mechanisms
occurring in tokamak plasma that allows the identification of the relevant
parameters, together with the experimental results obtained from the
present generation of tokamaks, is a sufficient basis for satisfactory
prediction of ITER operation conditions.

3.3 An intensified effort is needed to elucidate the properties of particle
transport in the bulk plasma. Information on the transport properties of the
hydrogenic species, helium and impurities (see also point 1.3) is required
that covers both steady-state profiles and transient behaviour. In particular
the trade-off between energy and particle (especially helium and impurity)
confinement requires clarification.

3.4 Issues to be considered are:
-the scaling of energy confinement, both for enhanced confinement modes

and the L-mode, with plasma and device parameters in a wider
parameter range, in particular rdth increasingly intense heating,

-the conditions under which enhanced confinement modes are accessible,
-the mechanisms ("forces") driving particle fluxes and the particle transport

coefficients,
-correlation of plasma turbulence (magnetic/ electrostatic) and energy as

well as particle transport,
-optimization of profiles and profile control of the plasma current density

and temperature, as well as plasma heating, also in view of controlling
internal modes such as sawteeth,

-the impact of the edge plasma properties on the core plasma conditions
and the potential of influencing bulk plasma transport by control of the
edge conditions (see also point 13).

3.5 All operating tokamaks will be able to contribute experimental data to this
area, although devices operating with a scparatrix will play a key role; results
on transport in stdtarators will also contribute. Eventually information on
DT plasmas will be needed (see points 62 and 6.4).

4. Heating apd Fuelling Physics

4.1 While plasma heating and fuelling is a means of reaching the desired plasma
conditions and as such is an integral part of the physics of tokamak plasmas,
there are a few specific questions related to the heating and fuelling methods
under consideration for ITER which require separate investigation.
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4.2 These include:
-antenna optimisation for ion cyclotron and fast waves,
-the coupling and power absorption profile of lower hybrid waves,
-more detailed model validation for the propagation and absorption of RF

waves in general,
-the pelLt ablation physics,
-new fuelling schemes allowing for improved penetration into the plasma.

4.3 The experimental work, in part, can be done on devices of limited size.
Improved diagnostics are needed.

5. Long-Pulse Operation and Opt™i?^tion of Discharge Startup and Shutdown

5.1 The pulse duration of the ITER discharges, in the phase of physics
investigations, is by more than a factor of 10 longer than in present-day
tokamaks; for technological tests a further extension, up to a few 1000 s and
possibly to steady-state operation, is necessary. This implies that a very large
extrapolation with respect to the present status has to be made.

5.2 The time scales of importance in this context are mainly tiie time
characteristic for current profile diffusion ("skin time") and the time over
which equilibrium conditions in the plasma-wall interaction are reached. The
latter is difficult to quantify in simple terms and also depends on the wall
materials and the power exhaust configuration. Long-pulse operation has to
cover both these time scales.

5.3 To obtain the necessary operational experience it appears appropriate to
investigate the behaviour of tokamak discharges having a duration
approaching 100s.

5.4 In ITER, for a pulse duration such that the skin time is approached or
exceeded, that is longer than a few 100s, the need for driving an appreciable
part (30 to 50%) of the plasma current noninductively, for current profile
control purposes, is anticipated to be necessary for ensuring that stable
operation at the required values of beta is possible (see also point 2.2).
Steady-state operation, of course, would require noninductive current drive
of the full plasma current (except for the bootstrap contribution). To extend
the duration of ignited burn using inductive current drive, noninductive
current rampup and current profile control during the startup phase is
attractive.

5.5 Experiments demonstrating the routine use of non-inductive current drive
are required. These experiments must demonstrate both full steady-state
operation (in which the loop voltage is zero for a time at least of the order of
the resistive skin time), and hybrid operation (in which non-inductive current
drive is used to maintain control of die current profile for times of the order
of the resistive skin time and to increase the length of the current flat-top).
Also experiments in which noninductive current drive against a negative loop
voltage is performed should be done. The most promising of the current
drive methods now under consideration (neutral beams as well as lower
hybrid, ion cyclotron, and electron cyclotron waves) must be covered and
results are urgent to be prepared in time for the final choice of operating
scenarios and current drive systems for ITER. Studies of new schemes
having the potential for improved current drive efficiency should also be
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performed (even if demonstration of these schemes might not be ensured
for a time such that use at the start of ITER operation is possible).

5.6 More detailed information on the bootstrap current (scaling with plasma
parameters; bootstrap current profile) is also needed.

5.7 In addition, optimized scenarios for discharge startup and shutdown
(discharge and current initiation; wave form of current, density, temperature
and heating power; profile effects; noninductive current rampup assist) must
be developed (see also point 22).

5.8 Long-pulse capability of a device is essential for large part of the work
needed in this area. However, investigation of the basic properties of current
drive methods &> well as optimization of startup and shutdown can be done
with a limited pulse duration. Stellarators can contribute to studying die
bootstrap current and the properties of noninductive current drive.

6. Physics of a Burning Plasma

6.1 Investigation of the behaviour as well as demonstration of control of a
burning plasma is the objective of the physics phase of ITbR operation.
However, preparatory work is needed and has been started already.

6.2 The physics issues of a burning plasma are related to the operation in DT
and to the presence of a population of highly energetic alpha- particles whose
density depends on the plasma conditions:

-Operating in DT may effect the plasma properties (e.g. confinement)
owing to the presence of tritium ions having a larger mass. Furthermore,
the need of controlling the ratio of the D and T densities arises.

-Highly energetic alpha-particles may experience specific single-particle
effects such as losses induced by the toroidal field ripple and by MHD
activity (sawteeth and other low-n modes).

-At sufficiently high pressure highly energetic alpha-particles may cause
new collective phenomena such as:

-fast ion driven instabilities (Alfven waves, fishbones, other MHD
modes) which may also affect the operational limits for the plasma
beta (see point 2), limit the accessible plasma temperature range,
and impact on the transport and energy transfer of the fast ions;

-modifications of the electric field in the plasma (potentially
important for the plasma and in particular impurity transport);

-the absorption of RF waves by fast ions.
-Heating by alpha-particles implies a specific (peaked) heating profile and

a close coupling of plasma parameters and heating.

6.3 Single-particle effects of fusion products can be studied in present-day huge
and medium-size tokamaks if operated in deuterium. Collective effects can
be investigated in simulation experiments, in particular using °*He minority
heating by ion cyclotron waves, but the anisotropy of the ion distribution
function created this way is an issue and careful analysis is needed to assess
the relevance of such experiments for the actual conditions in a burning
plasma. For this and for the interpretation of experiments a dedicated
theoretical and modelling effort is needed. Improved tools to diagnose the
fast ion population are required.



6.4 DT operation is necessary to assess the consequences on the plasma
properties of the presence of tritium (see also point 3.5). Investigation of this
point is possible in JET and TFTR.

6.5 Significant infonnation on collective effects due to fusion alpha-particles as
well as on the behaviour of a plasma in the presence of alpha-particle
heating would require operation of a DT plasma with a sufficiently high
pover multiplication factor Q. This may not be possible in devices
operational before the mid-nineties; however, this is not critical if all physics
issues relevant to predicting the behaviour of plasma heated by fusion alpha-
particles in ITER are resolved in nonnuclear experiments and by operation
in DT plasmas around breakeven.

7. Diagnostics

7.1 The development of plasma diagnostics for ITER implies a considerable
step beyond the status of diagnostics on present-day devices and requires
careful planning as soon as possible. Important issues are:

-the reactor-like plasma working conditions of ITER,
-the presence of a fusion reactor environment (high neutron and g-ray

fluxes, demanding reliability requirements),
-the constraints imposed by die integration of diagnostics into the device,

all of which impact on the selection of the diagnostic methods to be used.

12. The following questions have to be addressed:

-assessment of the diagnostic capability of candidate systems under ITER
conditions,

-detailed analysis of which components are critical and establishment of a
development programme (examples are optical components, windows,
magnetic diagnostic systems),

-improvement of component reliability,
-remote i*iirii>trn<|Tft of diagnostics,
-development of new diagnostics and enhancement of diagnostic

capabilities of available systems
(examples are: bolometry, reflectometry, magnetic diagnostics, a-particle

diagnostics, methods for measuring the current profile, plasma edge
diagnostics, diagnostics for burn control, etc.)

73 While the diagnostics development for tokamaks to operate in DT (JET, T-
14, TFTR) addresses many of the issues which have to be solved, a more
systematic and specific development and testing programmefor ITER is
needed in time. Testing of prototypes of diagnostics for ITER will be
necessary and most be started.
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Appendix:

Parameters of Devices Contributing to the R and D Programme 1991 to 1995

EUROPEAN COMMUNITY

Basic Parameters Heating Power

DEVICE Ro b / a Bo I NI IC LH EC AW IBW

JET

ASDEX UPGRADE

COMPASS

FTU

RTP

START

TCV

TEXTOR

T M

TORE SUPRA

T. de VARENNES
(Canada)

WVI1-AS
(Sicllaraior)

(m)

2.96

1.65

0.56

0.92

0.72

0.22

0.38

1.75

0.30

2.25

0.85

2.00

(m)

1.25

0.50

0.23

0.31

0.18

O.48

0.24

0.50

0.10

0.70

0.27

0.20

1.7

1.6

1.7

1.0

1.0

1.6

3.0

1.0

1.0

1.0

1.0

2.0

(T)

3.4

4.0

1.9

8.0

2.8

0.5

1.4

2.6

1.5

4.5

1.5

2.5

(MA)

7.00

1.60

0.40

1.60

0.20

0.20

1.20
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SOVIET UNION

Basic Parameters Heating Power

DEVICE Ro a k Bo l p Nl IC LH EC IBW
(m) (m) (T) (MA) (MW) (MW) (MW) (MW) (MW)

T-15
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T-10
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PART B. ITER TECHNOLOGY RESEARCH AND
DEVELOPMENT NEEDS



I. INTRODUCTION

This plan describes the Technology Research and Development (R&D)
judged essential to permit the decision to proceed to the ITER construction.

The plan includes R&D for nine major systems of ITER. For each
system, the plan presents a brief system description, the R&D objectives, the
tasks, the schedule and costs, and the needed facilities. The nine systems are as
follows:

Magnets,
Containment Structures,
Assembly and Maintenance,
Current Drive and Heating,
Plasma Facing Components,
Blanket,
Fuel Cycle,
Structural Materials, and
Diagnostics.

Included in the R&D in each system are tasks for supporting areas, such as
safety.

This document provides a concise overview of all elements of the plan.
Additional details are contained in a much more comprehensive working
document published as an internal ITER report covering the nine major systems.

II. PLANNING ASSUMPTIONS

The main planning assumptions used to prepare this plan are:

1. The programme focus should be on the R&D necessary to support a
decision to be taken by the end of 1995 to start ITER construction; where
appropriate the plan should include an indication of the required R&D
follow-up.

2. The R&D should be performed in parallel with the Engineering Design
Phase which is assumed to begin in early 1991 and to end when the
Construction Phase begins in early 1996.

, 3. International collaboration will be maximized to best use the required
(' resources and to minimize unnecessary duplication of effort.

| 4. ITER design parameters and technical features are similar to the
f current reference conceptual design.
I!
r 5. A central team will have the responsibility to create the plan and to
'* authorize, approve and direct the implementation of tir- task elements of
- the plan.
f
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III. TASK SHARING

Task sharing by the Parties is an essential ingredient to the successful
implementation of the plan. Separate efforts are in process to develop the task
sharing considerations. This plan was prepared in parallel with these efforts and
accordingly this plan does not specifically indicate which Party or Parties will
perform which tasks or what degree of parallel effort is needed or expected.

IV. MAGNETS

IV.l. Description:
The Magnet Systems include:

TF and PF Magnets,
TF and PF Power and Protection Systems,
Cryogenic Systems,
Coil Services and Diagnostics, and
Cryostat and Structural Support Systems.

IV.2. Objectives:
There are three major objectives of the Magnet R&D programme.

These are:
1) Build and confirm the engineering database. The superconducting
development programmes of the past provide the foundation upon
which the specific database for the ITER magnet development can be
anchored. This database development includes such items as
conductor development; e.g. strand, jacket, cable; characterization of
heavy steel sections (cases); characterization of insulating
materials; characterization of winding fabrication techniques; and
development of critical utility components (DC breakers, cryogenic
circulation pumps, etc.)
2) Develop and demonstrate production techniques. This includes
model coil design and fabrication for both the central solenoid (CS)
and for the toroidal field coils (TF), and
3) Demonstrate the operation of combined systems to confirm
component and subsystem compatibilities and to reveal synergistic
effects. This includes preparation of facilities for model coil testing
and implementation of the model coil test programme.

IV.3. Tasks:
There are three major task areas; those are

1) Database development,
2) Model coil design and fabrication, and
3) Model coil testing.
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Within these three major task areas, there are a number of subtasks. A
listing of the tasks and subtasks is given in Table IV-1 with a brief description of
each task. The specific issues to be addressed in the design, manufacture, and
test of the Model Coils are given in Table IV-2.

TABLE IV-1. ITER MAGNET R&D TASKS

Task MAG-1. Database Development

This task is to generate the needed engineering database for the key components
and materials of the ITER magnet systems and assess their feasibility for reliable
and safe performance.

Task MAG-1.1. Conductor development and characterization: Develop and
select viable conductors by characterizing the constituents, investigating
applicable industrial fabrication techniques, and testing subsize and full-size
models.

Task MAG-1J.1. Strand development and characterization: Develop
Nb3Sn composite conductor strands with a target critical current density
over the non-copper fraction of 800 A/mm2 at 12 T, 4.2 K, and zero
applied strain. The strands must also have acceptable low hysteresis losses,
typical of effective filament diameters of 10 |im or smaller. Provide a
detailed characterization of the strands vs B, T, uniaxial strain, radiation
damage, and AC losses. Demonstrate that uniform quality and
performance can be assured in production quantities of several metric
tons.

Task MAG-1.12. Jacket development and characterization: Develop
conductor jackets using suitable alloys with desirable forming and welding
characteristics. Confirm that the selected materials will retain acceptable
mechanical properties after being subjected to the NbgSn heat-treatment
schedule. Characterize the candidate materials for mechanical
performance, especially for sensitivity to fatigue crack growth, after
processing and at cryogenic temperatures. Demonstrate that uniform
quality can be assured in production quantities of several metric tons of
the fabricated jacket.

Task MAG-1.1 j . Development and characterization of jacketed cables:
Develop fabrication techniques appropriate for the large-volume
production of conductor systems required for ITER, including, for
example, cabling to produce high-current components, encapsulation of
the conductor to form coolant passages, and the addition of any extra
structural components. Characterize these conductors under simulated
conditions of ITER magnet operation.

Task MAG-1.13.1. Sub-size conductors: Produce sufficient quantities
of subsize model conductors for extensive characterization of the
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TABLE IV-1. (Cont.)

important features of the candidate conductor options on a scale that is
economical and tractable for early fabrication and testing. Specific
tasks will include detailed characterizations of J vs B, T, externally
applied axial and transverse loading, and internally generated
electromagnetic loading (both cyclic and steady); measure ac losses;
investigate stability in long sections of conductor; and study the
thermohydraulic characteristics. Subsize model conductors will also be
wound into small model coils that can be rapidly cycled for
investigating fatigue of windings.

Task MAG-1.1-3.2. Full-size conductors: Select candidate conductor
designs for production of full-sized, prototypical conductors. Produce
several tens of meters of each of the full-size conductors by
prototypical industrial techniques to assess the feasibility and cost of
large-scale manufacture and to develop the proper quality assurance
procedures. Test full-scale samples to confirm t ie performance
expectations, i.e. by characterization of J vs B, T, and externally
applied transverse load; measurement of AC losses and stability on
short lengths; and an assessment of the mechanical and
thermohydraulic properties.

Task MAG-1.2. TF-case development and characterization: Because of then-
much larger size (i.e. wall thickness and perimeter) and the quantity of
material required for their fabrication, the cases for the ITER TF magnets
require development beyond what is needed for the Model Coils. Therefore,
tasks are essential to develop, fabricate, and test full-cross-section models of
the TF case.

Task MAG-1J2.1. Development of cryogenic steels in heavy-section plates
and forgings: Produce rolled plates and forgings in sizes useful for ITER
TF-case fabrication, e.g. single heats of at
least 50t.

Task MAG-122. TF-case fabrication development: Fabricate model
sections of the ITER TF-case (full cross-section and some meters in
length), using the appropriate forming, welding, annealing and machining
techniques. Use the TF-case models to qualify manufacture and assembly
procedures, develop the appropriate Non-Destructive Examination
(NDE) techniques, and quantify that the required tolerances can be
retained. The specific sections to be modeled will be chosen from critical
regions of the ITER TF case, e.g. near the departure of the upper or
lower horizontal legs from the central-vault wedging regions.

Task MAG-1.23. Mechanical testing of the TF-case model: Perform a
structural characterization of the TF-case models at 80 and 300 K to verify
the expectations from the materials database and mechanical analyses.

Tatk MAG-1.2.4. Cryogenic mechanical testing of materials for the TF
case: Perform detailed cryogenic material properties investigations of
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TABLE IV-1. (Cont.)

samples from both the raw stock developed in MAG-1.2.1 and from
selected regions of the as-fabricated TF case model produced in
MAG-1.2.2. Tests at both cryogenic and room temperatures (typically 4 K,
80 K, and 300 K) are important to assess structural performance under
both normal and faulted conditions. Use these tests to characterize
variations in mechanical properties among welded and unwelded samples,
from heat to heat, within a single heat, and after forming and fabricating
the TF-case model.

Task MAG-13. Insulation development and characterization: Develop and
select the resins, fabrics, and application techniques appropriate for
vacuum/pressure impregnation of the ITER magnet windings; these should
be compatible with the various options for their production and should be
tolerant of the extremes of the cryogenic, electrical, mechanical, and radiation
environments expected during operation of the ITER magnets.

Task MAG-13.1. Selection of compatible materials and application
techniques: Select resins and fabrics compatible with practical procedures
for applying the fabric, for attaining the appropriate fiber density, and for
injecting the resin.

Task MAG-13.2. Radiation damage assessment: Assess the tolerance to
radiation damage of candidate insulation systems after exposure to the
appropriate mix of gammas and high-energy neutrons. Test samples will
be prepared by methods compatible with the options for winding-pack
fabrication.

Task MAG-133. Mechanical and electricai characterization:
Characterize the mechanical and electrical performance of the selected
insulation system options: after the appropriate radiation exposure, after
the appropriate mechanical and thermal cycling, and in a simulated
winding-pack environment.

Task MAG-1.4. Coil-component development and characterization:

Task MAG-1.4.1. Conductor joints and terminations: Design, develop,
and test conductor joints and terminations that are applicable to the
selected conductor designs, winding configurations, and coil fabrication
techniques. Tests will include both dc and ac measurements in the
appropriate externally applied fields. They will demonstrate acceptable
low dc and ac losses and a compatibility with a design voltage of 20 kV.
Develop and test joints for connection of coils to superconducting buswork
and that are compatible with techniques for their remote assembly and
disassembly.

Task MAG-1.4.2. Coil cryogenic connections: Design, develop, and test
the critical cryogenic service connections to the coils, especially the
electrical isolation components for cryogen lines. Tests will verify reliable
high-voltage integrity of the components, guaranteed leak-tightness from
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component to component, ease of installation or repair, and compatibility
with the coil design. Cryogen supply and return connections for the coils
that are compatible with remote assembly/disassembly techniques will
also be demonstrated.

Task MAG-1.43. Instrumentation and diagnostic components: Select and
test the critical instrumentation and diagnostic components that must be
included within the magnets, especially those, such as co-wound voltage-
tap leads, that have an impact on winding procedures and that may affect
the insulation integrity of the windings.

Task MAG-1.5. Full-scale winding development and modeling:

Task MAG-1.5.1. Development of manufacturing techniques for
noncircular windings: Demonstrate, using dummy conductors, the
methods and equipment required to produce high-quality windings for the
large, non-circular TF geometry. Specifically, demonstrate the capabilities
for conductor handling and formation that are needed to achieve and
maintain sufficient winding-pack compression during the process of
insulating, winding, heat-treating, and impregnating the windings and
consequently to guarantee sufficient quality, rigidity, and geometrical
precision for the windings.

Task MAG-1.5.2. Winding-pack model fabrication and test: Fabricate
full-cross-section models of TF windings to assess retention of
dimensional tolerances and to characterize the mechanical properties of
as-produced windings.

Task MAG-1.6. Verification testing of critical utility components

Task MAG-1.6.1. Verification testing of key cryogenic system
components: Select options for the key refrigeration system components
that will be essential for the ITER refrigeration system, i.e. large helium

i compressors, turbo-expanders, cryogenic circulation pumps, and cold
compressors, and demonstrate their reliability and compatibility with
ITER Magnet Systems operating scenarios by testing them as part of the 5
to 10 kW system required foi the Model Coil Test Facility.

Task MAG-1.6.2. Design, manufacture, and test key power system
components: Design and fabricate fail-safe, single-action circuit breakers
appropriate for the ITiiR Magnet-System quench-energy discharge
circuits and test under ITER-relevant conditions in the Model Coil Test
Facility. Also design and fabricate highly-reliable multi-action reversing
switches appropriate for tie PF system and demonstrate acceptable

1 performance under ITER-relevant conditions in the Model Coil Test
i Facility.

j Task MAG-1.7. Small scale tenting In support of the Model Coll Tests:
', Special tests of a smaller and more tractable scale will be designed and
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carried out to support a better understanding of the information to be derived
from the Mode) Coil Tests. Typically, these tests will involve measurements of
ac losses, stability, quench propagation, or stress effects in superconductors
under special simulated conditions whose specification will only be clear after
a better definition of the Model Coil Tests or even after their inception. The
value of such tests is derived from their ease of modification, flexibility in
exploring broader ranges of parameters, and the ability to provide more
instrumentation and diagnostic components without as much risk.

Task MAG-2. Model Coil Design and Fabrication: Design and fabricate model
coils in which the critical performance issues can be simulated. Two Model Coil
Systems are proposed. First, a simple solenoidal geometry is proposed that
primarily addresses the technologies for conductors operating at high fields and
current densities, with high axial and transverse loads, and moderately high
transient fields. These features are, in fact, common to both the TF and CS cons
for ITER. However, there are important differences in these coils in the
structural options that are appropriate to their design, in the bending radius
appropriate to the design of the conductors, and in the distribution and
orientation of fields and mechanical loading on the windings. The TF coils
require lumped structure whereas the CS and other PF cells can use only
distributed structure. The ITER TF and CS coil'' have a minimum bend radius of
about 2.6 m and 1.4 m, respectively. Fields and loads will be triaxial on the TF
coils but biaxial on the CS. Other differences appear hi the nature of the heat
loads, ac losses, and disruption effects to be tolerated. Therefore a second
distinct model coil is needed to address issues of TF manufacture and
performance. For convenience we refer to the two proposed systems as CS and
TF Model Coils. A schematic of the CS model coil is given in Fig. 5-2. A
schematic of the TF model coil geometry is given hi Fig. 5-3.

Task MAG-2.1. Design and fabrication of CS Model Coils: Design and
fabricate modules of a CS Model Coil based on the suggested parameters.
Modules will use conductors directly appropriate to the ITER CS except for
the amount of distributed structure, i.e. the cable-space current density will be
designed for 55 A/mmz at 13.5 T in the ITER geometry. The windings should
also be designed for the ITER conditions of time-varying fields and voltage
requirements. The CS Model Coil should be composed of at least two
modules to allow modeling of coil connections and other hardware, but more
modules (as many as three or four combining to the same height) are
desirable to provide options for s?- 'ilation of special ac field effects and foil-
redundancy.

Task MAG-2.2. Design and fabrication of a TF Model Coils: Design and
fabricate modules for the TF Model-Coil set according to the suggestcJ
parameters. The circular geometry is presently preferred, but non-circular
geometries will be studied for possible advantages that might be available
without risk to performance, cost, or schedule. The winding cross-section is to
be designed according to the specifications for the ITER TF windings, i.e.
carrying 9.094 MA at 11.2 T in a roughly 300 x 850 mnr cross-section. The
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windings must also be designed for the same conditions of mechanical
loading, steady and alternating fields, nuclear heating, and electrical
insulation as the ITER TF windings. Three modules are needed for a
complete simulation. The modules will be designed with external cases
capable of supporting the in-plane hoop and bending loads and the out-of-
plane loads associated with the one-coil-offset geometry.

Task MAG-3. Model Coil Test Facilities and Testing

Task MAG-3.1. Design and construction of a CS Model Testing Facility:
Provide a facility comprising the following major components:

Cryostat vessel that will accept the CS Model Coils (4m ID x 4m IK)

Structures in the cryostat for supporting the coils in the various test
configurations

Power supplies capable of swinging the coils at rates appropriate for ac
loss testing (approximately 1500 V and 50 kA required, two separate
supplies are desirable)

Magnet discharge circuitry designed for 20 kV, 50 kA, and approximately
1GJ energy extraction

Cryogenic system capable of accepting the high ac heat loads during tests
(roughly 5 to 10 kW)

Task MAG-3.2. Testing of the CS modules: Operate the CS modules to
simulate the conditions expected during normal operation of the FTER CS; at
a minimum, attain the fields, current densities, field ramping rates, structural
stresses, heat loads, etc. Domestic tests would be desirable to confirm basic
CS module performance (sucli as cold leak-tightness, insulation voltage,
current flow capability) before being shipped to the test facility.

Task MAG-3J. Design and construction of a facility for TF-model testing:
Provide a facility comprising the following major components:

Cryostat vessel that will accept the TF Model Coils (the TF modules in
shifted axis configuration are roughly 3 m x 5 m x 6 m with additional
space required for structure and thermal screens)

Structure in the cryostat for supporting the coils in the various test
configurations

Power supplies capable of bringing the coils to the nominal test current in
a reasonable time (40 kA, 150 V), driving the coils to an appropriate
overcurrent (50 kA), and providing additional time-varying ripple current
for nuclear heating simulation (1500 V, 3 kA peak-peak ripple. Magnet
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discharge circuit appropriate for 20 kV, 50 kA, and approximately 13 GJ
energy extraction.

Cryogenic system capable of the high ac heat loads during tests (roughly 5
tolOkW)

Task MAG-3.4. Testing of the TF modules: Operate TF modules to simulate
the conditions expected during normal operation of ITER TF coils; at a
minimum, attain the fields, current densities, field ramping rates, structural
stresses, heat loads, etc. Domestic tests would be desirable to confirm basic
TF module performance (such as cold leak-tightness, insulation voltage,
current flow capability) before being shipped to the test facility.

TABLE IV-2. SPECIFIC ISSUES IN THE DESIGN,
MANUFACTURE AND TEST OF THE MODEL COILS

For the Central Solenoid

Cable-space current density to 55 A/mm at 13.5 T
500 MPa tension in distributed structure
100 MPa transverse pressure on winding pack
Rapid transverse field changes

Near 13 T, decreasing at 2 T/s
Near 10 T, increasing at 0.3 T/s
Asynchronous variation of field and current
Simulation of disruption effects

Broadly distributed heating (> 1 mW/cm3)
20 kV insulation
Low-copper, high-field conductor options
Helium feed and conductor joint techniques compatible with restricted
space

For the TF coils
*\

Cable-space current density to 63 A/mm at 11.3 T
'. 100 MPa transverse pressure on windings
• Rapid transverse and parallel field changes
t> 0.1 T/s superimposed on steady toroidal field
' Simulation of disruption effects -
\ Broadly distributed heating (> lmW/cnr)
; 20 kV insulation
; Low-copper, high-field conductor options
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TABLE IV-2. SPECIFIC ISSUES IN THE DESIGN,
MANUFACTURE AND TEST OF THE MODEL COILS
(Cont.)

Coolant path lengths to about 400 m
Continuous conductor lengths to 800 m
Heavy-section case
Minimum bend radius not much greater or smaller than 2.5 m

For the Outer PF coils

Coolant path lengths at least 400 m
Continuous conductor lengths at least 800 m
20 kV insulation
High-copper, low-field conductor options

IV A. Schedule and Costs:
Fig. IV-1 provides the schedule for the performance of the magnet R&D

tasks. The estimated costs to perform these tasks is given in Table IV-3.

IV.5. Faculties:
IV.5.1. Requirements

The major facility requirements are for the Central Solenoid and for the
TF coil model coil tests. The preliminary main requirements for these facilities
are presented as part of the respective tasks for these tests; see Table IV-2, Task
MAG-3.1. The tests for the combined model coil will have the same
requirements for the power and cryogenic systems, but may require a somewhat
larger cryostat volume.

IV.5.2. Existing facilities upgradable for the model coil testing.
It is anticipated that no new fadMes will be required. A number of

facilities exist which could be candidate facilities to upgrade for the model coil
testing. A listing of such facilities and the key features are given in Table IV-5.
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Task ID

HAG-1
HAG-1.1
HAG-1.1.1
HAG-1.1.2
HAG-1.1.3
HAG-1.1.3.1
HAG-1.1.3.2
HAG-1.2
HAG-1.2.1
HAG-1.2.2
HAG-1.2.3
HAG-1.2.4

HAG-1.3
HAG-1.3.1
NAG-1.3.2
HAG-1.3.3

HAG-1.4
HAG-1.4.1
HAG-1.4.2
HAG-1.4.3
HAG-1.5
HAG-1.5.1
HAG-1.5.2

HAG-1.6
HAG-1.6.1
HAG-1.6.2
HAG-1.7

HAG-2

HAG-2.1
HAG-2.1.1
HAG-2.1.2
HAG-2.2
HAG-2.2.1
HAG-2.2.2

HAG-3
HAG-3.1
HAG-3.2
HAG-3.3
HAG-3.4

Task

Database development
Conductor development
Sir-nd development
Jacket development
Jacketed cable development
Sub-sized conductors
Full-size conductors
TF-case development
Heavy case steel development
TF case model fabrication
TF case model testing
Case materials mechanical
testing
Insulation development
Selection
Radiation damage assessment
Mechanical and electrical
characterization
Coll component development
Conductor Joints and termination
Coil cryogenic connections
Instrumentation and diagnosis
Full-scale winding development
Non-circular windings mfg. testi
Winding pack model fabrication
and test
Utility component verification
Cryogenics systems components
Power systems components
Small scale testing

Hodel coll design and

91 92 93

fabrication
CS Hodel coils
Design
Fabrication
TF model coils
tesign
:abr1cation

Hodel coil test facilities
IS model test facility
CS model testing
TF model coil test facility

model testing

94 95

Fig. W-l. Schedule for performance of magnet R&D tasks
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TABLE IV-3. MAGNET TECHNOLOGY R&D COSTS

AREA

1.0 Magnets
Database Development
Hodel Coll Design & Fabricat.
Hodel Coll Testing

SUBTOTALS

1991

12.0
12.0
2.0

26.0

1992

14.0
24 0
7.0

45.0

1993

16.0
27.0
9.0

52.0

1994

13.0
14.0
14.0

41.0

1995

10.0
-
11.0

21.0

TOTAL

65.0
77.0*
43.0

185.0

The estimate assues that existing facilities can be assenbled to be compatible with the nodel coil
testing yet to be deterained.
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Fig. W-2. Schematic of central solenoid model coil
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Fig. IV-3. Schematic of toroidal field model coil
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TABLE IV-4. EXISTING FACILITIES UPGRADABLE FOR COIL TESTING

Site

Kurchatov IAE
Moscow

DPC. IAERI
Naka

TOSKA, KfK
Karlsruhe

LCT.ORNL
Oak Ridge

MFTF-B, LLNL
Uvermore

Power Supply

40 kA, 24 V

±50kA,5kV
±90kA.2.5kV

±50.kA, 15 V (3 sets, planned)

3OkA,;0V

50 kA, 30 V
(ordered)

6 dc supplies
10-20 kA rating

10 V

4 sep. supplies
each rated at

50 kA
±750 V

Cryogenic System

1.2kW@4.5K
(existing)

3.2kW@45K
(ordered)

1.2 MIM.5K
500 g/s.3.5K,f.f.loop
20 kl liq.storage

10 kHfeOK

2kW©4.5K

1000WS80K

1.2kW@4.5K
3.5 K f.f. loop

30 kL liquid stor.

3kW@4.5K
8kW®4.5K

1.2 kW f.f. loop
85 kL liquid stor.
500kW@80K

Cryostat Vessel

4.5Dx5.5H

5Dx8H
9 D x 13 H (planned)

5 D x >7 H

10Dx8H

end cells
10.6Dxl6L
central cells
8Dx20L

Data Acquisition System

Data acquisition system
used for T-15 coil tests

200 ch. of transient mem.
and 400 ch. for scan,

based on Micro-VAX II

Data acquislion system
used for EURATOM LCT

tests, based on VAX,
upgrades in progress

Data acquisition system
used for LCT tests

MFTF-B ICADS based on
P-E mini for supervisory
sys. and DEC micros for

hardware interface

Supporting Equipment

50-tonne crane

50 tonne crane

50-tonne crane

50-tonne crane

90-tonne bridge
55-tonne crane

Vacuum pumping:
500 L/s, 65 mbar

1000 L/s, .01 mbar
16000 L/s, .001 mbar



V. CONTAINMENT STRUCTURES

V.I. Description:
The Containment Structures Systems include:

Vacuum vessel,
Attaching locks and supports,
Plasma stabilizing elements,
Cryostat elements, and
Torus sector mockups.

V.2. Objectives:
There are five major objectives of the Containment Structures R&D

programme. These are:
1) Determine the manufacturing feasibility of the vacuum vessel
including the development and confirmation of the reliable
capability to perform on-site welding of structural joints, the
development of large flange connections, the development of
electrical insulation breaks and resistive elements, and the
demonstration of the feasibility of casting.
2) Develop and confirm the blanket attaching locks and flexible
supports for the vacuum vessel and magnet system,
3) Develop passive and active plasma stabilizing control elements,
4) Develop and confirm elements required for the cryostat
including the development of the thermal shield, penetrations and
lip seals, and large rectangular and trapezoidal bellows.
5) Fabricate and test torus sector mockups and subscale models for
electromagnetic tests. Fabricate and test a representative full-scale,
simplified, vacuum vessel sector mockup partially for use in total
feasibility demonstration of assembly joints and testing remote
handling procedures. Fabricate in-vessel component mock-ups
(including the selected attaching locks design) and fabricate a
detailed vacuum vessel sector for verification of the integrated
design. The testing on this sector will be performed after 1995.

V.3. Tasks:
To achieve the five objectives, there are five major task areas; these are

1) Vacuum vessel feasibility,
2) Blanket attaching locks and flexible supports for the vacuum
vessel and magnets,
3) Plasma stabilizing passive and active control elements,
4) Cryostat elements
5) Torus sector mockups.

Within these five major task areas, there are a number of subtasks. A
listing of the tasks and subtasks is given in Table V-l with a brief description of
each task.
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TABLE V-l. ITER CONTAINMENT STRUCTURES R&D
TASKS

Task COS-1. Vacuum vessel feasibility

This task is to develop and demonstrate an appropriate vacuum vessel concept,
either a thick wall or a thin wall approach. The vessel provides the first tritium
barrier. The vessel provides electromagnetic load support. The vacuum vessel is
designed to be a semi-permanent component and must have high reliability. The
vessel components must be capable of being accurately located during assembly.
Vessel resistance may require electrical insulators within the vessel. During
assembly, and perhaps for re-assembly, on-site welded joints will be required.
Double seals must be used for tritium monitoring. Remote cutting and re-
welding of these joints is required. Numerous large flange connections, for
example on the ports, must be capable of remote access in narrow areas. The
R&D tasks are designed to develop and confirm the manufacturing and
performance capability of these features and components.

Task COS-1.1. Partial models manufacturing/tests: Perform a critical
elements study for both thick and thin vessel concepts for applicable loading
conditions (e.g. electromechanical, thermal, nuclear, accidental overpressure
ands earthquake for steady-state and transient operation). Develop
manufacturing procedures for both approaches. Develop a diffusion bonding
technique for the thin walLvessel concept; determine mechanical stiffness and
failure loads for 1 to 2 m test pieces. Perform manufacturing and test of
partial full-scale models of the candidate vessel geometries. The
manufacturing should include a complete inboard wall structure including one
wedge and 1.5 parallel sectors, cooling water connections, and part of the
resistive element. The testing should include non-destructive testing at
cooling system pressure (2 MPa) at reference electromagnetic load
conditions; the testing should include a bending test and shear test for
10 cycles. The final step should be mock-up manufacturing and testing as
described in COS-5.

Task COS-12. Structural assembly joints: Develop the capability for on-site
thick welding with candidate welding processes (e.g. TIG, EB, laser) and
demonstrate the feasibility of remote cutting and re-welding of structural field
joints located between the vacuum vessel segments. Demonstrate
manufacturing and perform testing on full-scale, short straight test pieces
(length about 2 m, width about 0.5 m), and on D-shaped full-scale long test
pieces (length about 15 m, width about 0.5 m). The final step should be mock-

>, up manufacturing and testing as described in COS-5.

'% T«k COS-1.3. Large flange connections and secondary seals: Develop
* reliable large flange connections with a secondary seal and demonstrate the
j. capability for remote assembly/disassembly for these flange connections with
r double seals in narrow areas. This requires manufacturing full-scale partial
,' teat pieces (suck as the horizontal port flange) and testing the
'i bolting/welding/cutting using selected procedures and tools. The final step
J should be mock-up manufacturing and testing as described in COS-5.
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TABLE V-l. ITER CONTAINMENT STRUCTURES R&D
TASKS (Cont.)

Tasx COS-1.4, Electro-insulating connectors: Develop electrical insulating
materials and manufacturing processes for surface insulation, insulated bolts
and shear keys. This requires selecting candidate ceramic oxide mixtures that
provide the desired material properties and suitable coating techniques.
Manufacture small test pieces (about 20 car), apply mechanical thermal and
electrical loads (>500 MPa for 10 cycles, > 2 kV) and determine material
properties during and after testing. Manufacture full-scale bolts, keys, shear
pins, and short straight test pieces with all connecting surfaces insulated.
Perform testing of the assembly and perform dimensional and destructive
tests after disassembly The final step should be mock-up manufacturing and
testing as described in COS-S.

Task COS-1.5. Resistive elements: Develop reliable manufacturing and
assembly procedures for the resistive elements. Select candidate
manufacturing procedures, such as machine from a solid, or forge, and select
candidate methods to attach cooling tubes to the resistive elements.
Fabricate a full-scale model (0.26 m width by 7 m poloidal length including
straight and curved sections) and determine mechanical and thermal
characteristics. The final step should be mock-up manufacturing and testing
as described in COS-S.

Task COS-1.6. Feasibility of casting: Determine the feasibility of forming
and welding large, thick-walled pieces from castings including cooling
channels. Cast test pieces (about 21 mass). Perform tests such as outgassing,
mechanical, corrosion, and qualification. If feasibility is demonstrated,
continue the task by fabricating full-scale sectors of parallel and wedge
segments, see COS-5.

Task COS-2. Attaching locks and supports: Attaching locks must be developed
which can withstand the electromagnetic loads resulting from disruptions. There
are five candidate solutions, such as welded bolt, water hydraulic jack system,
hydraulic cotter, liquid metal, and mechanical bolts. Reliable, flexible gravity
supports must be developed; these supports carry the deadweight of the vacuum
vessel, in-vessel components, and the magnets.

Task COS-2.1. Blanket attaching locks: The basic characteristics and
manufacturing procedures will be investigated for the critical issues associated
with each of the five candidate attachment approaches. A reference concept
will be selected based on these results. For the reference concept, a complete
attaching lock system will be fabricated including the structures simulating the
blanket. The system will be tested under load conditions (mechanical load up
to 10 MN/m, fatigue tests with 10 MN/m2 for 10 cycles, thermal load up to
1 MW/m, and insulation voltage of up to 2 kV). Full scale mock-up testing
will be performed as described in COS-S.
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TABLE V-l. ITER CONTAINMENT STRUCTURES R&D
TASKS (Cont.)

Task COS-2.2. Machine flexible supports: Develop reliable flexible
tension/compression supports for the vacuum vessel and magnets. Fabricate
and determine the mechanical/thermal characteristics of full-scale pieces
(2 m (R) by 1 m (w) by 3 to 4 m (H))

Task COS-3. Plasma stabilizing elements: A passive and active system must be
used to provide control and stability of the plasma vertical position. The passive
system consists of high conductivity plates attached to the vacuum vessel and the
outboard blankets. The key issue is development of a proper bonding technique.
The active system consists of insulated and jacketed coils located within the
vacuum vesseLThe key issue is to develop a high current carrying conductor,
including development of the joint technology.

Task COS-3.1. Passive loops (plate attachment): Manufacture and test
pieces (1 to 2 m by 5 to 10 mm thick) to be used to investigate several
bonding concepts. The tests will include process sequences, bonding
processes, bonding strength, for up to ± 2 MPa normal and about 5 MPa
shear loads, for cyclic conditions (up to 10 cycles) at temperatures of 20 to
200 C, and cyclic bending tests for 10 cycles. Full scale mock-up testing will
be performed as described in COS-S.

Task COS-32. Active coils: Fabricate and test a partial full-scale model of
the active coil, with a rated current of SO kA. Perform bending tests
(minimum radius), current flow test (300 kAt peak), and thermal test (50 kAT
and coolant flow), for 3 x 10° cycles. Full scale mock-up testing will be
performed as described in COS-5.

Task COS-4. Cryostat elements: The cryostat is the outer vacuum vessel that
provides a high vacuum to thermally insulate the superconducting magnet system.
Key technical issues are to develop the penetration configuration to allow a
double seal, to develop a reliable thin thermal shield to operate in the restricted
inboard area, and to develop large cylindrical, rectangular, and trapezoidal
bellows to compensate the thermal and mechanically induced movements of the
vacuum vessel.

- Task COS-4.1. Large bellow* Fabricate and test at least two full-scale
I rectangular and trapezoidal oellows (4.6 m (H) by 2.6 m (W) by 2 m (L)).
! Test conditions include accidental pressure (0.2 MPa), vertical, axial, and

lateral test movements (about 30 to 36 mm), and cyclic heating and cooling
(up to 180 C). Full scale mock-up testing will be performed as described in

! COS-5.
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TABLE V-l. ITER CONTAINMENT STRUCTURES R&D
TASKS (Cont.)

Task COS-4.2. Penetration and Up seals: Determine the manufacturing
feasibility by fabricating partial full-scale models of the horizontal, vertical,
and vacuum pumping duct penetrations; perform flexibility, mechanical,and
leak tests on the fabricated models. Full scale mock-up testing will be
performed as described in COS-5.

Task COS-43. Thermal shield/superinsulaton Fabricate and test a i m
thermal shield (less than 50 mm thick) including the supports to attach the
cold surfaces and perform thermal radiation test (at 4 K, 80 K, and
300/450 K), perform mechanical load tests (to 1.5 t/m2), and perform
electrical insulation test (up to 1 kV). Full scale mock-up testing will be
performed as described in COS-5.

Task COS-5 Torus sector mockups: All inspection, cleaning, repair, disassembly
and re-assembly of the vacuum vessel must be done by well developed remote
handling procedures. To test the assembly and remote handling procedures, a
full-scale torus sector mockup will be used, consisting of about 3/32 of the full
torus and represent the exact geometry and approximate weight. In addition, a
sub-sized model will be fabricated to study electromagnetic load response.
Finally, a second full-scale sector (about 3/32 of the full torus) mock-up will be
fabricated and will include vertical, radial ports. This sector will be used to
confirm acceptability of the final design including remote handling
assembly/disassembly procedures. The major portion of test programme
involving the second sector mock-up will be conducted after 1995.

Task COS-5.1. First full-scale vacuum vessel mock-up: A mock-up of a full-
scale vacuum vessel sector, actual size and geometry, will be fabricated to
develop fabrication procedures mainly of the segment welding joints and to
confirm ability to satisfy manufacturing tolerance requirements. Once the
sector is fabricated, it will be used to demonstrate the capability of fully
remote maintenance including inspection, assembly, disassembly, etc.
Demonstrate that segment to segment joints are feasible, including welding,
cutting, and rewelding, and that the tools and procedures are adequate.

Task COS-5.2. In-vessel component mock-up: Demonstrate the assembly
and disassembly of the complete complement of blanket/shield modules,
attaching locks and vertical supports, cooling lines, and active coil designs, for
3/32 of torus. Verify the required tolerances and adjustment schemes are
acceptable for assembly and repair.

Task COS-53 Second full-scale sector mockup: Demonstrate the feasibility
of manufacture of the full-scale final structure. Demonstrate and verify
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TABLE V-l. ITER CONTAINMENT STRUCTURES R&D
TASKS (Cont.)

acceptability of a set of resistive elements and electrical insulation breaks,
including all critical features such as cooling connections, insulated surfaces,
bolts, shear keys, and leak detection systems. This mockup is to be
manufactured before the end of 1995 to obtain construction information. The
test program will begin during this period, but will continue beyond 1995.
Test conditions will include hydraulic test (up to 50 bar), thermal tests
(baking up to 10 MW), mechanical tests (10 MN/m, or scalable), insulating
voltage (up to 3 kV), and operating temperatures (from 350 C to room
temperature).

Task COS-5.4. Sub-scale model electromagnetic tests: A sub-scale partial
model of the vacuum vessel, blanket structure, cryostat, TF, PF, and active
coils will be fabricated and tested for dynamic behavior using simulated
electromagnetic loads (e.g. due to disruptions, field penetration during
startup, and fast control).

V.4. Schedule and Costs:
Fig. V-l provides the schedule for the performance of the containment

structures R&D tasks. Fig. V-2 gives the overall schedule of the containment
structures plan along with the assembly and maintenance plan. These two plans
are closely interconnected. The estimated costs to perform the containment
structures tasks is given in Table V-2.

V.5. Facilities:
• V.5.1. Requirements

The major facility requirements are shared with the Assembly and
Maintenance R&D programme and consist of a facility for testing the assembly

-, and maintenance of the torus and in-vessel components. The requirements for
'' this facility are:
: Crane capability of ~ 200 tons
i Hall ~ 50 m height and ~ 35 m x 50 m

V.5.2. Existing faculties upgradable for the containment structures testing.
r. It is anticipated that no new facilities will be required. All development
t and testing can be accomplished in existing facilities within the four Parties. A
I number of major facilities exist which could be candidates for upgrade for the
I torus mockup and subsequent full-scale torus prototype testing after 1995.
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Task ID

COS-1
COS-1.1

COS-1.2
COS-1.3

COS-1.4
COS-1.5
COS-1.6

COS-2
COS-2.1
COS-2.2

COS-3
COS-3.1
COS-3.2

COS-1
COS-4.1
COS-4.2
COS-4.3

COS-5
COS-5.1

COS-5.2
COS-5.3

COS-5.4

Task

Vacuum vessel feasibility
Partial models manufacturing
/tests
Structural assembly joints
Large flange connections
and secondary seals
Electro-insulating connections
Resistive elements
Feasibility of casting

Attachinq locks and supports
Blanket attaching locks
Machine flexible supports

Plasma stabilfzfnq elements
Passive loops
Active coils

Crvostat elements
Large bellows
Penetrations and lip seals
Thermal shield/superinsulator

Torus sector mockuDS
Vacuum vessel first sector
mockup
In-vessel component mockup
Vacuum vessei -nd sector
mock-up
Sub-scale mode) electromagnetic
tests
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Fig. V-l. Schedule for performance of containment structures R&D tasks
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TABLE V-2. ASSEMBLY
TECHNOLOGY R&D COSTS

AND MAINTENANCE

AREA

Z.O Containment Structures
-Vacum Vessel Feasibility
Partial model-manufacture
Structural Assembly Joints
Large Flange Connections and

Secondary Seals
Electro-insulating connections
Resistive Eleaents
Feasibility of casting
-Attachinq Locks and SuDDorts
Attachment Locks.
Machine Gravity Supports
-Plasm Stabilizina Eleaents
Passive Loops,
Active Coils.
-Crvostat Eleaents
Large bellows
Penetrations and lip seals
Therm 1 shield/superinsul.
-Torus Sector Hock-upsa

1st simplified W sector
In-vessel components
2nd Integrated W sector
Electromagnetics, sub-scale

SUBTOTALS

1991

1.0
0.3

0.5
0.2
0.2
0.5

1.0
0.3

0.2
1.0

0.5
0.3
0.2

0.2
-
-
0.2
6,6

1992

2.0
0.5

1.0
0.4
0.4
0.5

1.5
0.2

0.5
1.5

1.0
0.5
0.3

0.8
1.0
-
0.2

1L2

1993

2.5
0.5

1.0
0.5
0.3
-

1.5
-

0.3
1.0

0.5
0.2
-

3.0
3.0
1.0
0.2
15^5

1994

0.3
0.2

-
0.3
-
-

0.3
-

-

0.3

-
-
-

-

2.0
3.0
-
6.4

1995

0.2
-

-
0.1
-
-

0.2
-

-

0.2

-
-
-

-
-

2.0
-
2.7

TOTAL

6.0
1.5

2.5
1.5
0.9
1.0

4.5
0.5

1.0
4.0

2.0
1.0
0.5

4.0
6.0
6.0
0.6

43^5

a - This torus sector full-scale mock-up task is a combined task with Assembly/Maintenance; $22H is
Included for Containment Structures aspects.



VI. ASSEMBLY AND MAINTENANCE

VI. 1. Description:
The Assembly and Maintenance Systems include all remote handling

systems and equipment for in-vessel and ex-vessel maintenance and disassembly
and re-assembly operations for ITER.

VI.2. Objectives:
There are three major objectives of the Assembly and Maintenance R&D

programme. These are:
1) Develop the tools and procedures critical to maintenance
operations. This includes for example in-vessel demonstrations of
maintenance vehicles, booms, and vertical robots, top and bottom
port assembly and handling demonstrations, maintenance and
handling demonstrations for the blanket, test modules, vacuum
pumps, semi-permanent components, diagnostics components, and
special device demonstrations, and maintenance and handling
demonstrations of heating and current drive components
2) Develop the key components and special systems essential to the
maintenance function. This includes for example development of
in-vessel and ex-vessel viewing systems, in-vessel inspection
systems, and vacuum cleaning unit for in-vessel dust collection, and
3) Assemble and test an integrated mockup for verification of
assembly and maintenance system and component interactions.
This includes for example system and mock-up demonstrations with
full-scale torus sector mock-ups to include verification of remote
operations. After 1995, this also includes subsequent integrated
mock-up and prototype testing with in-vessel components.

VI.3. Tasks:
To achieve the three objectives, there are twelve major tasks; these are

1) Demonstrate in-vessel handling capability with a vehicle, boom,
and vertical robot (three tasks),
2) Demonstrate top and lower vertical port assembly (two tasks),
3) Demonstrate blanket, vacuum pump, heating and diagnostics
systems, and semi-permanent components handling capability (four
tasks),
4) Demonstrate horizontal port test module handling capability
(one task),

.;., 5) Demonstrate viewing/inspection systems capability (one task),
| and
f, 6) Perform integrated demonstration with a full-sector mockup
[•I, (one task).

A listing of these tasks is given in Table VI-1 with a brief description of
|;| each task.
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TABLE VI-1. ITER ASSEMBLY AND MAINTENANCE R&D
TASKS

Task AMA-1. In-vessel handling demonstration using a maintenance vehicle

This task is to develop and demonstrate the ability of the manipulators mounted
on the vehicle to reach and perform simulated maintenance functions on all
components on the inner surface of the vacuum vessel. This includes, for
example, using special tools to unlock or disengage the divertor plates; use a
special gripper tool to handle fc divertor plates; replace an upper and a lower
divertor plate; replace armor tile from the first wall; replace the lower hybrid
front grill assembly. The in-vessel maintenance transporter consists of a
180 degree track and vehicle system: capacity is 3 to 4 tons, the positioning
accuracy is within 2 to 5 mm; the environmental conditions are a radiation field
of
3x106 rad/h; temperature of 150 C; inert gas or air. An overhead crane with 20
ton capacity is required. A facility with floor space of about 60x20 m is required,
about IS m high.

Task AMA-2. In-vessel handling demonstration using a maintenance boom

This task is complementary to task AMA-1 and is to develop and demonstrate
the ability of the maaipiilators mounted on a boom to reach and perform
simulated maintenance functions on all components on the inner surface of the
vacuum vessel. The articulated boom employs the following features: a reach
extending 90 degrees; capacity is 3 to 4 tons, the positioning accuracy is within
2 to 5 mm; the environmental conditions are a radiation field of 3x106 rad/h;
temperature of 150 C; inert gas or air. An overhead crane with 20 ton capacity is

quired. A facility with floor space of about 60x20 m is required, about IS m

Task AMA-3. In-vessel handling demonstration using a maintenance vertical
robot

This task is to develop and demonstrate the ability of the manipulators mounted
on a vertical robot to reach and perform simulated maintenance functions on all
components on the inner surface of the vacuum vessel. The vertical robot
employs the following features: a travel of 180 to 360 degrees; capacity is
3 to 4 tons, the positioning accuracy is within 2 to 5 mm; the environmental
conditions are a radiation field of 3x106 rad/h; temperature of 150 C; inert gas or
air. An overhead crane with 20 ton capacity is required. A facility with floor
space of about 60x20 m is required, about IS m high.

Task AMA-4. Top vertical port assembly demonstration

This task is to demonstrate the ability to remove piping and seal plates within a
typical upper port that are designed for removal of upper divertors and blanket
modules. The piping must be replaced without violating either the primary or
cryostat vacuum. This task will also include demonstration of ability to repair, or
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TABLE VI-1. ITER ASSEMBLY AND MAINTENANCE R&D
TASKS (Cont.)

replace, the bellows in the upper port region. A mockup of the upper port region
is required. Several special purpose tools are required for these tasks, such as
devices. An overhead crane with 20 ton capacity is required. A facility with floor
space of about 14x8 m is required, about 10 m high.

Task AMA-5. Blanket handling demonstration

Demonstrate the ability to remotely remove and replace typical blanket modules
through an upper port. The task incl;includes the placement of each module on
its supports and a demonstration of the blanket locking attachment. Blanket
handling fixtures are needed with capability of adjustment to hold each module
over its center-of-gravity. A vertical reach of 35 m is required. The lifting
capacity must be about 80 tons. The positioning accuracy is 2 to 5 mm. An
overhead crane with about 200 ton capacity is required. A facility with floor
space of about 20x30 m is required, about 50 m high.

Task AMA-6. Horizontal port test module handling demonstration

Demonstrate the remote handling of a blanket test module on a horizontal port.
A full-scale mockup of the mid-plane portion of the vacuum vessel and the
cryostat is necessary. The mockup can be inexpensive and made primarily of
wood except for the prototypical mounting surfaces. The piping, walls, and other
physical constraints must be represented. An overhead, ex-vessel manipulator
system, including a transporter, force-reflecting manipulators, remote viewing
and lighting are needed. An overhead crane with about 20 ton capacity is
required. A facility with floor space of about 8x20 m is required, about 10 m

Task AMA-7. Vacuum pump handling demonstration

Demonstrate the ability to replace a vacuum gate valve and internals, a
cryopump, a turbomolecular pump, and a cryogenic valve box and valve. A full-
scale mockup of the vacuum port, vacuum pump, and a gate valve are needed;
these can be from relatively inexpensive materials to simulate the port
configuration and constraints. This task requires a prototypical gate valve,
cryopump, turbomolecular pump, and cryogenic valve box and valve assembly.
An overhead crane with about 20 ton capacity is required. A facility with floor
space of about 23x11 m is required, about 12 m high.

h
| Task AMA-8. Lower port assembly demonstration
T
jr,

*, Demonstrate the ability to remove the piping and seal plates in a lower port
\ designed for removal of the lower divertor. The piping must be replaced without
; violating either the primary or cryostat vacuum. This task will also include
f, demonstration of ability to repair, or replace, the bellows in the upper port
\ region. This task will also demonstrate the ability to replace the PF-5 coil and its
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cryogenic connector and electrical bus bars. Additional demonstrations include
the ability to replace the thermal shields and associated fluid connectors, and
ability to replace the cryogenic enclosure plugs. A mockup of the lower port
region, including the PF-5 coil and thermal shield is required. These can be from
relatively inexpensive materials to simulate the configuration and constraints.
Several special purpose tools are required for these tasks, such as cutter/welders
for pipe and lip seals, pipe handling fixtures, PF-5 coil handling fixtures, and leak
detection devices. An overhead crane with 20 ton capacity is required. A facility
with floor space of about 23x11 m is required, about 12 m high.

Task AMA-9. Vacuum vessel handling demonstration

Demonstrate the ability to assembly the vacuum vessel using remote equipment
and procedures. Develop and qualify methods to join the vacuum vessel sectors
by in-vessel welding. Demonstrate the ability to remotely handle and position the
large vacuum vessel parallel and wedged sectors. An overhead crane is required.
A facility with floor space of about 20x20 m is required, about 35 to 50 m high.

Task AMA-10. Viewing and inspection systems demonstrations

Demonstrate the ability to perform all required viewing and inspection functions
with the vacuum vessel. Demonstrate the ability to map the magnetic field
profile and adjust the first wall components accordingly. A mockup of a sector of
the vacuum vessel is required with appropriate supports for first wall
components. The ports must be included through which the viewing equipment
will be inserted. The mockup can be constructed primarily from wood and
appropriate steel for support. The required equipment to conduct the tests
include a viewing and lighting system for the first wall components, a leak
detection system, a non-destructive weld inspection system, a welding device to
repair leaks, a device to measure erosion of the first wall, a system to measure
the vessel geometry, a system to map the magnetic field profile and to adjust the
first wall components accordingly, and a fore-reflecting manipulator system with
an appropriate transporter. A crane with 20 ton capacity is required. A facility
with floor space of about 15x15 m is required, about 30 m high.

Task AMA-11. Standard component and process development

This task is to develop and qualify mechanical, electrical, and hydraulic
connectors and other standard hardware needed for multiple purpose use on
ITER components. The tasks also included the development of the essential
remote handling tool interfaces for these standard hardware components. The
tasks also includes the development of processes and procedures for
decontamination of equipment and components to levels to permit hands-on
handling. Environmental tests on remote handling equipment will be performed
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to test resistance to radiation levels, magnetic field strengths, temperature,
vacuum conditions, etc. Dust collectors will be developed. A partial vacuum
vessel and horizontal port mockup is required.

Task AMA-12. Integrated demonstration using a full-sector mockup

All of the prototypical equipment developed during the preceding tasks AMA-1
through AMA-11 will be used for integrated full-scale mockup testing and
demonstrations. This testing will begin during the Engineering Design Activity
and continue into the construction activity. Two phases of development are
planned using mockups. Phase 1 will consist of demonstrations prior to the end
of 1995 to validate designs. The second phase, after 1995, will verify the remote
maintenance operations necessary to maintain the device. The development
performed in phase 1 will require a complete mockup of one sector of the device
(vacuum vessel first sector and in-vessel component mockups provided by
Containment Structures); where possible, actual components and materials may
be simulated, but the size and configuration will be replicated. The testing will
consist of:

-integrated demonstration of selected remote maintenance
functions,
-operator training on all the remote handling equipment
-development of remote maintenance procedures,
-determination of maintenance task time durations,
-integration of the remote maintenance control systems,
-development of remote maintenance steps for unplanned failures.

A crane- with 200 ton capacity is required. A facility with floor space of about
35x50 m is required, about 35 to 50 m high. Existing facilities are candidates for
adaptation to perform the necessary development; modifications would be
required to most of the candidate facilities.

Task AMA-13. Heating and diagnostics systems handling demonstration

Demonstrate the ability to repair, adjust, or replace components of the auxiliary
heating and diagnostic systems. The components will be from the neutral beam,
electron cyclotron, lower hybrid heating and current drive systems and
components from the diagnostics. The tasks will consist of feasibility studies,
scale model demonstrations, or partial full-scale component demonstrations,
reduced scale models or partial mockups will be required for each major
assembly or subassembly to be remotely maintained. These models and mockups
must be representative of each component configuration and weight. A crane
with 20 ton capacity is required. A facility with floor space of about 15x15 m is
required, about 7 m high.
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Task ID

AHA-1

flHA-2

AMA-3

AMA-4

AHA-5
AHA-6

AMA-7

AMA-8

AHA-9

AHA-10

AMA-11

AMA-12

AHA-13

Task

In-vessel handling
demonstration -vehicle

In-vessel handling
demonstration -boom

In-vessel handling
demonstration -virticle
robot

Top vertical port/assembly
demonstration

Blanket handling demonstration
Horizontal port test module
handling demonstration

Vacuum pump handling
demonstration

Lower port/assembly
demonstration

Vacuum vessel
handling demonstration

Viewing/Inspection systems
demonstration

Standard component and
process development

Integrated demonstration with
full-sector mock-up

Heating and diagnostics systems
handling demonstration

91 92 93 94 95

Fig. VI-1. Schedule for perfo/mance of assembly and maintenance R&D tasks

VIA Schedule and Costs:
Fig. VI-1 provides the schedule for the performance of the assembly and

maintenance R&D tasks. Fig. V-2 gives the overall schedule of the containment
structures plan along with the assembly and maintenance plan. These two plans
are closely interconnected. The estimated costs to perform the assembly and
maintenance tasks is given in Table VI-2.

VI.5. Facilities:
VI.5.1. Requirements

The major facility requirements are shared with the Containment
Structures R&D programme and consist of a facility for testing the assembly and
maintenance of the torus and in-vessel components. The requirements for this
facility are: •

Crane capability of ~ 200 tons
Hall ~ 50 m height and ~ 35 m x 50 m
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TABLE VI-2. ASSEMBLY AND MAINTENANCE
TECHNOLOGY R&D COSTS

AREA

3.0 Assembly S Maintenance
In-vessel handling
demonstration with vehicle
In-vcssel handling
demonstration with boo*
In-vessel handling demon-
stration with vertical robot

Top vertical port/assembly
demonstration
Blanket handling
demonstration3

Horizontal port test module
handling deaonstration

Vacua pump handling
deaonstration
Lexer port/asseably
deaonstration
Vacuum) vessel
handling demonstration
Viewing/inspection system
demonstration
Standard i nm]KHif ill and
process development
Integrated demonstration with
full sector mock-up10

Facility preparation0

Heating and diagnostics system
iiandling demonstration

SUBTOTALS

1991

0.7

0.7

0.7

0.6

1.0

0.6

0.3

0.6

-

1.0

1.6

_
-

-

1992

2.0

2.0

2.0

1.8

3.0

1.8

0.7

1.4

1.0

2.0

1.9

1.0
2.0

-

22,6

1993

2.0

2.0

3.0

1.8

3.0

1.8

0.7

2.0

1.0

l.S

1.3

2.5
2.0

0.7

1994

1.3

1.3

2.3

0.8

1.0

0.8

0.3

1.0

1.0

0.5

1.2

3.5
2.0

1.2

1995

-

-

-

-

_

-

-

-

-

1.3

1.0
1.0

1.8

TOTAL

6.0

6.0

8.0

5.0

8.0

5.0

2.0

E.O

3.0

5.G

7.3

8.0
6.0

3.7

78.0

a- Coann facility for these tasks; cost is shared with tasks planned by Containment Structures; cost
estimate Is $6N during tills period and is Included here.
b- Plus $3.0H after 1995; c- Plus $35.91 after 1995; d- Plus I32.3H after 1995.

VI.5.2. Existing facilities upgradable for the assembly and maintenance testing.
It is anticipated that no new facilities will be required. All development

and testing can be accomplished in existing facilities within the four Parties. A
number of major facilities exist which could be candidates for upgrade for the
full-scale prototype testing.

105



VII. CURRENT DRIVE AND HEATING

Vn.l. Description:
The Currcut Drive and Heating Systems include the following:

Neutral Beam Injection,
Electron Cyclotron Waves,
Lower Hybrid Waves, and
Ion Cyclotron Waves, (alternate)

VII.2. Objectives:
There are six objectives of the Current Drive and Healing R&D

programme. These are:
1) Develop supporting technology for a scalable model negative ion
beamline which includes: dc ion sources, advanced neutralizes an
accelerator power supply concept, an accelerator protection system,
an ion dump for high energy particles, and the demonstration of
proof-of-principle for the electrostatic and electrostatic quadrapole
accelerator concepts,
2) Develop and demonstrate a scalable model negative ion
beamline rated at: 1.3 MeV, 2 A, DC, D°,
3) Develop and demonstrate components and a gyrotron rated at
1MW, CW, and 120 GHz for the electron cyclotron system,
4) Develop and demonstrate components and a gyrotron rated at
140 GHz for the electron cyclotron system (supplementary system
to be reviewed by Physics),
5) Develop the elements necessary for a fixed frequency (5 GHz),
CW, klystron or gyro-klystron system and a launcher module for
the LH system.
6) Develop and validate insulators and antenna for the ion
cyclotron system.

VII.3. Tasks:
To achieve the major objectives, there are four major tasks and eighteen

subtasks. The major tasks are:
1) Fabricate and test a scalable negative ion beamline (1.3 MeV,
2.6 MW, D°),
2) Demonstrate reliable operation of a prototypical electron
cyclotron channel,
3) Test a scalable model of a lower hybrid wave launcher module,
and
4) Test ion cyclotron critical components in appropriate
environments.

The tasks and subtasks are listed in Table VII-1 with a brief description of each
task.
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TABLE VIM. ITER CURRENT DRIVE AND HEATING R&D
TASKS

Task HCD-1. Neutral beam development

The neutral beam system provides the capability to heat the plasma, to provide
for steady-state current drive in the core of the plasma, and to provide global
profile control. A total injected power of 75 MW is required. The full energy of
the beams is 1.3 MeV of negative ions. This task is to develop the supporting
technology and to perform proof-of-principle demonstrations to 13 MeV and to
fabricate and test a scalable model beainline.

Task HCD-1.1. Supporting technology developmenfcThe supporting
technology development consists of twelve tasks essential to the overaQ
development of the components and features of the neutral beams.

Task HCD-1.1.1. DC ion source for ESQ accelerator: Develop the
technology base for the DC ion source for use with the ESQ accelerator.

Task HCD-1.1J2. DC ion source for ES accelerator: Develop the
technology base for the DC ion source for use with the ES accelerator.

Task HCD-1.13. Epoxy insulator development: Develop the technology
data base for a 1.3 MeV epoxy insulator.

Task HCD-1.1.4. Ceramic insulator development: Develop the technology
data base for a 1.3 MeV ceramic insulator.

Task HCD-1.15. Plasma neutralizer development: Develop and
demonstrate a plasma neutralizer with a 75% neutralizer efficiency.

Task HCD-1J.6. Photo-detachment neutralizer development: Perform a
feasibility study of a photo-detachment neutralizer.

Task HCD-1.1.7. Convention type power supply: Develop the technology
data base for a conventional type 13 MV power supply.

Task HCD-1.1.8. Switching-type power supply: Develop the technology
data base for a switching type 1.3 MV power supply.

Task HCD-1.1.9. Arc protection requirements for ES accelerator:
Establish the arc protection requirements for the ES accelerator.

Task HCD-1.1.10. Arc protection requirement? for ESQ accelerator:
Establish the arc protection requirements for the E-'y"). accelerator.

Task HCD-1.1.11. Sputtering and erosion for ion dumps: Calculate the
sputtering and erosion for ion dumps.

Task HCD-1.1.12. Verification of ion dump calculations: Experimentally
verify the ion dump calculations.
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TABLE VIM. ITER CURRENT DRIVE AND HEATING R&D
TASKS (Cont.)

Task HCD-1.2. Electrostatic Quadrupole (ESQ) accelerator test: This task
includes the development of the ion source and accelerator components for
the ESQ, the preparation of a suitable test facility, the development of the
procedures for the operations, and finally conducting the tests for the ESQ
accelerator. This would begin with 200 keV energy, 0.14 A, 10 s, D~; this
would be followed by a demonstration also at 200 keV energy with current to
1 A, duration of 2 s: with H"; and finally a demonstration at 13 MeV, currents
of 0.14 to 1 A, 2 s, with H~.

Task HCD-13. Electrostatic (ES) accelerator test: This task includes the
development of the hardware, ion source, and accelerator components for the
ESQ, the preparation of a suitable test facility, the development of the
procedures for the operations, and finally conducting the tests for the ES
accelerator. This would begin with 200 keV energy, 2 A, 2 s, D ; this would
be followed by a demonstration at 500 keV energy with current at 1 A,
duration of 5 ms, with H"; and finally a demonstration at 1.3 MeV, currents of
5 A, 0.1 to 2 s, with H'.

Task HCD-1.4. Scalable model test

Task HCD-1.4.1. Hardware preparation: Develop and prepare the
hardware necessary for the scalable model test. This would include the
following components: ion source with appropriate power supplies, high
voltage insulators, accelerator, profile controller with power supplies,
neutralizer with power supplies, ion dump with power supplies, and
cryopumps.

Task HCD-1.4.2. Facility preparation and operations: The facility needed
to perform the scalable model tests would consist of an upgrade from an
existing facility. The upgrade items would include an upgrade of the
building as necessary, an upgrade of the utilities (cryogenics, cooling,
electricity, vacuum system); vessel, valves and feedthroughs; controls and
diagnostics; a 1.3 MeV power supply systems; and a 1.3 MeV isolation
transformer.

Task HCD-1.4J. Scalable model tests: The initial tests would be
performed at 1.3 MeV, with a current of 2 A, for a duration of 2 s, using
D°. These tests would be followed by a sequence of tests where the
duration would be increase to CW with all other parameters remaining
the same. This would constitute the scalable model test for the neutral
beams.
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TABLE VIM. ITER CURRENT DRIVE AND HEATING R&D
TASKS (Cont.)

Task HC'D-2. Electron cyclotron development

The electron cyclotron system provides the capability to initiate the plasma and
to provide detailed profile control. A total injected power of 20 MW is required.
The frequency is 120 GHz. This task is to develop the supporting technology.

Task HCD-2.1. RF window development: Develop a reliable if window that
will support 1 MW, CW at 120/140 GHZ. There are two concepts, a cryo-
cooled window and an advanced window, for two applications, a gyrotron
window and a torus window.

Task HCD-2.2. Gyrotron development: Develop a gyrotron at 120 GHz,
0.5 MW, 10 s, efficiency greater than or equal to 35 %. Then continue the
development to 1 MW, CW. Finally, also develop a gyrotron at 140 GHz,
1 MW, CW, and efficiency greater than or equal to 30%.

Task HCD-23. Transmission line and antenna development: Develop a
transmission line carrying 1 MW, CW, at 120/140 GHz. Also develop an
antenna with special characteristics for the injection of 20 MW into the
plasma. The overall design should consider remote maintenance needs,
reliability, and safety requirements.

Task HCD-2.4. Mode converter development: Upgrade the performance of
the quasi-optical mode converter to an efficiency of greater than or equal to
95% (cavity mode to Gaussian mode).

Task HCD-2.5.Integrated system and lifetime tests: Assemble and perform
tests of components in a prototypical channel to simulate reel operations and
verify the required characteristics. This would include verification of the
required gyrotron lifetime (10000 h) and the tokamak window lifetime
(4000 h). Perform verification of the reliability of all components.

Task HCD-3. Lower hybrid system development

The lower hybrid system provides current ramp-up assist, steady-state current
drive in the outer part of the plasma, and provides global profile control. A total
injected power of 50 MW is required. The frequency is 5 GHz. This task is to
develop die supporting technology.

Task HCD-3.1. High power, high efficiency klystron development: Develop a
high power, high efficiency, CW klystron. The frequency is 5 GHz. The
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power per unit should be greater than or equal to 0.7 MW with an efficiency
greater than 0.6. The tasks consist of design, construction, early tests of
prototypes, selection of a final prototype, improvements to the final design
and qualification tests on the final prototype.

Task HCD-3JZ. Transmission line components and a launcher mouth
development: Develop transmission line components and a launcher mouth.
This includes the design and construction of the components,
thermomechanical tests at high heat loads and strain loads, irradiation tests
for the launcher mouth, and RF tests after and during irradiation of the
launcher waveguides and window materials. The tests require the availability
of high heat load facilities, and ionizing, electron, and proton irradiation
sources.

Task HCD-3.3. RF test bench: Construct an RF testbench to perform testing
of a scalable model of the generator, transmission lines, and launchers. The
test bench will include one prototype klystron, a prototype transmission line, a
vacuum tank with a pumping, cooling, baking system, a vacuum window, one
launcher module, and the necessary measuring, control, and supply systems.
These tests should result in qualification of the ITER klystron, the launcher
mouth, and the construction procedures for the transmission line and
launcher elements.

Task HCD-4. Ion cyclotron development

The ion cyclotron system is an alternative to the neutral beam system. A total
injected power of 130 MW is required over the full frequency range of IS to
80 MHz. This task is to develop the supporting technology.

Task HCD-4.1. Radiation test of ceramic insulators: Determine the dielectric
properties of ceramic insulators in a radiation environment. Measure the
increase in RF losses of ceramic insulators as a function of cumulative dose
and dose rate of neutrons. A neutron fluence of 1 x 10 to 1 x 10 n/cm is
needed. The tests should be performed over a frequency range of 10 to
100 MHz at temperatures from 0 to 300 C. Measure the transient increase in
the RF loss tangent during irradiation. Determine radiation-induced
conductivity problems, if any.

Task HCD-4.2. Ridged waveguide tests: Determine the capability of ridged
waveguides to be used as relatively low frequency (>70 MHz) vacuum
transmission lines. This testing requires an RF test stand with vacuum
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capability and RF power capable of achieving high voltages in the waveguide
(estimated to be 100 to 200 kW at a frequency range of 70 to 100 MHz).

Task HCD-43. Test of ITER-like antenna: Design and test on an rf test stand
and install in an existing tokamak a FWCD antenna system for FWCD tests.
The FWCD system should be designed for long-pulse, low impurity, and high
voltage and current operation. The ITER-like system would have the
following features:

-a water cooled Faraday shield,
-a low-Z material coated on the Faraday shield that can be replaced in
situ,
-a joint between the antenna and the external coax feed that is
compatible with remote installation,
-remote ceramic insulators,
-an array of four (or more) adjacent antennas with mutual coupling,
-size of each antenna approximately the same as for ITER, i.e. 0.5 m
toroidally by 0.8 to 1.4 m high,
-coax lines, vacuum feedthrough, and control network similar to ITER,
-operation in the frequency range planned for ITER.

Tests performed on a test stand should include tests of the Faraday shield to
withstand heat flux, voltage hold-off in a vacuum, and capability to run long-
pulse or steady-state. The tests on the existing tokamak should aim for rf
voltages on the antenna and in the transmission line similar to those expected
in ITER, plasma edge conditions similar to ITER, and a long-pulse length (>
5 s). These tests will require an RF test stand with heat flux capability in
vacuum and a tokamak with the desired test capability features.

VH.4. Schedule and Costs:
Fig. VII-1 provides the schedule for the performance of the heating and

current drive R&D tasks. Fig. VII-2 gives an overview of the plan in the neutral
beam area indicating in particular the relationship of the scalable model
development to the remainder of the plan. The estimated costs to perform the
heating and current drive tasks is given in Table VII-2.

VH.5. Faculties:
VII.5.1. Requirements and faculty upgrade

All development and testing R&D for all four heating and current drive
systems can be accomplished in existing facilities within the four Parties.

The major facility requirements are associated with the scalable model
tests for the negative ion beam system. An existing faculty is envisioned for

111



Task 10

HCD-1
HCD-1.1
HCD-1.2
HCD-1.3
HCD-1.4

HCD-1.5

HCD-1.6

HCD-2
HCD-2.1

HCD-2.2

HCD-2.3

HCO-2.4

HCD-2.5

HCD-2.6

HCD-3
HCD-3.1

HCD-3.2

HCD-3.3

HCO-4
HCO-4.1

HCD-4.2

HCD-4.3

Task

Neutral beam development
Develop supporting technology
Develop ESQ accelerator
ES accelerator test
Develop hardware for scalable
model test

Develop facility for scalable
model test
Perform scalable model test

Electron cyclotron development
Demonstrate rf window operation

1.0 HH, CM. at 120/140 GHz
Develop reliable source:

1.0 HH, CH, at 120 GHz;
efficiency > 0.35

Develop transmission line;
carrying 1.0 NH, CH,
at 120/140 GHz.

Develop improved quasi-optical
mode convertor

Perform EC wave prototypical
channel test

Develop advanced solutions for
gyrotron efficiency,
power supply efficiency, etc.

Lower hybrid development
Develop high-power, high-
efficiency, CH, klystron
at 5 GHz

Develop and test launcher
mouth components

Test complete launcher module
1n high-power operation

on cvclotron development
levelop and perform radiation
tests of ceramic Insulators

Develop and test ridged
waveguides

Develop and test antenna on
tokamak using an ITER-Hke
FHCD system

91 92 93 94 95

Fig. VII-1. Schedule for performance of heating and current drive R&D tasks
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I 1991 I 1992 | 1993 | 1994
NEUTRAL BEAM R&D PLAN up|r»ded facilities 8MS 15MS 15MS 23MS

new facilities 8MS 15M$ 21M$ 30M$
ES:EleciroStatic
ESQ:ES Quadrupole
GSC:Grounded Source Conngurition ES(GSC); 200keV ES;500keV ES; 1.3MeV

2\,2s,f>° lA.5ms,H- 5A.0.1/2s,H-
Accelerator Development A A A A A •

1 9 9 S | total
9M$ 70M$
9MS 83M$

ESQ; 200keV
0.14A,10s,D-

ESQ;200keV
1A.2s.H-

ESQ; 1.3MeV
0.14/1A.2S.H-

SCALABLE MODEL

Ion Source

Advanced Nautrallzer

Power Supply Systems

TEST FACILITY

i * includes several supporting
T development lasks

Preliminary
Design Review t

for ESQ
—A

for ES

t
>75% eff.

dc

dc

development procurement

Preliminary
Design Review

commission

lest

1.3MeV
2A.2s.D°

I.3MeV
2A,dc,D«

Fig. VII-2. Overall plan for neutral beam tasks



TABLE VII-2. CURRENT DRIVE AND HEATING TECHNOLOGY R&D COSTS

AREA

4.0 Current Drive and Heatinq
4.1 Neutral Beaas
4.2 Electron Cyclotron
4.3 Lower Hybrid
4.4 Ion Cyclotron

SUBTOTALS

1991

7.7
2.9

0.2
10.8

1992

14.5
4.3
3.3
1.3

23.4

1993

14.8
6.6*
4.2
2.1
27.7

1994

24.1
6.2a

3.3
2.0
35.6

1995

8.9
5.5*
1.2
0.4
16.0

TOTAL

70.0
25.5s1

12.0
6.0

113.5

a - An additional $5M is identified for a supplementary system (+1, +2.5, +1.5 in 93 to 95
respectively).



upgrade to conduct tnese tests. A is Sixty that upgrades wifl be required for the
utilities (cryogenics, cooling, electricity, and vacuum system). The facility will
require a 13 MV power supply system and a 13 MV isolation transformer.
Additional hardware requirements include a vessel, valves, feedthroughs,
controls, and diagnostics.

VIII. PLASMA FACING COMPONENTS

Vm.l. Description:
The Plasma Facing Components include the First Wall (integrated with

the Blanket), Subihoitefs, and the .Divertor systems,

VUI.2. Objectives:
There are four major objectives for the first wall and divertor plate

systems. These are:
1) Develop acceptable first wall and divertor armor.
2) Demonstrate industrial manufacturing feasibility of the first wall
structure and armor integrated into the blanket segment, and
demonstrate the manufacturing feasibility of the integration of the
divertor plate module structure,
3) Demonstrate acceptable performance by testing small, mid-size
and larger scale mock-ups for the first wall and for the divertor
plates.
4) Develop a passive plasma shutdown system incorporated into the
first wall structure.

Vra3. Tasks:
To achieve the four objectives, there are seven major tasks and nineteen

subtasks. The major tasks are:
1) Develop an acceptable first wall armor. This includes for
example erosion testing, thermal and mechanical responses, gas
reactions and fabrication/repair programmes. Candidate materials
for the first wall and divertor include carbon based materials,

, beryllium and tungsten.
I' 2) Manufacture first wall mockups; this includes small and medium
| and large-scale mockups,
! 3) Test first wall components; this includes thermo-mechanical
£ performance testing,
| 4) Develop a passive shutdown system that is imbedded in the first
| wall,
i 5) Develop divertor plate armor (C-based material, beryllium,
f tungsten),
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6) Manufacture divertor plate mockups; this includes small and
medium and large-scale mockups,
7) Test divertor plates; this includes testing the ability to remove
high heat flux, thermo-mechanical performance testing, and
irradiation testing.

The tasks and subtasks to be performed are listed in Table VHI-1 with a brief
description of each subtask.

TABLE Vm-l. ITER PLASMA FACING COMPONENTS R&D
TASKS

Task PFC-1. First wall development

The first wall system is a panel structure that is integrated with the blanket. The
first wall absorbs and removes the energy outflux from the plasma. The energy is
in the form of heat and is derived from charged particles, charge-exchange
neutrals, fusion neutrons and electromagnetic radiation. Armor tiles are used to
protect the first wall.

Task Ff C-1.1. First wall armor development: Develop armor fabrication
methods, determine erosion losses, determine thermal and mechanical
responses, and develop a database for gas reactions and determine other gas
reaction behavior.

Task PFC-1.1.1. Armor fabrication and repair: Develop armor
fabrication methods for candidate armor materials (C-based, beryllium,
tungsten) including compliant layers for conductive tiles. For C-based
armor, the emphasis is on improved fiber composites for high resistance
against erosion, thermal shock, neutron damage, air/steam reactions, as
well as low retention and release of tritium and impurities. Also, develop
in-situ repair methods, such as plasma spray for candidate materials. The
armor thickness should be in the range of 2 to 30 mm in tile form.

Task PFC-1.1.2. Erosion losses: Determine the disruption response of
candidate armor/surface materials (c-based, Be, W, SS) by simulation
experiments, including plasma facilities to determine erosion/redeposition
behavior. The responses should be to vaporization and melt layer losses
along with thermal shock. The materials should include stainless steel as a
surface material. The study should include:
1). disruptions «

energy density 1 to 2 MJ/m , time for thermal quench 0.1 to 3 ms,
time for current quench 5 to 20 ms

2) erosion/redeposition ~~ -
particle energies 5 to 500 eV, particle fluxes about l(r"/m% magnetic
field 1 to 5 T, and magnetic field angles to surface 1 to 10 degrees
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TABLE Vffi-1. HER P1ASMA FACING COMPONENTS R&D
TASKS (Cont.)

3) runaway electrons (evaluate from models and from existing tokamaks)
energy density 50 to 200 MJ/m , electron energy 50 to 300 MeV, and
times of 5 to 20 ms.

Task PFC-1.1J. Thermal and mechanical responses: Develop basic
thermophysical and mechanical database of candidate armor materials.
Evaluate the effect of irradiation on the thermophysical and mechanical
properties of candidate armor materials. The temperature range of
interest for basic properties is from room temperature to 500 C (Be, W)
and to 2000 C (C). The fluences should be up to 10 dpa (C), up to 30 dpa
(W), and about 15000 appm He (Be).

Task PFC-1.1.4. Gas reactions: Develop an air and steam reaction
database for candidate armor materials for postulated accident scenarios.
Detennine the tritium retention and release behavior (with and without
irradiation). Determine the outgassing behavior of candidate materials.
For the air and steam reactions, the surface temperatures of interest are
500 to 1000 C for Be and W, 500 to 2000 C for C. The pressure range of
interest is 5 to 100 kPa. The velocities of interest are 1 to 10 m/s. For the
tritium retention and release, the implantation temperature are 200 to
1000 C for Be and W, 200 to 2000 for C. The release temperatures should
cover the same temperature ranges. The fluences should be up to 10 dpa
(C), up to 30 dpa (W), and about 15000 appm He (Be). The outgassing
behavior should cover an outgassing temperature range of room
temperature to 400 C.

Task PFC-1.2. Manufacture of mocbips: This task is to demonstrate
manufacturing capability for various aspects of the first wall design for small,
medium, and large scale modkups.

Task PFC-1.2.1. Manufacture of small and medium scale mockups:
Demonstrate the manufacturing feasibility of the basic first wall panel
structure. Demonstrate the attachment of carbon armor tiles with
conduction cooling and with radiation cooling. Demonstrate the coating
of armor materials, such as Be oi W, and blackening coatings, for
effective thermal radiation. Demonstrate the industrial manufacturing
feasibility (up to medium scale mockups) for the integration of the first
wall into the blanket segment box, including the first wall supports,
coolant manifolds, upper and lower box ends, side and back walls.
Develop adequate non-destructive testing methods. The small mockups
are envisioned to be full-scale partial models up to 0.1 m by up to 0.3 m in
size; about 20 to 50 such mockups are required. The medium scale
mockups will also be full scale partial models about 0.3 to 1 m by 0.6 to
2 m in size. About 5 to 10 such models are required.

Task PFC-122. Manufacture of large scale mockups: Demonstrate the
manufacturing feasibility of large prototypical mockups. The large
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mockups will be full scale integrated models (perhaps one-half a segment)
up to 1 m wide by up to 5 m long. Approximately 2 to 3 such models are
needed.

Task PFC-13. Component testing (for at least two basic design concepts):
This tasks involves thermo-mechanical performance testing with small,
medium, and large scale mockups.

Task PFC-L3.1. Thermo-mechanical performance with small and
medium scale mockups: Evaluate the following: heat removal
performance and integrity of tile/coating and base stainless steel structure
for normal heat loads; thermal cracking due to disruption heat loads;
mechanical integrity for disruption electromagnetic loads; failure
mechanism for normal and disruption loads; and runaway electron
damage. The performance conditions are as follows: normal heat flux
0.1 to 1 MW/nr for 100 to 2000 s pulses for 1000 to 20000 cycles,
disruption energy density of 1 to 2 MJ/nrJci j o m 0.1 to 20 ms, runaway
electron energy density of 50 to 200 MJ/mz with energy of SO to 300 MeV
and times of 5 to 20 ms.

Task PFC-132. Overall thermo-mechanical and thermo-hydraulic
performance with large scale mockups: Evaluate the following: heat
removal and thermo-mechanical integrity of overall first wall/blanket
structure to normal heat loads; mechanical integrity under disruption
electromagnetic loads; and overall lifetime. The performance conditions
are as follows: normal heat flux 0.1 to 1 MW/nT for 100 to 20Qp s pulses
for 1000*8 of cycles, disruption energy density of 1 to 2 MJ/m for from
0.1 to 20 ms, and electromagnetic loads to be determined (TBD).

Task PFC-1.4. Passive shutdown system: This task is to develop a possible
passive shutdown system.

Task PFC-1.4.1. Passive shutdown system: Develop a possible passive
shutdown system that is incorporated within the first wall structure and
armor. Demonstrate the function of the passive shutdown system. The
specifications remain to be developed (TBD).

Task PFC-2. Divertor plate development

The divertor plate system absorbs and removes the energy outflux from the
plasma. The energy is in the form of heat and is derived from charged particles,
charge-exchange neutrals, fusion neutrons and electromagnetic radiation. Armor
is used to protect the divertor. The R&D tasks are in many ways very similar to
the tasks for the first walL
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Task PFC-2.1. Divertor armor development: Develop armor fabrication
methods, determine erosion losses, determine thermal and mechanical
responses, and develop a database for tritium outgassing and air/steam
interaction with armor materials.

Task PFC-2.1.1. Armor fabrication and repair: Develop armor
fabrication methods for candidate armor materials (C-based, beryllium,
tungsten). For C-based armor, the emphasis is on improved fiber
composites for high resistance against erosion, thermal shock, neutron
damage, good bonding compatibility, as well as low tritium retention and
low outgassing. Also, develop in-situ repair methods, such as plasma
spray for candidate materials. The armor thickness should be in the range
of 2 to 15 mm in tile form.

Task PFC-2.1.2. Erosion losses: Determine the disruption response of
candidate armor/surface materials by simulation experiments. The
responses should be to vaporization and melt layer losses along with
thermal shock. The study should include:
1). disruptions 2

energy density up to 20 MJ/m , time for thermal quench 0.1 to 3 ms,
time for current quench 5 to 20 ms

2) erosion/redeposition „ _
particle energies 5 to 500 eV, particle fluxes 1 to 5 x 10 /ms ,
magnetic field 1 to 5 T, and magnetic field angles to surface 1 to 10
degrees

3) runaway electrons (evaluate from models and existing tokamaks)
energy density 50 to 200 MJ/m , electron energy 50 to 300 MeV, and
times of 5 to 20 ms.

Task PFC-2.13. Thermal and mechanical responses: Develop basic
thermophysical and mechanical database of candidate armor materials.
Evaluate the effect of irradiation on the thermophysical and mechanical
properties of candidate armor materials. The temperature range of
interest for basic properties is from room temperature to 1200 C (Be, W)
and to 1500 C (C). The fluences should be 0.1 to 1 dpa (C), and up to
10 dpa (W), and 3000 to 5000 appm He (Be).

Task PFC-2.1.4. Gas reactions: Develop an air and steam reaction
t, database for candidate armor materials for postulated accident scenarios.
j Determine the tritium retention and release behavior, and determine the
r outgassing behavior of candidate materials. For the air and steam
?: reactions, the surface temperatures of interest are 500 to 1200 C for Be
| and W, 500 to 1500 C for C. The pressure range of interest is 5 to 100
I kPa. The velocities of interest are 1 to 10 m/s. For the tritium retention
I and release, the implantation temperature are 200 to 1200 C for Be and
,' W, 200 to 1500 for C. The release temperatures should cover the same
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temperature ranges. The fluences should be 0.1 to 1.0 dpa (C), up to
10 dpa (W), and 3000 to 5000 appm He (Be). The outgassing behavior
should cover an outgassing temperature range of room temperature to
400 C.

Task PFC-2.2. Manufacture of mockups: This task is to demonstrate
manufacturing capability for various aspects of the divertor design for small,
medium, and large scale mockups.

Task PFC-2.2.1. Manufacture of small and medium scale mockups:
Demonstrate the manufacturing capability of the basic elements of Die
divertor plates with the armor and heat sink joints. Demonstrate the
industrial manufacturing feasibility (up to medium scale mockups) for the
integration of the divertor plate module, including support of cooling
tubes and associated connections to manifolds Develop adequate non-
destructive testing methods. The small mockups are envisioned to be full
scale partial models 0.025 to 0.1 m by 0.025 to 0.1 m in size; about 50 to
100 such mockups are reqirred. The medium scale mockups will also be
full scale partial models about 0.025 to 0.1 m by 0.3 to 0.5 m in size.
About 20 to 30 such models are required.

Task PFC-2.2.2. Manufacture of large scale mockups: Demonstrate the
manufacturing feasibility of large prototypical mockups including supports
of-the divertor plate module structure. The large mockups will be full
scale partial models 0.2 to 0.5 m wide and up to full length, about 3.5 m.
Approximately 5 to 10 such models are needed.

Task PFC-2.3. Component testing (for at least two basic design concepts):
This task involves tests at high peak heat fluxes, thermomechanical
performance testing of the integrated divertor plate, and testing for
irradiation effects. This testing will be with small and medium scale mockups.

Task PFC-2.3.1. Removal of high peak heat flux: Determine the critical
heat flux of candidate heat transfer enhancement methods. Evaluate the
thermo-mechanical performance to normal ;peak heat flux Determine the
allowable misalignment and develop measures to avoid excessive peaking
of heat loads. Evaluate thermal cracking due to disruption heat loads;
mechanical integrity for disruption electromagnetic loads; and failure
mechanism and lifetime for normal and disruption loads. The
performance conditions are as follows: critical heat flux up to 60 to
70 MW/nT for 50 to 100 s; normal heat flux up to 20 MW/nT for 100 to
1000 s for 1000 to 20000 cycles, and disruption energy density of up to
20 MJ/m2 for from 0.1 to 20 ms.

Task PFC-23.2. Thermo-mechanical performance of integrated divertor
plate: Evaluate the overall thermal deformation and thermal stress due to
the interaction between coolant tube and support structure. Develop an
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effective method of coolant tube support to reduce the thermal
deformation and stress. Evaluate the thermo-mechanical integrity under
disruption heat loads. Evaluate the overall lifetime. The performance
conditions are as follows: normal heat flux up to 20 MW/m for 100 to
1000 s pulses for 1000's of cycles, and disruption energy density of up to
20 MJ/m^ for from 0.1 to 20 ms

Task PFC-233. Irradiation effects and post-irradiation testing of small
mockups: This task will be done as part of the divertor plate structural
materials R&D programme. See Structural Materials R&D programme.

Task PFC-23.4. Runaway electron damage: The details of this task
remain to be determined (TBD).

Task PFC-3. Advanced divertor targets

This task is to develop advanced divertor targets. Along with R&D studies in this
area, design work would be beneficial to show the potential to incorporate
advanced concepts into the ITER configuration. One specific scheme has been
developed, namely the liquid metal target. A second candidate is self-pumping
divertors. Other candidates (e.g. gaseous divertors, ergodic divertors, impurity
seeding, electrical biasing, etc.) have to be considered as part of the physics R&D
programme.

Task PFC-3.1. liquid metal target: Perform initial evaluations of sputtering
of liquid metal target materials, liquid metal flow behavior in the ITER
integrated design, develop and manufacture mockups, perform optimization
studies of liquid metal flows in strong magnetic fields, and then perform large
scale tokamak testing as well as final laboratory MHD, heat transfer, and
lifetime testing. The sequence of tests presumes that each step is successful
to warrant proceeding to the next step. The maximum heat load on the
divertor target normal to the separatrix has to be 3 to 8 times that at the solid
plates. The pressure should be less than 4 MPa in the liquid metal circuits.

Task PFC-3.2. Helium pumping enhancement schemes: Two helium
pumping enhancement schemes are under consideration: permeation to
selectively remove D/T from the pumping duct, and use of special materials
to selectively pump helium (helium self-pumped concept). Further work is
required to evaluate feasibility. Perform model development of candidate
schemes, perform proof-of-principle testing in existing tokamaks, and
perform small scale mockup testing.
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Vin.4. Schedule and Costs:
Fig. Vin-1 provides the schedule for the performance of the plasma

facing components R&D tasks. The estimated costs to perform these tasks is
given in Table VHI-2.

VIH.5. Facilities:
Vm.5.1. Requirements

All development and testing R&D for the first wall and divertor plates
can be accomplished in existing facilities within the four Parties with some
exceptions as follows. (1) A new plasma spray facility is needed. (2) For
medium mockup tests of electromagnetic forces, upgrading or modification of
existing facilities and a new facility will be required. (3) For thermal-mechanical
studies, an out-of-pile large scale facility is required. (4) For the large mockup
heat load test of the divertor plates, modification of existing facilities may be
needed. (5) A new facility will be required that is dedicated to
erosion/redeposition studies for the first wall and divertor plates.

Task ID

PFC-1
PFC-1.1
PFC-1.2

PFC-1.3

PFC-1.4

PFC-1.5

PFC-2
PFC-2.1
PFC-2.2

PFC-2.3

PFC-3

PFC-3.1
PFC-3.2

Task

First wall development
Develop first wall armor
Oevelop mock-ups and demonstrate
manufacturing feasibility
of first wall

Perform component testing for
at least two design concepts

Develop and demonstrate passive
plasma shutdown system

Sublimiters

Divertor plate development
Develop divertor plate armor
Develop mock-ups and demonstrate

manufacturing feasibility
of divertor plates

Perform component testing for
at least two design concepts

Develop advanced divertor
concepts

Develop liquid metal target
Develop other advanced

divertor concepts

91

TBD
TBO

92 93 91 95

Fig. VIII-1. Schedule for performance of plasma facing components R&D tasks
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TABLE Vm-2. PLASMA FACING COMPONENTS TECHNOLOGY R&D COSTS

AREA

5.0 Plasaa Facinq Co«pointsp
5.1 First Nail
Araor development
Passive shutdown systea (TBD
Hockups, Manufacture
Testing and Facilities

5.2 Divertor Plates
Araor development
(lockups. Manufacturing
Testing and Facilities

5.3 Advanced Divertors
Liquid Metal
Heilua ptaping

SUBTOTALS

1991

3.0

2.0
1.7

3.0
2.0
2.7
1.2

15.6

1992

3.0

3.0
3.4

3.0
3.0
3.4
1.4

20.2

1993

3.0

3.5
4.4

3.0
3.5
5.9
1.4

24.7

1994

1.0

2.5
1.3

2.0
2.5
1.8
3.0

14.1

1995

1.0

2.2

1.0

2.2
3.0

9.4

TOTAL

11.0

11.0
13.0

12.0
11.0
16.0
10.0

84.0



IX. BLANKET

IX.l. Description:
The Blanket includes a ceramic driver blanket, an alternate driver

blanket, blanket and shield neutronics testing, the blanket test programme, and
structural materials development (reported separately in section XI.).

IX.2. Objectives:
There are five major objectives for the blanket R&D programme.

These are:
1) Develop acceptable materials for the ceramic breeder driver
blanket,
2) Fabricate and test scalable models of the ceramic breeder driver
blanket,
3) Develop the database and technology required to demonstrate
the viability of the lithium-lead alternate blanket concept,
4) Validate blanket and shield neutronics,
5) Develop advanced blanket modules and ancillary systems for the
ITER testing programme,

IX.3. Tasks:
There are five major task areas and eighteen subtasks in the blanket

R&D programme. The major task areas are:
1) Ceramic breeder driver blanket materials development,
2) Ceramic breeder driver blanket scalable model fabrication and
testing,
3) Develop alternate driver blanket concept,
4) Perform neutronics validation experiments for the blanket and
shield, and
5) Perform the necessary tasks to establish the basis for the blanket
test programme.

These major task areas and the subtasks are listed in Table IX-1 with a brief
description of each subtask.

IX.4. Schedule and Costs:
Fig. IX-1 provides the schedule for the performance of the blanket R&D

tasks. Fig. IX-2 gives the relationship of the individual blanket tasks to milestone
to select the driver blanket. The estimated costs to perform the blanket tasks is
given in Table IX-2.

IX.5. Facilities:
IX.5.1. Requirements

All development and testing R&D for the blanket can be accomplished
in existing facilities within the four Parties. Additional facility requirements are
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TABLE IX-1. ITER BLANKET R&D TASKS

Task BKT-1. Ceramic Breeder Driver Blanket Development

The ceramic breeder driver blanket has the function to provide the tritium for
the operation of ITER. The blanket uses 316 type stainless steel as the structural
material and low ^mperature, about 100 C, water at low pressure, about 1 MPa,
as the coolant, mere are two major areas of R&D for the blanket; materials
development, and fabrication and testing of scalable models.

Task BKT-1.1. Blanket Materials DevelopmenfcThe tasks consist of
development of ceramic breeder performance, beryllium multiplier
performance and insulator performance.

Task BKT-1.1.1. Ceramic breeder performance: Perform in-pile tritium
release tests and compare the results with model predictions. Perform
experiments to provide information on hydrogen isotope adsorption,
solubility, desorption, and precipitation in candidate ceramic breeders as a
function of temperature, moisture partial pressure, and reduced form
(H2) partial pressure. Develop base properties, fabrication technology,
and effects of irradiation on mechanical and physical properties for
candidate ceramic breeders. Candidate materials to be tested include
Ii jO, LLjZrQjj^Li^SiOg and UAIO^ in sintered block, pellet, and packed
pebble form. The conditions for testing are; temperature 400 to 800 C,
moisture less than 20 Pa, H pressure 10 to IOC's Pa, burnup 5 to 15%, and
breeder density 80 to 100%.

Task BKT-1.1.2. Beryllium multiplier performance: Determine the
tritium release characteristics of irradiated beryllium for temperatures of
100 to 700 C and helium concentrations of 300 to 20,000 appm. Compare
the results with model prediction. Determine the compatibility of
beryllium with other blanket materials in laboratory and reactor
environments. Determine the physical and mechanical properties of
beryllium as a function of fabrication form. Determine the physical and
mechanical properties for both unirradiated and irradiated conditions up
to 30 dpa. Determine fabrication technology for the forms of beryllium to
be used in ITER. The candidate material form should include 60 to 100%
sintered material, plasma sprayed. The temperature range should be 100
to 1000 C for a fluence of 1 to 30 dpa.

Task BKT-1.13. Insulator performance: Determine irradiation (neutron
and gamma) effects on physical, mechanical, and electrical properties.
The electrical properties of interest include dielectric strength loss
tangent, and electrical conductivity. The conditions of examination
include frequency of 17 toJOO MH&temperature from room temperature
to ĵSJO C, fluence of 1 0 " to 101* rads, and a dose rate of Mr to
106rads/s.

Task BKT-1.2. Fabrication and scalable model testing: This task is to
demonstrate industrial fabrication capability of materials and blanket
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modules, and to conduct in-reactor and out-of-reactor integrated tests of mid-
scale and full-scale models.

Task BKT-1.2.1. Fabrication capability of materials: Develop large-scale
capability to fabricate individual blanket materials for the candidate solid
breeders and beryllium in either pebble, pellet, or plate form.

Task BKT-1.2.2. Fabrication of blanket modules: Develop fabrication
methods for blanket models including mid-scale and full-scale models for
out-of-reactor test, and models for in-reactor tests.

Task BKT-1.23. Integrated out-of-reactor performance: Design and
construct an integrated facility for mid-scale models and for full-scale
models. Perform ihermo-mecbaaica}, safety, and integrity tests for
blanket internal functions on mid-scale mockups including tests of purge
flow and thermal control. Demonstrate integrated performance of full-
scale blanket models with the first wall under full power simulation and
transient conditions. The size of the mid-scale models are about 0.5 by 0.5
by 0.4 m; an estimated 10 to 20 models will be required. The size of the
full-scale models are about 1x1x5 m; three to four models are needed.
Conditions for testing include: breeder temperature from 350 to 1000 C,
multiplier temperature from 100 to 750 C, coolant temperature from 60 to
100 C, volumetric heating of up to 15 MW/m, helium-purge pressure
from 1 to 3 bars, surface heat flux from 0.1 to 1 MW/m, pulse time of
from 400 to 2000 s, and number of cycles in the thousands.

Task BKT-1.2.4. Integrated in-reactor performance: Perform
necessary for the in-reactor test facility. Design the in-reactor models.
Perform the necessary fabrication and modification of die test facility.
Conduct the in-reactor integrated testing with candidate modules and
perform post-testing examinations. The-conditions for testing include: a
nuclear heat generation of 10 to 20 w/cm , a tritium production rate of 50
to 200 Ci/d, a burnup of 1 to 5%, a breeder temperature of 400 to 800 C,
a coolant temperature of 60 to 100C, and mass of breeder/multiplier of 1
to 10 kg. The size should be about 5 to 20 cm diameter and 50 cm long.

Task BKT-2. Alternate Driver Blanket Development

An alternative breeder driver blanket is the liquid metal breeder concept. For
this concept the R&D consists of breeder performance and materials study for
the lithium-lead breeder, blanket channel fabrication and testing, and near full-
scale segment fabrication and testing.

Task BKT-2.1. Lithium-lead performance and materials study: Determine
the compatibility of structural materials and their weld joint with Ii1 7Pbgi.
Perform out-of-pile and in-reactor experiments. Determine erosion rates ana
mass transfer at different velocities and temperature gradients. Determine
tritium and helium behavior in the lithium lead. Determine the tritium

126



TABLE IX-1. HER BLANKET R&D TASKS (Cont.)

permeability through structural materials. Develop production technology for
the lithium-lead. Determine the polonium behavior in the lithium-lead. The
conditions of interest are temperatures of from 20 to 350 C, and velocities of
up to 2 m/s for testing the impurity influence on corrosion. The temperature
range for tritium permeability and helium behavior in the lithium-lead tests is
20 to 350 C. The conditions for the tritium permeability through the channel
walk are-temperatures of 100 to 350 C, tritium production rate of 0.1 to
0.5 Ci/cm /d, and a total tritium production rate of about 10 Ci/d. The
polonium content Jevel for determination of behavior in the lithium-lead is
10'° to 10''Ci/cm3.

Task BKT-2.2. Blanket channel fabrication and testing: Develop channel
fabrication technology. Study the thermo-mechanical behavior of the
channel. Manufacture and assemble the test facility and the channel models.
Perform accident simulation studies with the test facility manufacture and
assembly. About 5 to 10 channel models are required. The size is 10 to
20 cm diameter by 1 to 2 m long. The accident simulation study conditions
are: lithium-lead temperatures of up to 350 C, water temperature of up to 100
C, and a water pressure of up to 1.5 MPa.

Task BKT-23. Near full-scale segment fabrication and testing: Develop die
fabrication technology necessary to construct full-scale blanket segments with
the first wall integrated with the lithium-lead driver blanket. Perform out-of-
pile testing of full-scale segment models (about 5 by 1 by 1 m). Determine the
thermo-mechanical behavior in normal and off-normal conditions. Develop
an operational scenario for changing from water to helium coolant for use
during bakeout. Study the structural behavior of the entire segment design.
Simulate transient conditions and bake-out conditions. The conditions for
testing are: surface heat flux of up to 1 MW/m, bulk heating of up to 5 MW,
lithium-lead temperature of from room temperature to 350 C, water
temperature of up to 100C, water pressure of up to 1.5 MPa, and helium gas
temperature of up to 350 C.

Task BKT-3. Blanket/shield neutronics

These tasks includes determination of bulk shielding performance, shielding
performance with discontinuities and penetrations, biological shield performance,
build-up of radioactivity and afterheat, and tritium breeding.

Task BKT-3.1. Bulk shielding performance: Measure the neutron and
gamma flux in typical shield configurations and compare with the results of
calculations. Materials to be included are stainless steel, boron carbide,
borated steel, water, borated water, lead, tungsten, and concrete.

Task BKT-32. Shielding performance with discontinuities and penetrations:
Measure the neutron and gamma flux in typical shield configurations with
penetrations and compare the results with calculations. The shield
discontinuities and penetrations should be representative of the design and
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include gaps, steps, ducts, etc. The size of the mockups should be SO to
100 cm thick and 100 to 150 cm wide.

Task BKT-33. Biological shield performance: Determine the performance
of the biological shield subjected to dose rates of from 0.25 to 2.5 mR/h.

Task BKT-3.4. Buildup of radioactivity and afterheat: Measure the
radioactivity and afterheat buildup for the material candidates in BKT-3.1.

Task BKT-3.5. Tritium breeding: Perform tritium breeding experiments
using materials and configurations of the reference driver blankets.

Task BKT-4. Blanket test program

These tasks all involve performance testing of the liquid metal breeder, the solid
breeder, and integrated performance of test modules.

Task BKT-4.1. Liquid metal blanket performance in ITER: Demonstrate
acceptable liquid metal coolant flow behavior under ITER relevant
conditions. These include a flow rate of 10 to 100 cm/s in a magnetic field
strength of 1 to 5 T.

Task BKT-4.2. Solid breeder blanket performance in ITER: Demonstrate
helium cooling capability and water cooling capability for the solid breeder
blanket modules under ITER relevant conditions. These include a water
temperature up to 300 C, a water pressure up to 15 MPa, a helium
temperature up to 600 C, and a helium pressure up to 4 MPa.

Task BKT-43. Integrated performance of test modules: Demonstrate the
integrated performance of test modules under ITER conditions. The specific
test conditions remain to be specified for these large integrated tests.

as follows: (1) For the blanket in-pile testing, existing fission reactors would be
used. The in-pile test facility requirements are:

Dimensions: 5x20 cm , length 30-60 cm.
Ceramic breeder; Lithium-lead breeder, and
Mock-up of beryllium/ceramic breeder/structure.
Coolant: low temperature water with a pressure of ~ 1 MPa.
Tritium in-situ recovery system

(2) For the integrated first wall/blanket out-of-pile testing of large-scale
mockups (up to one-half segment of a driver blanket), modification of existing
facilities (or possibly a new facility) is required. Parameter requirements are as
follows:
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Task ID

BKT-1
BKT-1.1
BKT-1.1.1

BKT-1.1.2
BKT-1.1.3
BKT-1.2

BKT-1.2.1

BKT-1.2.2
BKT-1.2.3

BKT-1.2.i

BKT-2

BKT-2.1

BKT-2.2

BKT-2.3

BKT-3
BKT-3.1
BKT-3.2

BKT-3.3
BKT-3.4

BKT-3.5

BKT-4
BKT-4.1

BKT-4.2

BKT-4.3

Task

Ceramic breeder driver
Blanket materials development
Ceramic breeder performance
tests

Beryllium performance tests
Insulator performance tests
Fabrication and scalable
model testing
Fabrication capability
of materials
Fabrication of blanket modules
Integrated out-of-reactor
performance
Integrated 1n-reactor
performance

Alternative driver blanket
development

Lithium-lead performance
and materials study

Blanket channel fabrication
and testing

Near full-scale segment
fabrication and testing

Blanket/shield neutron1cs
Bulk shielding performance
Shielding performance with
discontinuities and
penetrations

Biological shield performance
uild-up of radioactivity
and afterheat
ritlun breeding

lanket test proqraume
iquid metal blanket
performance In ITER

Solid breeder blanket
performance in ITER
ntegrated performance
of test modules

91 92 93 94 95

Fig. IX-1. Schedule for performance of blanket R&D tasks
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YEAR
Matariala
Development

B*
Ceramic Ins.

L.Pb

Blanket Module
Tasting

Slab

Fuel Pin
Be/ISO
Pebbles

LiPb

Neutron ics

Fabrication

Facilities

In-reactor

1991 1992 1993 1994 1995 1996

Base properties. Irr. behavior. T-release
Base properties. Irr behavior, f-release. He effects
Base properties. Irr effects on elect, and fnech. properties
Base properties, compatibility

Heat transfer. Thermomechanical behavior «; t i«rt r>r

Heat tanslcr. Temperature control \

T - r e l ^ . Compatibly. H2O inl«»c*>ns \ > V Fab , * . * * , o. moduw*

T-permeafon. T-releaie. Thermomechanical \ . /

Shield Performance. TbreaoMng / '

, kvreaaor tests /

I
Materials fabrication development

Submodule/module fabrication development
mdudmg bvout-of-reacior tests

Assess teaclor capabilities Oesign/construction

Evaluate heating/testing approaches Design/construction

Decision to
Construct

Out-P'-reactor integrated lects

—7*\.
In-̂ aactor integrated tests \ ^ f

Fig. IX-2. Overall plan for blanket tasks



TABLE IX-2. BLANKET TECHNOLOGY R&D COSTS

AREA

6.0 Blanket
6.1 Driver blanket development
Materials development
Fabrication t wdule testing

6.2 Alternate Blanket Dev.
6.3 Blanket SShield Neutronics
6.4 Test Nodule

SUBTOTALS

1991

4.0
6.0
3.0
2.0
1.0
16.0

1992

4.0
11.0
7.0
2.0
2.0
26.0

1993

4.0
15.0
8.0
2.0
2.0
31.0

1994

4.0
15.0
4.0
2.0
2.0
27.0

1995

3.0
10.0
3.0
2.0
3.0
21.0

TOTAL

19.0
57.0*
25.0
10.0
10.0
121.0

This cost estimate depends on the in-vessel facility costs.
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Dimensions: 1x1x4-5 m
Surface power: 1-2 MW
Bulk heating: up to 5 MW
Coolants: Water, helium
Operating mode: cyclic and steady-state

(3) Modification of existing facilities (or perhaps building new facilities) are
required for mid-scale out-of-reactor testing of normal and accident simulated
conditions.
(4) A beryllium laboratory may be required for beryllium testing.

X. FUEL CYCLE

X.l. Description:
The Fuel Cycle Systems include the following:

Fuelling,
Vacuum pumping,
Fuel Purification,
Blanket Tritium Recovery, and
FC Common Processes.

X.2. Objectives:
The major objectives of the fuel cycle systems R&D programme are the

following:
1) Develop reliable fuelling systems for ramp-up and burn and for
conditioning,
2) Develop large capacity vacuum pumps to provide torus
evacuation during all phases of operation,
3) Develop high efficiency exhaust processing,
4) Demonstrate ability to recover tritium from the blanket for the
ceramic blanket and for the lithium-lead alternative,
5) Develop and demonstrate the technology needed for a number
of common processes in the fuel cycle system.

X 3. Tasks:
There are twelve major tasks to achieve the objectives of the fuel cycle

R&D programme. These are:
1) Develop fast-acting valves used for gas puffing to be tritium
compatible and radiation "hardened",
2) Develop continuous, reliable DT pellet extruder with fast, high-
flow propellent operation for pellet fuelling beyond the scrape-off
layer,
3) Develop deep fuelling by sabot-protected pellets accelerated in
two-stage light gas guns or by alternative fuelling methods,

132



4) Develop high vacuum compound cryo-pumps, the associated
large isolation-regeneration valves and the low inventory cryogenic
backing pumps,
5) Develop oil-free and magnetic field tolerant turbomolecular
pumps, with dust-proof bearings, and low inventory mechanical
backing pumps,
6) Develop a catalytic reactor fuel process consisting of a
permeation membrane, water-gas shift, and catalytic cracker
7) Develop a cryogenic molecular sieve electrolyzer fuel process
consisting of the cryogenic molecular sieve/an oridizer/ a cold-
trap/ and electrolysis cells with alternative high temperature
isotope exchange and intermetallic beds impurity treatment
processes,
8) Develop and demonstrate a ceramic breeder tritium recovery
process that allows tritium recovery without oxidation,
9) Develop and demonstrate the ability to recover tritium from the
LiPb cutcctic with acceptable tritium inventories and losses.
10) Develop technology and demonstrate the ability to perform
plant intervention after release of high concentrations of HT or
HTO, and high passive conversion of HT,
11) Demonstrate acceptable processing of solid, liquid and gaseous
waste streams, and
12) Demonstrate acceptable separation, storage, and management
of hydrogen isotopes.

The major tasks and subtasks are listed in Table X-1 with a brief description of
each subtask.

TABLE X-1. ITER FUEL CYCLE R&D TASKS

Task FCY-1. Fuelling

The fuelling systems must provide the required DT mixtures during ramp-up and
burn, and He or D2 gas during conditioning. The capability is provided by gas-
puffing valves and light-gas driven pellet injectors. Alternate methods of fuelling,
such as centrifuges for edge-fuelling, and rail-guns or electron-beam rocket pellet
accelerators for deep fuelling, are being pursued in national programmes; should
they demonstrate significant performance advances, they would be considered for
addition to the ITER programme..

Task FCY-1.1. Gas-puffing: Develop tritium compatible and radiation-
: hardened gas-puffing valves. Demonstrate tritium, gamma, and neutron
f' irradiation tolerance of the gas-puffing valves to 10°rads. A fast-acting valve
I with integral flow controller is required.

ji Talk FCY-1.2. Shallow pellet fuelling: Develop a continuous, reliable DT
1 pellet extrusion for fast, high-flow propellant valve operation to provide pellet
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TABLE X-l. ITER FUEL CYCLE R&D TASKS (Cont.)

fuelling beyond the scrape-off layer. Demonstrate continuous formation of
D2 pellets. Demonstrate continuous extrusion plus acceleration in a one-
stage pellet gun using DT at 3Hz, greater than 1.5 km/s, with 99% pellet
reliability.

Task FCY-1.3. Deep fuelling: Develop a deep fuelling capability including
protective sabots, saboting and sabot-stripping mechanisms for accelerating
high velocity pellets with a two-stage repetitive light-gas gun. Demonstrate
ability to inject single-shot saboted D 2 pellets at greater than 3 km/? c ; a
large tokamak. Demonstrate a shutter valve for shielding. Demon^aate an
ability to accelerate multiple D-, pellets (20 to 40) at 2 Hz, at a velocity of 3 to
5 km/s. Prove the operation oflhe two-stage injector with tritium. Prove the
repeating two-stage gun with saboted pellets with D 2 at 2 Hz at a velocity of
3 to 5 km/s with 95% reliability for a 1000 shot piston..

Task FCY-2. Vacuum pumping

Torus evacuation during all operational period require the use of large capacity
vacuum pumps. Two approaches are followed in the R&D: compound
cryopumps and turbomolecular pumps.

Task FCY-2.1. Compound cryopumps: High-vacuum compound cryopumps
require development. This includes tritium and impurity tolerant helium
pumping panels able to withstand regeneration, up to 10 cycles, and pump
structures for short operating cycles to keep tritium inventories low. Verify
the valve-seal compliance with dust, tritium, and gamma radiation
requirements. Demonstrate the feasibility of cryotransfer pump. Determine
the long-term effects of tritium on the helium pumping panel. Develop and
demonstrate prototype pump operation at 100 m /s for helium with a cycle
time of less than two hours. Demonstrate a 1.5 m valve operating at leak
rates of less than 10 mbar.l/s for 10 cycles. After 1995, perform endurance
testing of the pump and valve in helium and hydrogen.

Task FCY-22. Turbomolecular pump: Develop and demonstrate an oil-free,
tritium compatible, turbomolecular pump. Demonstrate the components of a
25 m /s turbopump and test a prototype in 0.1 T magnetic field, including a
dust environment, with venting. Demonstrate a prototype mechanical backing
pump plus filter which are matched to the turbomolecular pump with a
projected ITER system inventory of less than 30 g. Demonstrate extended
operation with tritium, in a test stand.

Task FCY-3. Fuel processing

Fuel processing includes processing of exhaust from the torus during plasma
operation and during conditioning; this must be performed with very high
efficiency to recover the tritium from the impurities. Alternate processes, such as
HTTEX and intermetallic beds for impurity separation, require feasibility
demonstration and, if successful, could be incorporated into one of the integrated
test loops described below.
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TABLE X-l. ITER FUEL CYCLE R&D TASKS (Cont.)

Task FCY-3.1. Interconnected fuel process with catalytic reactor:
Demonstrate with a catalytic reactor, including permeation membrane plus
water-gas-shift plus catalytic cracker, the ability of component tolerances to
greater than 90% DT and demonstrate operational cycling over an extended
period of about two years. Demonstrate the palladium membrane reactor in
a water-gas shift and in a direct impurity cracking mode at greater than
15 mol/h. Demonstrate extended, integrated loop testing in tritium. An
integrated test loop is required to study component interactions and loop
dynamics.

Task FCY-3.2. Interconnected fuel process with cryogenic molecular sieve
electrolyzen Determine the long-term retention capability of PTO in the
sorbent with less than 2 w%. Operate electrolysis cell in about 10 Ci/1 DTO.
Demonstrate operability and impurity tolerance for an extended period, about
two years, for 100 ml/d. Perform extended integrated bop testing in tritium
for about two years.

Task FCY-4. Blanket tritium recovery

Tritium recovery must be accomplished from the ITER driver blanker, solid
breeder or liquid metal breeder. The system dues not include the tritium
recovery from the blanket test modules. An alternate low HT inventory
approach for tritium recovery from the ceramic breeder using vacuum
swing/pressure swing adsorption requires resolution of several key issues, but
if successful could also be considered for ITER.

Task FCY-4.1. Blanket tritium recovery from ceramic breeder: Demonstrate
a process that allows the recovery of tritium without oxidation. Large HT
cryosorption beds, permeators, and tritiated water recovery components must
be designed. Demonstrate the feasibility of a 200 kg molecular sieve bed with
about a two hour cryogenic adsorption/regeneration cycle. Demonstrate a
1 m membrane permeator. Construct and test an integrated test loop using
tritium. Perform extended operation of the integrated test loop using tritium.

Task FCY-4.2. Blanket tritium recovery from liquid metal breeder:
Demonstrate recovery of tritium from the LiPb eutectic with acceptable
tritium inventories and losses. Develop permeation barriers that tolerate the
operating environment. Demonstrate the tritium extraction process and
performance of the tritium permeation barrier. Perform extended operation
of the integrated test loop with tritium.

Task FCY-5. Common processes

Various processes that are required in more than one fuel cycle system are
grouped in this category. The dominant consideration in several of these tasks is
their contribution to safety in the design.
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TABLE X-l. ITER FUEL CYCLE R&D TASKS (Cont.)

Task FCY-5.1. Public and worker protection following release of HT or
HTO: Develop technology (protective suits) for intervention and
decontamination following accidental releases with confinement tritium
concentrations in the range of 0.1 to 100 Ci/m . This requires the
development of protective suits and working procedures. On an engineering
test stand, demonstrate filter vent testing for plant atmosphere tritium
recovery following an accidental tritium release accompanied by containment
pressurization. Demonstrate greater than 99% passive conversion of HT and
removal of HTO at gas flow rates of 10 to 100 nrVs.

Task FCY-5.2. Processing of solid, liquid and gaseous waste streams:
Minimi/ing environmental discharges at reasonable costs must be
accomplished. Demonstrate graphite surface and bulk detritiation factors
(DF's) of 10 to 10 . This will require testing of new techniques for efficient
removal of surface tritium at moderate temperatures, about 500 C.
Demonstrate water detritiation at tritium concentrations of up to 1 % by
reduction of 10 kg/d of 1% HTO. Demonstrate tritium recovery from inert
gases by cost-effective air atmosphere detritiation with detritiation factors
greater than Mr at spatial velocities of 100 m /h. This requires scale-up of
adsorption or selective permeation processes without oxidation at high flow
rates.

Task FCY-5.3. Separation, storage, and management of hydrogen isotopes:
Develop and validate computer modeling of isotope separation systems that
minimize inventory and demonstrate dynamic process stability. Establish the
feasibility of a design concept for ITER-scale throughputs with less than 200 g
tritium inventory in the isotope separation system. Develop metal beds for
storage and transportation of tritium; this requires fabrication and testing in
tritium of a small bed(s), greater than 10 g tritium capacity, with changeable
internals for at least two alternatives to uranium, e.g. Zr-Co, La-Ni, Zr-Cr-
Va, Zr-Ti. Demonstrate a metal bed for 60 moles DT. Demonstrate the
components for management of tritium flow including monitoring, emergency
shutoff, and tritium inventory assay required for safety assessment and
licensing.

X.4. Schedule and Costs:
Fig. X-l provides the schedule for the performance of the fuel cycle

R&D tasks. Fig. X-2 is a block diagram of the fuel cycle systems indicating how
the various systems are related to the overall fuel cycle The estimated costs to
perform these tasks is given in Table X-2.
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Task ID

FCY-1
FCY-1.1
FCY-1.2.1

FCY-1.2.2

FCY-1.3.1

FCY-1.3.3

FCY-2
FCY-2.1.1

FCY-2.1.2
FCY-2.1.3

FCY-2.1.4

FCY-2.1.5

FCY-2.1.6

FCY-2.2.1

FCY-2.2.2

FCY-2.2.3

FCY-3
FCY-3.1

FCY-3.1.1
FCY-3.1.2

FCY-3.2

Task

Fuelling
Demonstrate gas puffing
Demonstrate continuous
D, pellet formation

Demonstrate continuous
shallow pellet
fuelling capability in
1-stage gun
Inject single-shot D 2

on large tokamak
Accelerate multiple 0 2

pellets at 3 to 5 km/s

Vacuum pumpinq
Demonstrate helium panel
pumping operation

Verify valve-seal compliance
Demonstrate feasibility
of cryotransfer pump

Demonstrate long-term effects
of tritium on helium pumping
panel
Demonstrate prototypical
CCP punp and valve operation
l.S m valve for 10 cycles,
leak rate <10 mbar.l/s

Demonstrate components of
25 m3/s turbopump (THP)

Demonstrate THP and backing pump
prototype operation in
environment
mechanical backing pump
with THP at <30 g T

Fuel processina
Interconnected fuel process
with catalytic converter;
perform extended loop testing
tolerance to >90% DT
Pd membrane in water
gas shift
nterconnected fuel process
with cryogenic molecular
sieve electrolyzer: perform
impurity tolerance testing

91 1 92 93 94 95

Fig. X-l. Schedule for performance of fuel cycle R&D tasks
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Task ID

FCY-4
FCY-4.1.1
FCY-4.1.2

FCY-4.2.1

FCY-4.2.2

FCY-5
FCY-5.1.1

FCY-5.1.2
FCY-5.2.1

FCY-5.2.2
FCY-5.2.3

FCY-5.2.4

FCY-5.3.1

FCY-5.3.2
FCY-5.3.3

Task

Blanket tritium recovery
Demonstrate membrane permeator
Test recovery from ceramic
breeder on test loop

Test recovery from liquid
metal breeder; process and
tritium barrier
feasibility
test loop performance

Common processes
Develop protective suit
technology for intervention

Demonstrate HT conversion
Demonstrate surface and
bulk detritiation

Demonstrate HTO reduction
Demonstrate atmosphere
detritiation process for ITER

Oxidation-free inert gas
purification

Validate ISS for
ITER requirements
temonstrate metal storage beds
lemonstrate tritium
flow management

91 92 93 94 95

Fig. X-l. Schedule for performance of fuel cycle R&D tasks (cont'd.)

X.5. Facilities:
X.5.1. Requirements

All development and testing R&D for the fuel cycle can be
accomplished in existing facilities within the four Parties. Integrated testing is
needed in a number of areas as follows:

Fuelling: Single-stage and two-stage gas guns can be tested in
separate facilities; however, cryogenic columns would be needed
given the use of DT and large quantities of propellant.
Vacuum pumping: Two separate vacuum pumping trains will likely
be tested; the compound cryopump and the turbomolecular pump.
Each would be equipped with integral backing pumps.
Exhaust processing: Two different trains are planned to be tested;
each combines an impurity separation approach with a compatible
impurity processing step.
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TABLE X-2. FUEL CYCLE TECHNOLOGY R&D COSTS

AREA

7.0 Fuel Cycle
7.1 Fuel Una
Gas puffers
Shallow pellet fuelling
Deep fuelling, prototype

7.2 Prtary Vacuua Piaoina
Compound cryopiap train
Turbonlecular pu*> train

7.3 Fuel Purification
Catalytic reactor
CNS8 electrolyzer

7.4 Blanket Tritiua Recovery
Ceraaic breeder recovery
LithiuB-lead tritlua recovery

7.5 CoMon Processes
Post-accident release agt.
Tritlut recovery fro» solids

liquids, gases
Fuel gas «gt., separation
and storage

SUBTOTALS

1991

0,1
0.8
0.9

1.3
1.2

0.8
0.3

0.9
0.2

0.5

0.4

0.8

8.2

1992

0.2
1.0
1.2

1.7
1.5

1.1
0.3

1.2
0.3

0.7

0.5

1.1

10.8

1993

0.3
1.6
1.9

2.7
2.4

1.6
0.5

1.9
0.4

1.1

0.8

1.6

16.8

1994

0.2
1.5
1.7

2.4
2.1

1.4
0.5

1.7
0.3

1.0

0.7

1.4

14.9

1995

0.2
1.1
1.3

1.9
1.6

1.1
0.4

1.3
0.3

0.7

0.6

1.1

11.6

TOTAL

1.0
6.0
7.0

10.0
8.8

6.0
2,0

7.0
1.5

4.0

3.0

6.0

62.3



Blanket tritium recovery: The tritium recovery experiments for the
ceramic breeder driver blanket and for the Ethium-Iead driver
blanket would be performed in separate facilities. The ceramic
breeder test will require cryogenic distillation columns. The
lithium-lead test would not.

XI. STRUCTURAL MATERIALS

XI.l. Description:
The Structural Materials programme includes the following:

- Developing stainless steel materials for the first wall, blanket and
shield; this includes tasks such as determining the effects of
irradiation on tensile and fatigue properties, the properties of
wefded structures, irradiation induced1 sweffing and creep, fracture
toughness, and aqueous stress corrosion cracking,
- Developing plasma facing component structural materials; this
includes tasks such as performance of copper alloys, refractory
metals, and duplex divertor structures,
- Developing advanced blanket structural materials; this includes
tasks such as performance of baseline physical and mechanical
properties, fabrication development, nuclear performance and
waste management, orrosion and mass transfer, and irradiation
performance.

XI.2. Objectives:
The objectives of this programme are the following:

1) Develop stainless steel data for the first wall, blanket, and shield,
2} Develop data for the divertor structural material and blanket
stabilizer,
3) Develop advanced first wall and blanket structural materials.

XI.3. Tasks:
There are three major tasks to achieve the objectives of the structural

materials R&D programme. These are:
1) Stainless steel structural material development, including
irradiated materials properties, properties of welded structures,
irradiation induced swelling and creep, fracture toughness of
irradiated steel, and aqueous stress corrosion cracking.
2) Divertor structure and blanket stabilizer development, including
performance of copper and refractory metal alloys, and
performance of duplex structures.
3) Advanced first wall and blanket structural materials
development, including base physical and mechanical properties,
nuclear performance and waste management considerations,
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fabrication development, corrosion and mass transfer,and
irradiation performance.

The major tasks and subtasks are listed in Table XI-1 with a brief description of
each subtask.

TABLE XI-1. ITER STRUCTURAL MATERIALS R&D TASKS

Task STM-1. Stainless steel structural development

The key developments required are determination of the effects of irradiation on
material properties, properties of welded structures, swelling and creep under
irradiation, fracture toughness of irradiated steel, and aqueous stress corrosion
cracking.

Task STM-1.1. Irradiated materials properties: Determine the effects of
irradiation on the tensile and fatigue properties of stainless steel. Measure
the ductility and strength of irradiated steel. Conditions include: irradiation
temperature 60 to 350 C, fluence 1 to 30 dpa, fatigue hold times 30 to 300 s,
and 10 test cycles.

Task STM-1.2. Properties of welded structures: Measure the mechanical
properties of unirradiated and irradiated welds; measure the properties of
stainless steel welded after irradiation. Conditions of interest are: irradiation
temperatures of 60 to 350 C, fluence of 1 to 30 dpa, and fluence prior to re-
weld of less than 1 dpa.

Task STM-13. Irradiation induced swelling and creep: Measure the swelling
and creep behavior of irradiated stainless steel. Conditions of interest are:
irradiation temperature 60 to 350 C, fluence of 1 to 30 dpa, and irradiation
pressure of up to 450 MPa.

Task STM-1.4. Fracture toughness of irradiated steel: Measure the Jlc of
stainless steel after low temperature irradiation. Conditions of interest are:
irradiation temperatures of 60 to 350 C, and fluence levels of 1 to 5 dpa.

Task STM-1.5. Aqueous stress corrosion cracking: Perform slow strain rate
tests and cyclic fatigue tests on unirradiated and irradiated specimens to
determine the stress corrosion cracking sensitivity. Conditions of interest are:
temperatures of 60 to 300 C, water chemistry of 10 pRm oxygen and up to
2500 ppm hydrogen, fluence levels of 1 to 15 dpa, and 10

Task STM-2. Divertor structure and blanket stabilizer development

These tasks include the determination of the performance of copper and
refractory based alloys and the performance of duplex divertor structures.

Task STM-2.1. Performance of copper alloys: For candidate alloys,
determine the baseline properties, corrosion effects, and irradiation effects.
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TABLE XI-1. (Cont.)

Perform fabrication development. These are to be done for temperatures of
from room temperature to 300 C, fluence from 1 to 30 dpa, and with a
coolant temperature of 60 to 100 C.

Task STM-2.2. Performance of refractory metal alloys. Molybdenum,
niobium, etc.: Determine the baseline properties, corrosion effects, and
irradiation effects for the candidate alloys. Perform fabrication development.
These are to be done for temperatures of from room temperature to 600 C,
fluence from 1 to 10 dpa, and with a coolant temperature of 60 to ICO C.

Task STM-23. Performance of duplex divertor structures: Irradiate duplex
samples and determine the bond integrity. Perform post-irradiation
mechanical tests. The conditions of interest are: bond temperature of from
room temperature to 800 C, fluence of from 1 to 10 dpa, and with carbon
0.1 dpa.

Task STM-3. Advanced first wall and blanket structural materials.

For candidate advanced materials, the development includes perfonnance of
base physical and mechanical properties, nuclear performance and waste
management considerations, fabrication development, corrosion and mass
transfer, and irradiation performance.

Task STM-3.1. Perfonnance of base physical and mechanical properties: For
vanadium based alloys, reduced activation ferritic and austenitic stainless
steels, determine the base physical and mechanical properties over the
temperature range from room temperature to 600 C.

Task STM-3.2. Fabrication development: Develop fabrication procedures for
advanced materials. The conditions remain to be determined.

Task STM-33. Nuclear perfonnance and waste management considerations:
Develop reduced activation compositions for candidate alloys. The conditions
remain to be determined.

Task STM-3.4. Corrosion and mass transfer: develop a corrosion and mass
transfer data base for water temperatures up to 300 C and liquid metal
temperatures up to 600 C.

Task STM-3.5. Irradiation performance: Develop an irradiated property
data base for fluences up to 30 dpa.

XI.4. Schedule and Costs:

Fig. XI-1 provides the schedule for the performance of the structural
materials R&D tasks. The estimated costs to perform these tasks is given in
Table XI-2.
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Task ID

STH-1

STH-1.1

STH-1.2

STH-1.3

STH-1.4

STH-1.5

STH-2

STH-2.1

STH-2.2

STH-2.3

STH-3
STH-3.1

STH-3.2
STH-3.3

STH-3.4
STH-3.5

Task

Stainless steel
structural development

Determine Irradiated
materials properties

Determine properties
of welded structures

Determine Irradiation induced
swelling and creep
Determine fracture toughness
of irradiated steel

Determine aqueous salt
corrosion cracking

Divertor structure and
blanket stabilizer

Determine performance
of coppor alloys

Determine performance of
refractory metal alloys

Determine performance of
duplex divertor structures

Advanced materials
Determine physical and
mechanical properties
Perform fabrication development
Nuclear performance
and waste considerations

Corrosion and mass transfer
Irradiation performance

91 92 93 94 95

Fig. XI-1. Schedule for performance of structural materials R&D tasks

XI.5. Facihties:
XI.5.1. Requirements

Existing mixed spectrum reactors can be used to perform the
irradiations.

A number of candidate reactors would be adequate, such as R2,
DR3, HFR, KNK-n, Osirus, Siloe, PFR, and Pheoix in the EC;
JRR-2, JRR-3, and JRR-4 in Japan; HFIR, EBR-II and FFTF in
the US; and BOR-60 and CM-2 in the USSR.

Existing laboratory and hot cell faculties and equipment can be used for the prc-
and post-irradiation examinations and tests.

Such facilities include, for example, existing hot cells in the EC;
Tokai Hot Lab, OHARAI Hot Lab, and Tokai Isotope Production
Lab in Japan; HFEF, AGHCF, and HEDL in the US, and existing
hot cells in the USSR.
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TABLE XI-2. STRUCTURAL MATERIALS TECHNOLOGY R&D COSTS

AREA

8.0 Structural Materials
Oevelonent.

Austenitic Steel FW/Blanket
Structure

rrt structure
Advanced structure

SUBTOTALS

1991

7.0
6.0
2.0
15,0

1992

7.0
6.0
2.0
15.0

1993

7.0
6.0
2.0
15.0

1994

2.0
4.0
2.0
8.0

1995

2.0
3.0
2.0
7.0

TOTAL

25.0
25.0
10.0
60.0



XII. DIAGNOSTICS

Xn.l. Description:
The Diagnostics programme includes the following:

- Determination of radiation effects on components inside or close
to the first wall to permit development of "radiation-resistant"
components,
- Development of new or significantly modified diagnostics
methods,
- Development of new methods for real-time calibration of
diagnostics,
- Development of new components for diagnostics,
- Development of diagnostic computer codes for application to data
handling, real-time data availability, calculation of neutronic effects
at detectors, calculation of diagnostic capability, and to provide
operator-friendly capability.

Xn.2. Objectives:
The overall objective of this programme is the following:

Provide diagnostics for the full operation of ITER through the
Physics and Technology Phases. These diagnostics must have the
capability to provide data for device safety, plasma control and
plasma performance in the high-radiation Technology Phase, and
for plasma optimization and physics understanding during the
preceding Physics Phase.

XII.3. Tasks:
The R&D programme in diagnostics is closely related to the Physics

R&D programme being undertaken in many tokamaks worldwide and will draw
upon information from these programmes in modifying the requirements and
tasks. An extensive programme of development will be required during the
period from 1991 through 1995, and beyond. The tasks where critical
development is needed during the indicated period of 1991-1995 are described in
Table Xn-1.

XII.4. Schedule and Costs:
A detailed schedule remains to be developed for the diagnostics tasks.

The estimated costs to perform these tasks is given in Table XII-2.

XHi. Faculties:
XH.5.1. Requirements

Existing fusion facilities will be identified where the development tasks
on diagnostics will be performed.
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TABLE XII-1. ITER DIAGNOSTICS R&D TASKS

Task DGN-1. Radiation effects

There are nine areas for development regarding radiation effects on diagnostics.
These areas are: develop vacuum windows for diagnostics, develop reflectors for
diagnostics, determine the radiation sensitivity of ceramics, determine the
radiation properties of fiber optics, develop radiation hard dispersive and
reflective elements, develop a database for components in high radiation fields,
determine the radiation capability of cabling and vacuum feedthroughs,
determine the radiation sensitivity of specific diagnostic hardware, and determine
the tritium compatibility of detectors.

Task DGN-1.1. Vacuum windows: Develop windows with hard vacuum seals.
The windows will be round and up to 30 cm in diameter, operate at pressures
below 10 ton and at temperatures of 100 C, but tolerate.temperatures up to
35QC.,a^™^"Wito?mdaf!ntte3H*tf Tne seals \riVl be
welded, or other hard type, and be tritium compatible. The seals must be
immersible in water at a temperature and for times to be determined.
Transient effects, i.e fluorescence and transient absorption, must be
characterized.

Task DGN-1.2. Reflectors: Mirrors nust be developed for use ut locations
inside the high neutron flux region and maintain their optical properties for
the full lifetime of the device. The mirrors may be round or rectangular with
the small dimension of 30 cm. The mirrors will be flat or curved, be high-
vacuum compatible, must operate at an average temperature of 100 C and
withstand bakeout temperature of 350 C. Determine the radiological damage
to high power laser mirrors (damage threshold of about 5 J/cm for a pulse
length of 300 ps and wavelengths of 1.06 and 0.53 nm). Determine the

mirrors, wavelength range of 400
to 800 nm. Pure metallic mirrors, e.g solid beryllium with gold coating, and
metallic minrocs. with, dialectic coating must be assessed. Assess,
fluorescence on the mirror surface due to radiation fluxes.

Task DGN-1-3. Radiation sensitivity of ceramics: Many diagnostic
components inside the high neutron flux region will require mechanical
support and electrical isolation from local conducting surfaces in small spaces.
Perform a detailed analysis of available ceramics and determine the relevant
mechanical and electrical properties. The ceramics must be high-vacuum
compatible. They must operate at an average temperature of 100 C and
withstand bakeout operations at 350 C. The voltage standoff capability will
generally be in the range of 100 to 1000 V.

Task WJN-1.4. Radiation properties ef fiber optics: Fiber optical use close to
the plasma region is required. Investigate, or develop fibers to meet the
requirements. The fiber length will be about 50 m and will be used for a
number of purposes. The fibers are not expected to penetrate through the
vessel ports. The feasibility of using magneto-optic fibers in magnetic
diagnostics should be evaluated. The transmission of soft x-rays through glass
capillaries should be studied.
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Task DGN-1.5. Radiation hard dispersive and reflective elements: Assess
and develop dispersive elements for the VUV region from 5 to 300 nm and
for x-rays in the range 3 to 100 keV. Investigate the radiation damage of
crystals and layered synthetic microstructures.

Task DGN-1.6. Database development for components in high radiation
fields: Up-date the database for the performance of diagnostic components
in radiation fields. Up-date the damage-effect tables and provide a format
and accessibility of the database to support engineering needs.

Task DGN-1.7. Radiation capability of cabling and vacuum feedthroughs:
Develop a suitable cable and demonstrate the operation in the required
radiation environment. Long lengths, up to 20 m, of shielded-twisted-pair or
co-axial cable will be required. The twist pitch is determined by the local
magnetic field gradient. The outside diameter will in general exceed 0.3 mm.
The cable must have a bend radius not exceeding 10 tunes its outer diameter.
The stand-off voltage isolation between wires shall be greater than 110 V, and
turn-to-turn ground voltage shall be greater than 10 kV. The frequency
response for a 20 m length shall be better than 1 MHz. Wires used in
diagnostics of the carbon tiles potentially will reach temperatures of about
1500 C.

Task DGN-1.8. Radiation sensitivity of specific diagnostic hardware:
Determine the degradation and performance of thermocouples and lead wires
in radiation fields, particularly including 14 MeV neutrons. Investigate
radiation damage in scintillators used in measuring hard x-rays, particularly
the damage and noise levels in optimally thick scintillator (Cs(Tl)).
Determine the long-term changes in bolometer characteristics due to
neutron, gamma, and temperature effects.

Task DGN-1.9. Tritium compatibility of detectors: Analyze the noise
background, possible cleaning and recovery techniques for detectors to be
used in vacuum diagnostics which will become contaminated with tritium.

Task DGN-2. New diagnostics methods

Task DGN-2.1. New fusion product diagnostics: Micro-fission chambers,
suitable to be embedded near the front wall of the blanket must be assessed
(and/or developed) for sensitivity and accuracy over the wide neutron
dynamic range and for their survivability through the life of the tokamak. The

i characteristics of an array should be determined, including immunity to
i violent shocks (plasma disruptions) and electromagnetic pick-up immunity.
t Detectors for a neutron camera appropriate to the several operating phases
i of ITER with both different flux levels and 2.5 MeV or 14 MeV neutrons

must be selected. Gamma detectors for measurement of 15 MeV gammas
from DHc reactions, low energy gammas from RF-heated DD plasmas, and
from DT reactions are required. New types of spectrometer must be

J considered. A spectrometer for determining the ratio of 2.5 MeV to 14 MeV
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neutrons (where n J J < < BJ. ) is required. Prototypical detectors are
required. A detection system for escaping alpha-particles must by developed
and tested in existing tokamaks.

Task DGN-2.2. Dual-polarization reflectometry for electron density and
magnetic field profile studies: Substantial development of microwave
reflectometry is required. The optimal number and location of transmitting
and receiving antennas should be determined by 3D ray-tracing studies. The
feasibility of pulse-radar reflectometry should also be studied. A study of the
antenna-waveguide-window system performance is required. Development
of broad-band sweep and puke radar reflectometers for operating with long
oversized waveguides is required.

Task DGN-23. Reflectometry for measurement of electron density
fluctuations: Reflectometry offers the possibility of studying density
fluctuations on ITER. Techniques need to be developed to obtain
quantitative physics information, e.g. amplitude of the fluctuations and
wavenumber spectra, from the reflectometry measurements. Appropriate
instrumentation, techniques and interpretation codes need to be developed
and validated on existing tokamaks.

Task DGN-2.4. Sources for collective scattering for measurement of fast
ions: The development of a scattering diagnostic for measurement of alpha-
particles is required. A free electron laser or CARM appear to be the best
candidates for development. The preferred frequency, at this time, is close to
1.5 THz. A suitable source is not presently available and will have to be
developed. The specifications of this source are: frequency about 1.5 THz;
peak power of P (MW); a repetition frequency of f(kHz); a pulse length of
t (ns); a beam divergence of about 1 mrad, a bandwidth of < 100 MHz, and a
frequency stability of ± 50 MHz. Possible values of P, f, and t could be
P = 200 MW, f = 20 KHz and t = 100 ns, or P = 1 GW, f = 1 KHz,
and t = 100 ns. A notch filter at the source frequency with bandwidth
< 200 MHz has to be developed. Identification and development of suitable
materials for beam and viewing dumps and possibly reflecting surfaces have
to be provided. Since this is a new diagnostic, the underlying physics should
be validated by experimental tests on existing tokamaks.

Task DGN-2.5. Use of electron cyclotron absorption (ECA) in the
measurements of electron temperature in the diverton Establish the plasma
parameter limits for ECA. At a later time, the measurement system can be
developed.

Task DGN-2.6. Eddy current measurement techniques: Measure the eddy-
currents in the structural components in the vicinity of the measurement
loops, to enable the reconstruction of the equilibrium of the plasma using
magnetic diagnostics.

Task DGN-2.7. Measurement of radiated power with 'perturbing* electron
cyclotron resonant heating: Measurement of radiated power, making use of
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perturbations of the plasma parameters may be necessary for ITER; such
techniques need further study and definition.

Task DGN-2.8. Diagnostic application of transient synchrotron absorption
for current distribution measurements using a perturbing loner hybrid
pulse: Initial prototype studies of a proposal (Fisch & Kritz, Report PPPL-
2671 (1990)) should be carried out to demonstrate feasibility and viability.

Task DGN-3. New calibration methods

Several new calibration methods and capabilities are required.

Task DGN-3.1. In-situ calibration techniques for 14 MeV neutrons: The
measurement of die 14 MeV neutron flux will be used in die control of ITER
as well as die measurement of die ion temperature. An in-situ calibration
method is needed that can be well calibrated and maintain calibration over
time. The calibration accuracy must equal or exceed 10%, after extrapolation
to full flux level. The calibration should be done for both 14 MeV and
25 MeV neutrons. A calibration check is needed once a week and die
calibration must be possible when die device is fully activated.

Task DGN-3.2. Hot-source calibration of the ECE diagnostics. An in-situ
method is needed to calibrate die diagnostics used to measure die electron
temperature. A calibration rig is essential for this task and will have die
following capability: die rig will have two calibration sources, one at/near
ambient and the other at elevated temperature, with a temperature difference
between die two of at least 500 C. Each source should have an internal
temperature reference which can be periodically checked against a known
standard. A radiation switch should be provided to enable alternating die
view of die ECE antenna between die two sources at a frequency greater dian
10 Hz. The rig should be able to operate in vacuum with die vessel at 100 C.
The rig will be located in front of die ECE antennas.

Task DGN-33. In-vessel magnetic sensor miflwratinn* The large quantity of
conducting material inside die ITER vacuum vessel makes it difficult to
calibrate die sensitivity of magnetic sensors. A set of current-carrying loops
has to be created to represent die pias*"^ current. A mnrJfnp demonstration
and test of die concept must be performed.

Task DGN-4.0. New diagnostic components

Task DGN-4J. Improved spectrometers for measurement of ECE: Develop
spectrometers and detectors capable of operating witii high reliability,
essentially without maintenance for long periods (several montiis) for die
measurement of ECE. The responsivity of the measurement systems must
remain constant to within a few per cent Measurements should be possible
at frequencies up to ~ 400 GHz.
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Task DGN-4.2. Vacuum feedthrougfas for radiation hardness and remote
manipulation: Develop radiation I i vacuum feedthroughs with some
capability for remote-handling to permit diagnostic cabling inside the
tokamak. The specification of one such i'eedthrough is as follows; 140 coaxial
conductors (to match 3 mm diameter coaxial cable) carrying 10 A at 500V,
with pin-pin electrical isolation of 2 kV and pin-to-ground isolation of 10 kV.
The diameter shall not exceed 20 cm.

Task DGN-43. Multi-pulse laser system for a LIDAR Thomson scattering
system: Develop a ruby or Nd laser system for the core plasma. A reliable
laser system has to be developed with 10 J output energy at 300 ps pulse
duration and a repetition rate of at least 10 Hz in stationary mode. A
frequency-doubled Nd laser is needed for the divertor region. A reliable laser
system has to be developed with 10 J output energy at 150 to 300 ps pulse
duration and a repetition rate of at least 10 Hz in stationary mode. A new
streak-tube detector and associated components will be required for the
short pulse width of ~ 150 ps to achieve the necessary edge spatial resolution.

Task DGN-4.4. Low-loss oversized waveguide transmission systems for ECE
and microwave reflectometry: Develop low loss oversized waveguide
transmission systems to measure ECE and microwave reflectometry. The
waveguide runs will have many bends and a length up to ~ 50 m. The
frequency range of interest for ECE is 50 -1000 GHz and for reflectometry is
18 - 300 GHz.

Task DGN-45. Highly reliable fast-moving, rotating and vibrating, vacuum-
compatible probe drivers: Develop a fast-moving jxB probe for moving into
the scrape-off layer. A prototype is needed to demonstrate ability to
continue operation after a disruption. Highly reliable, rotating, vacuum
compatible, drives and feedthroughs are required to support die motion of
mirrors inside the vacuum boundary. Highly reliable, vibrating, vacuum-
compatible probe drives are needed to allow oscillatory motion of magnetic
sensors.

Task DGN-4.6. Method of removing carbon build-up on reflective optical
equipment in vacuuo: Develop an effective method of removing carbon from
reflective and transmitting optical (microwave) components in vacuo. A proof
of principle test of the method should be prepared for an existing toroidal
fusion device.

Task DGN-4.7. Spectroscopic diagnostics for use with a diagnostic neutral
beam: Determine the best choice of optical system to exploit beam-plasma
interactions for a variety of plasma measurements. Develop high speed
multichannel detector concepts to match pulsed diagnostic beam
development.

Task DGN-4.8. Filters for use in measurement of O and C influx in the XUV
spectral range: The best spectroscopic lines for measurement of O and C
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influx are the Lyman-a lines at 19 A and 34 A respectively. Develop filter
techniques, for use with simple detectors, to make these (and other) impurity
measurements straightforward.

Task DGN-4.9. Atomic physics: Some cross-sections must be determined
experimentally to determine the feasibility of diagnostics dependent on
charge exchange neutral particle analysis. AL i lgst these cross-sections are
double charge exchange of multi-MeV alpha-particles with ~ 100 keV neutral
helium, and quantitative modification of He cross-section due to mulfistep
processes. The use of ablation markers requires a careful assessment of the
ionization and excitation behavior of the various elements to be used in the
markers. Improved theoretical and experimental understanding of the
wavelengths and excitation of x-ray lines is needed for spectroscopy of the
central plasma region.

Task DGN-4.10. Diagnostic neutral beam developments: Develop a
diagnostic neutral beam (DNB) source and beamline capable of delivering
4 MW of ~ 100 keV neutral hydrogen atoms to the plasma. At least 80% of
the beam should consist of full energy particles. It must be modulated with a
duty factor of ~ 10% with pulse Jengths of £ 100 msec. The beam area, at
the plasm» should be ~ 50 cm . A helium neutral beam is required in
support of the measurement of alpha-particles in the outer half of the plasma
(r > lm) using neutral particle analyzers. This beam should be capable of
delivering. ~ 1 MW of ~ 100 keV helium atoms to the plasma in an area of
~ 50 cm . The beam must be modulated with a duty factor of ~ 10% with
pulse lengths of £ 100 msec.

Task DGN-4.11. Radiation-insensitive particle detectors in the range „
0.001 - {iMEV: Develop detectors capable of detecting low mass ions (Hr,
D , He^ in the energy range 0.001-5 MeV in the high radiation environment.

Task DGN-4.12. Magnetic sensor development: Develop stable, low-noise
amplifier/integrators, with internal calibration capability, for inductive
magnetic diagnostics.

Task DGN-4.13. Neutron activation detection systems: An option for
neutron activation measurements is to make use of a liquid activation
medium (exposed close to the first wall) to give time-dependent
measurements. Investigate the radiochemistry of water and alternative fluids.
Determine the potential for determining the relative magnitudes of DD and
DT neutrons. Foil elements suitable for solid activation studies are required.
The capsule material, which must be high temperature compatible, have high
durability and low activation, must be selected and demonstrated to allow
high-accuracy measurement. Development of a highly reliable capsule
dispatching system will also be necessary. The samples wul be exposed close
to the first wall. Similar foil elements and mechanical configurations are
required for the neutron activation measurements in the blankets.
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Task DGN-4.14. Development of real-time techniques for the 10 \t
interferometer: Develop components for a dual-wavelength interferometer,
10-fi and 350 nm to ensure very long-term stability for measurement of the
plasma density.

Task DGN-4.15. Advanced methods of pressure measurements: Develop
advanced methods of pressure measurement. Further development of the
Penning discharge gauge under intense neutron, gamma, and x-ray radiation
must be assessed to determine the instantaneous signal/noise ratio and the
long term drift. The response of both B-A gauges and Penning gauges to
accumulation of tritium should be assessed. Multiphoton ionization or
excitation methods should be examined for feasibility as remote pressure
measuring tools. Methods to transfer the light must be assessed, including the
development of radiation-resistant fiberoptics.

Task DGN-4.16. Stark polarization measurements: Develop methods to
transmit the linear polarization state of the beam emission photons to the
detectors. In addition to generic light guides for the ITER environment,
radiation-compatible photoelastic modulators or other devices capable of
converting polarization to amplitude must be developed, if mirrors are
unusable.

Task DGN-4.17. Photoe>e<*ron and secondary emission detectors: Study
secondary emission detectors which offer the possibility of more radiation-
hard detectors for the measurement of total radiation. Photoelectron
spectrometers to be used in x-ray measurements may make such
measurements feasible in the ITER radiation background. Detectors should
be studied that can be used in the differential mode for measurement of
MHD and impurity radiation from the core plasma, and in the integral mode
for the peripheral plasma.

Task DGN-4.18. Development of spectroscopic marker implants:
Spectroscopic markers have been proposed for identification of the depth of
the ablation of the first-wall tiles. Perform a spectroscopic evaluation is
needed to optimize the identities and quantities of 15 marker elements.
Prototype markers should be tested in an operating toka-iak. Develop multi-
element disks. Compound target sputtering yields, evaporation rates 2nd
refractory chemical compound formation with the tile material must be
considered.

Task DGN-5. Diagnostic computer codes

Develop computer codes for neutron transport and for magnetic diagnostics for
position control.

Task DGN-5.1. Neutron transport codes: Develop neutron and gamma
transport codes for use in diagnostics design, in specifying their location and
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in defining the necessary radiation shielding. A mixture of one-, two-, and
three-dimensional codes are needed, qualified by actual measurements and
supported by good databases of cross-section information.

Task DGN-5.2. Magnetic diagnostics: Develop analysis codes for magnetic
diagnostics used for position and current control in ITER. Eddy currents in
local materials must be handled correctly. The control information must be
available in a time short compared to 10 ms.

Task DGN-53. Intrepretive diagnostic codes: Interpretive codes must be
developed in the following areas: CHERS signals, effect of non-thermal
electron components on ECE signal, the fluctuation behavior and density
profile from reflectometry measurements, predictions of neutron energy
Spectra, edge modeling for spectroscopic analysis, behavior modeling of high-
Z iaas, interpretation of Aifven wave spectra, and interpretation of ion
Cyclotron emission signals.

Task DGN-5.4. Diagnostic vacuum codes: Vacuum conductance codes should
be developed for calculations of diagnostic pumping requirements and tritium
contamination levels for the different diagnostic extensions.
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TABLE Xn-2. DIAGNOSTICS TECHNOLOGY R&D COSTS

AREA

9.0 Diaqnostics
Radiations effects
New diagnostics Methods
New calibrations Methods
New diagnostic coaponents
Diagnostic computer codes

SUBTOTALS

1991

2.8
0.2
-
-
-

3.0

1992

5.8
0.2
-
0.2
0.2

6.4

1993

4.8
0.8
0.3
1.8
0.3

8.0

1994

4.8
1.1
0.3
2.0

0.4

8.6

1995

4.8
1.2
0.4
2.Q

0.6

9.0

TOTAL

23.0
3.5
1.0
6.0
1.5

35.0



XIII. FACILITY NEEDS

Table XIII-1 provides a listing of the major facilities needed to support the
proposed R&D programme. The plan assumes the use of existing facilities
(perhaps with modifications) where possible for all R&D development; a few
new facilities may be required and the explicit nature of such facilities must be
determined as part of the implementation of the plan.

TABLE Xni-1. MAJOR FACILITIES NEEDED

Magnets:
Facility for model coil testing:Two: One for the Central Solenoid (CS)
and One for the TF model coil programme.
-Power supply (50 kA; at about 1.5 kV for CS and 0.2 kV for TF)
-Discharge circuit (20 kV; 50 kA; ~ 1GJ for CS and 1.0 GJ for TF)
-Refrigeration plant (5 to 10 kW at 4.5 K)
-Cryostat Vessel (Diameter and Height; 4 m and 6 m for CS; 5 m and 10

mforTF)

Containment Structures/Assembly & Maintenance:
Facility for testing the assembly and maintenance of the torus and in
vessel components.
-Crane capability of 200 tons
-Hall 50 mheight and 35mx50m

Current Drive/Heating;
Facility for testing the neutral beam scalable model rated at 1.3 MeV, 2
A, DC, D°. The facility includes the building and utilities whereas the
scalable model includes the special equipment.

Fuel Cvcle:
Test stands to permit integral loop-testing of prototypes under ITER
relevant conditions for: edge and deep fuelling, cryo-compound pumping
of torus exhaust, turbo-pumping of torus exhaust, fuel purification
components, and post-accident release management.

Blanket:
In-pile test facility:
-Dimensions: 5x20 cm , length 30-60 cm.
-Ceramic breeder; Lithium-lead breeder, and Mock-up of

beryllium/ceramic breeder/structure.
-Coolant: low temperature water with a pressure of 1 MPa.
-Tritium in-situ recovery system
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Blanket/FW:
Out-of-pile test facility
-Mock-up: up to VI blanket/first wall segment, 1 m wide, 4 to 5 m

long.
-Surface heating: 1 to 2 MW
-Surface beat flue 0.1 to 1 MW/m2

-Bulk heating: 5MW
-Gas heater OiMW

XIV. KEY MILESTONES

A listing of key milestones, by major technology area, is given in Table
XIV-1. This listing is an abbreviated listing of all the milestones which are
contained in the detailed plans for the nine major technology areas.

TABLE XIV-L KEY MILESTONES (BY TECHNOLOGY R&D
AREA)

HASHETS
Complete testing of full-scale conductor options 93
Coaplete TF case Models 94
Compete winding pack Models 94
Complete Model coll design and fabrication 94
Perfora significant portion of Model coll test prograaMe 95

COHTAIMCHT STRUCTURES
Coaplete Manufacturing of vacuuM vessel partial Models 92
PerfoTM asseMbly and testing of second toms sector aockups 95
PerforH Manufacturing and testing of blanket locks and
electro-insulating connections 95

, ASSEMBLY A W WUNTBHHCE
\ Coaplete critical coeponents testing 93
! COMplcte test of all eajor raeote handling systaas 94
j Conduct full-size Mockup testing of raaote handling asseably 95
I, CUWHEMT PJUVE A W HEATIH6
\ Coaplete W I accelerator daaonstration (electrostatic and

quadrapole) to needed eiwgy, current, and duration 93
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Complete NBI scalable mouel test 95
Demonstrate gyrotron for EC system (0.5 MW, 10 s at 120 GHz) 93
Demonstrate gyrotron for EC system (1.0 MM CW at 120 GHz) 95
Demonstrate prototypical LH channel 95

PLASMA FACING COMPONENTS
Choose candidate armor tile material 93
Complete major testing on small/medium mockups 93
Complete full-scale model fabrication 94
Complete major testing on Divertor and FH models 95

BLANKET AND STRUCTURAL MATERIALS
Select driver blanket option(s) 93
Complete submodule/module fabrication development 94
Complete in-reactor/out-of-reactor Integral tests 96

FUEL CYCLE
Accelerate multiple D 2 pellets (20-40), 2 Hz. 3-5 km/s 95
Demonstrate components of 25 m /s pump 93
Demonstrate catalytic reactor at >15 mol/h 94
Demonstrate feasibility of tritium recovery from ceramic breeder 93
Develop protective suits for high tritium levels (0.1-100 C1/m3) 95

DIAGNOSTICS
Demonstrate magnetic probes, optical windows, and mirrors 95

XV. COSTS

XV.l. Cost estimates
The preliminary estimates of the costs for all nine areas of the Technology

R&D programme (annual and total) are given in Table XV-1. The cost
estimates indicate a total cost over the five years of about 800MS in US dollars
(1990). The costs per area over the five years vary from about 35M$ to about
185MS. Fig. XV-1 presents, in graphical form, the annual costs for the period
1991 through 1995. As indicated the annual costs vary from about 100MS to
about 220MS per year.

XV.2. Cost categorization
The costs within each Technology R&D area have been placed into two

categories to differentiate the nature of the expenditures associated with the
R&D. The first category is comprised of all R&D planned to validate the
engineering data base. The second category is comprised of all R&D associated
with the scalable model tests and related test facilities.
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TABLE XV-1. TECHNOLOGY R&D PROGRAMME COSTS

AREA

1.0 Magnet
2.0 Containment Structures
3.0 Assobly & Maintenance
4.0 Current Drive and Heating
5.0 Plasaa Facing Cc»|K>nents
6.0 Blanket
7.0 Fuel Cycle
8.0 Structural Materials
9.0 Diagnostics

TOTALS

1991

26.0
6.6
7.8
10.8
15.6
16.0
8.2
15.0
3.0

109.0

1992

45.0
12.3
22.6
23.4
20.2
26.0
10.8
15.0
6.4

181.7

1993

52.0
15.5
25.3
27.7
24.7
31.0
16.8
15.0
8.0

216.0

1994

41.0
6.4
18.2
35.6
14.1
27.0
14.9
8.0
8.6

173.8

1995

21.0
2.7
4.1
16.0
9.4
21.0
11.6
7.0
9.0

101.8

TOTAL

185.0
43.5
78.0
113.5
84.0
121.0
62.3
60.0
35.0

782.3
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TABLE XV-2. CATEGORIZATION OF ITER TECHNOLOGY
R&D

AREA E S

Magnet
Gontaiment structures
Assably & •aintenance
Heating and current drive
Plasaa facing exponents
Blanket
Fuel cycle
Structural Materials
Diagnostics

65.0
21.5
39.0
47.3
33.0
48.0
36.5
60.0
35.0

120.0
22.0
39.0
66.2
51.0
73.0
25.8
-
-

Totals 385.3 397.0

Key: E: Engineering data base validation
S: Scalable Bodels and related test facilities

Table XV-2 presents the costs by cost category. The items included in the
category of scalable models in Table XV-2, by major area, are as follows:

-PF and TF model coil tests;
-vacuum vessel trial manufacturing, in-vessel handling tools, equipment,

and the common test facility;
-the neutral beam scalable model tests, the gyrotron development;
-blanket module tests;
-pellet injectors, and primary vacuum pumps.

The total costs are approximately divided between these two categories, about
$385 M and about S400M respectively for the engineering data base validation
and for the scalable models and related test facilities.
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XVI. CONCLUSIONS

This document provides the elements of the ITER Technology Research
and Development Plan. The present judgement is that the elements of this plan
and the integrated totality represented by these elements can be conducted
within the context of the major national programmes with appropriate
international agreements. It appears possible that all major testing programmes
can be conducted in existing, but modified, facilities. A few new faculties may be
required and this i termination must be made as part of the implementation of
the plan. The five year programme (1991-1995) is estimated to cost about
$800M. Assuming a project-oriented, international programme, it is concluded
that the required R&D can be performed and the results can. be available to
support a decision in 1995 to construct ITER.
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