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FOREWORD

Development of nuclear fusion as a practical energy source could provide great
benefits for all mankind. 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 interna-
tional 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 Conceptual Design Activities.
The Director General then invited each interested Party to co-operate in ITER activi-
ties in accordance with the Terms of Reference that had been worked out. All four
Parties accepted this invitation.

Joint work on ITER Conceptual Design Activities, under the auspices of the
IAEA, began in April 1988 and is scheduled to be completed in December 1990. The
plan includes 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 is
producing a conceptual design, a cost estimate and a description of site requirements.
All information produced within the Conceptual Design Activities is being made
available to each ITER Party for use in reaching decisions about its part in further
international development of fusion energy.

As part of its support of ITER activities, the IAEA is pleased to publish the
documents that summarize the results of the joint work.



PREFACE

This is Volume 2 of two volumes describing the reusit sof the Concept Defini-
tion of the International Thermonuclear Experimental Reactor (ITER). The Concept
Definition of ITER resulted from the Definition Phase of ITER activity from
2 May to 30 September 1988. The two volumes and their contents are:

Volume 1

I. Introduction
II. Summary

Volume 2

III. Database Assessment
IV. Scoping Studies and Rationale for Concepts Selection,
V. Performance Flexibility
VI. ITER Concept
VI. Operations and Experimental/Testing Programme
VIII. ITER Parameters and Design Phase Schedule
IX. Research and Development
X. Appendices

The first volume presents an introduction followed by a summary which
provides an overview of the ITER Concept in all areas of the design.

The second volume deals with the ITER concept in greater technical depth and
also covers all areas of the design.
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Chapter III

DATABASE ASSESSMENT

III. 1. PHYSICS

In order to prepare guidelines for the ITER concept, an assessment of the data
base in tokamak physics was performed. The areas covered include operational
limits and plasma performance (in particular energy confinement, fast ion confine-
ment, density limit, and MHD limits), poloidal field design, current drive and heat-
ing, power and particle control, and disruptions. A number of Specialists' Meetings
was organized (see Chapter X, Section 1) in which the status of tokamak physics was
evaluated and the conclusions to be drawn for ITER were discussed. These meetings
were attended by senior scientists from the major tokamak experiments in the world
and by highly experienced theoreticians. In addition, in continuous contact with the
tokamak research teams specific studies on important issues were performed. This
has allowed the development of an up-to-date picture of the status of tokamak physics
on which the ITER physics guidelines (described in Chapter VI, Section 1) were
based, and to identify important research needs. Both are concisely described in the
following sections (for the R and D requirements, see also Chapter IX, Section 1).

III. 1.1. Operational limits and plasma performance

HI. 1.1.1. Energy confinement

III. 1.1.1.1. Importance for ITER

Energy confinement is a crucial issue for ITER. Without an adequate level of
energy confinement ITER will fail to meet its main objectives, i.e. ignition during
the physics phase and long pulse, steady-state operation as an ultimate goal during
the technology phase. The physics of energy and particle transport in tokamaks is
not yet fully understood. Therefore the estimation of the energy confinement time
in ITER has to be made from extrapolations of the available experimental data base
using empirically developed scaling expressions as well as scalings derived from
assumptions for the dominant transport mechanisms. The selection of a particular
scaling or transport model has a large impact on the ITER design and parameter
choices. The requirement for adequate energy confinement is the major factor deter-
mining the size of the machine.

1
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III. 1.1.1.2. Energy confinement experiments

The available confinement data base is broad and contains data from a large
number of tokamak experiments (ASDEX, Dm, DIII-D, ISX-B, JET, JFT-2M,
JT-60, PDX, T-10, TFTR, etc.) [1-5]. Operational regimes in tokamaks can be
divided into two broad categories: those with ohmic heating and those with auxiliary
heating.

In ohmically heated discharges:

* The confinement is generally better than with auxiliary heating (TE up to 1.2 s
in JET).

* 7E scales linearly with ne at low to moderate density (exceptions: TE ~ na
with a < 1 in JET and with a = 0 in DIII-D) and saturates at high density.

* 7E improves as the edge q is increased at low q (<4) and low to moderate
density (for T-ll and TFTR, xe « H"\ due, at least in part, to sawteeth which
adversely affect the confinement at low q).

* rE improves with plasma size (~L3).

There are several scalings for the ohmic heating regime (i.e., Neo-Alcator
scaling for TE, Rebut-Lallia and T-ll scalings for xe and D, etc.; see Table III-l),
which describe low-density ohmic discharges reasonably well. In experiments on
Alcator-A, ISX-A, T-ll, and FT, the saturation of TE with rising density can be
explained by an increase in the ion energy losses due to increases in the neoclassical
thermal conductivity. For high q-values, shrinking of the plasma column is also
important. In several experiments (Alcator-C with gas puffing, ASDEX, DIII-D,
JT-60, JFT-2M), enhanced ion losses above neoclassical from the plasma core are
needed to describe the confinement saturation. Peaked density profiles have proved
to be beneficial for confinement. Experiments with pellet injection in Alcator-C and
sudden reductions in the gas puff rate in ASDEX have resulted in peaked ne(r)-
profiles that restored the ion energy confinement times in high-density discharges to
close to the neoclassical values (c.f. S to B transitions in T-10, and DITE).

In experiments with auxiliary heating, the following main confinement modes
can be identified: L-mode with substantially reduced confinement, H-mode with con-
finement times a factor of 2 to 3 times greater than L-mode, and "intermediate"
confinement modes similar to the L-mode but with better confinement.

In L-mode discharges with high-power auxiliary heating (PAUX/POH
 a 10):

* TE is 3 to 4 times smaller than in ohmic discharges with the same current and
density,

* TE scales with power as P,« with 8 * 0.4-0.6 (power law) or as
7E = nnc + W/P (off-set linear form).

* TE improves with plasma current: TE ~ I" where a • 1, except in T-10
where with central ECRH TE shows weak scaling with current (a < 0.5).
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* TE does not depend strongly on density, except in T-10 where with central
ECRH TE scales linearly with density.

* The size scaling of TE appears to be weaker than that in ohmic discharges,
although the related data base is relatively sparse (e.g., in JT-60 the incremen-
tal energy confinement time scales as Tjnc — a2 with a weak or no dependence
on R. In TFTR, TE scales as R*ay with a strong R dependence, x = 1.2-1.9,
and with a weak a scaling, y ~ 0.3-0.5).

* The scaling of rE with aspect ratio is uncertain.

There are several scaling expressions (Goldston, Shimomura-Odajima, Rebut-
Lallia, Kaye-Goldston, and others (see Table III-l), that have been used to describe
the confinement data in L-mode discharges (see Fig. III-l [5]). The predictions for
the requirements to achieve a reactor-grade plasma using different scalings diverge
by as much as a factor 2. As will be shown, most of the scalings require plasma cur-
rents in excess of 20 MA for ignition in ITER-like devices for an aspect ratio ~ 3
[7]. A reassessment of these expressions has been done for ITER with relation to the
older data (up to ~ 1984) and new data collected for ITER from recent experiments
(up to ~ 1988). New scaling expressions developed from this assessment generally
show a weaker scaling with current and size than the older scalings and demand an
even higher current for ignition [5].

H-mode discharges have been routinely obtained on a variety of tokamaks with
both closed and open divertor geometries (ASDEX, JET, DIII-D, JFT-2M,
PDX/PBX). L- to H-mode transitions have also been observed in limiter discharges
with auxiliary heating (JFT-2M) and in low-q (low-B) ohmic discharges with a mag-
netic separatrix (DIII-D). The characteristic features of H-mode discharges are as
follows:

* A steepening of the density and temperature profiles at the plasma periphery
is observed with a reduction in electron thermal diffusivity (xe) by a factor of
~ 5 at the plasma edge and a factor of about 2 in the plasma interior. However
in JET, xe + Xi is about 1 m2/s in the plasma interior; it does not change after
the L-H transition.

* A threshold in the heating power required to achieve the H-mode is observed.
The threshold is lower if the ion grad B-drift is in the direction towards the
X-point.

* The MHD instabilities at the plasma surface (ELMs, i.e., edge localized
modes) that periodically degrade the particle and energy confinement in the
outer part of plasma are usually, but not always, observed in H-mode
discharges.

* The quiescent H-mode (without ELMs) is transient in that plasma density rises
continuously (due to outgassing from the wall, beam fueling and improved
particle confinement) resulting in an increase in the plasma radiation losses
which eventually terminates the quiescent H-mode.



DATABASE ASSESSMENT

1 5

10

OS

H-mode

2 x ta(2MA)

A 2MA D 3MA 0 4MA U 4.5MA

10
0 0

F/G. ///-2. Energy confinement time as a Junction oftotal heating power for JET H-mode dis-
charges at different plasma currents. The L-mode Goldston scaling multiplied by two is shown
for comparison [8].

* TE degrades with the heating power in ELM-free discharges in a similar way
as in the L-mode. correlating, however, with a density rise, limited beam
penetration, and enhanced radiation losses as observed in JET (Fig. III-2 [8])
and does not scale with power in discharges with ELMs (ASDEX, DIII-D).

* TE seems to be independent of plasma density for stationary H-modes (with
ELMs), but increases with rising density in non-stationary H-modes.

* TE is proportional to the plasma current.
* TE is roughly proportional to A/'2, where A, is the average atomic number of

plasma ions. In ASDEX, the dependence is stronger: TE - A J .
* Size scaling: from the comparison of ASDEX and JET data, TE is roughly

proportional to R with a low degree of confidence.
* The scaling of rE with aspect ratio is unclear.

The main problems associated with the H-mode discharges are: (i) the
generally non-steady state nature of the quiescent H-mode (without ELMs) with an
uncontrolled density rise (due to outgassing from the walls and beam fuelling) and
increased radiation losses, (ii) the tendency for impurity accumulation in the dis-
charge core, (Hi) a strong modulation of the divertor-plate heat load in discharges
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with high amplitude ELMs, and (iv) a decrease in the coupling of ICRF (and possibly
LH) power to the plasma which is due partially to the contraction of the scrape-off
layer.

Since ITER will have a poloidal divertor and high-power heating with neutral
beams or RF and a-particles, H-mode operation is highly probable. However,
achievement of appropriate steady-state conditions is open to question. Hence the
development of techniques for the control of the H-mode is a task of primary impor-
tance for successful ITER operation. In this regard H-mode discharges with small-
amplitude high-repetition-rate ("grassy") ELMs observed in DIII-D [9] have energy
confinement times only slightly degraded in comparison with those in the ELM-free
plasmas and seem to be compatible with steady-state operation in that the particle
confinement is sufficiently degraded to avoid uncontrolled increase in the plasma and
impurity densities.

A number of operational techniques also appear to allow the improvement of
the global energy confinement time above the usual L-mode values without transition
to the H-mode. These include the use of centrally peaked heating methods (e.g.
ECRH in T-10, ICRH vs NBI in JET, "supershots" in TFTR), pellet or beam
fuelling to obtain a peaked density profile ("supershots" in TFTR, counter injection
in ASDEX, pellet injection with ICKH in JET), stabilization of sawteeth ("monster''
in JET), and divertor operation (enhanced L-mode with divertor in DIII-D and JET
but not in JT-60 which shows reduced (by ~ 10%) confinement times compared to
the limiter discharges). These techniques appear to increase the energy confinement
time by a factor as large as ~ 1.5 (divertor L-mode in DIII-D and JET) to ~ 3
("supershots" in TFTR) compared to the confinement time that would be predicted
using L-mode confinement scalings. (It should be noted, however, that the increase
in the energy confinement time in TFTR supershots and in JET ICRH experiments
appears to be primarily due to an increase in the fast ion stored energy).

III. 1.1.1.3. Status of theory

There is a quite large number of theoretical or semi-theoretical models for
anomalous transport in tokamaks (for a full account, see [5] and [10]). Most of them
are local in the sense that the transport coefficients depend on the plasma parameters
at the same location. The various models can be grouped into three classes:

* Resistive/neoclassical MHD models, in which instabilities are driven by free
energy arising from the pressure gradient via magnetic field curvature (resis-
tive ballooning) or parallel viscosity (neoclassical MHD), the resistivity
gradient (rippling modes at the plasma edge), or the temperature gradient (self-
sustaining magnetic islands with modest stochasticity as considered in the
Rebut-Lallia model). The toroidal and poloidal mode numbers are typically in
the range of 3 to 30 while the electron heat diffusivity xe is 3 to 10 times the
particle diffusion coefficient D in these models.
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* Drift-wave-type instability models, in which instabilities are driven by
nonadiabatic trapped electron effects (trapped electron instabilities), ion tem-
perature gradient effects on ion compressibility (i^-modes), etc. The mode
numbers are of the order of 10 to 500.

* Electromagnetic skin-depth scale length effects, which may be important for
large ?;e = d In Te/d In n.

Although none of the theoretical models is fully proven and many of them are
incomplete, they generally give a reasonable agreement with observations, or at least
with the experimental trends, for a limited range of the data base. For example,
models based on drift wave turbulence effects can describs the dependence of TE

observed in the ohmic regime, TE ~ neq, as well as the degradation of confinement
with increasing temperature. In the Rebut-L-allia model, the role of a critical temper-
ature gradient is crucial and leads to a structure of the thermal heat flux similar to
that obtained when an inward heat pinch is considered. Attempts to describe the L-
to H-mode transitions have been made, but again no generally accepted picture has
emerged. Local transport models often fail to describe the increase of plasma trans-
port towards the plasma edge. This, as well as the phenomenon of profile "con-
sistency", was the reason for introducing non-local transport models. Some of these
models are based on the idea that the transport coefficients should be proportional
to the deviation of the plasma profiles (ne(r), Te(r), or pe(r)) from a "canonical"
shape which is determined by the minimum of the free energy of the confined
plasma. These models lead to a quite good description of the observed plasma pro-
files, and also predict that the transport should be very sensitive to the profile of the
absorbed power. In general, heating the plasma core is favourable for confinement.

Theory-based models are presently not sufficiently validated to be able to
predict the performance of ITER with confidence, but their application to ITER con-
ditions will widen the basis for judging the confinement capability of ITER. It is of
uttermost importance to perform a systematic comparison between theoretical
models and experimental results to clarify the mechanisms prevailing in transport in
tokamak plasmas. This requires a world-wide coordinated effort in collecting well
documented experimental data, including the necessary information on profiles, and
making them available for the validation of theoretical models.

III. 1.1.1.4. Confinement scalings

There have been three approaches to the development of global confinement
scaling expressions. The first has been to develop scalings for energy confinement
by using parameter scans from a specific experiment under, as far as possible, con-
trolled conditions. The second approach has been to develop empirical or semi-
empirical models for energy confinement. These vary from completely empirical
models that involve the statistical analysis of a large collection of tokamak confine-
ment data from a number of tokamak experiments to semi-empirical fits of data from
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TABLE III-1. GLOBAL ENERGY CONFINEMENT SCALING EXPRESSIONS

Neo-Alcator (1979/1982)

rNA ••= 0.07 n20 a R2 q*

Merezhkin-Mukhovatov/T-11 (1980)

_ A * v 1H-3 „ ^0-25 D2.75 n * ,,0.125 »O.5/T0.S
- 4--> x 10 n2o a K q* K Aj / 1 1 0

Goldston (1984)

TG = 0.037 I P-0-5 R1 75 a-037 K0-5 (Ai/1.5)05

Kaye-Goldston (1985)

rKG = 0.055 I 1 2 4 P - 0 5 8 R 1 6 5 a"049 /c0 2 8 n&^

Neo-Kaye (1986)

rNK = 0.063 I1-12

Rebut-Lallia (1987/88)

TRL = 2[1.2 X 10

+0.146 n2
0o

/ = (Ra2<c)1/3

p-0.59 j ^ 1.3 a-0.04 Kl

-2I/1-5(Ai/2)0-5/Z°f?
75 T0.5 n0.5 I2.75 7 0 .
\ X D I *-'cf\

>-28 n0.14

r5 (Aj/2)

A0 5

0.5/pj

Shimomura-Odajima/JAERI (1988)

r s o = 0.085 K a2 A?"5 + 0.069 I n&6 B 0 2 R1-6 a 0 4 « 0 2 A;05 X G(q*,Zeff)/P

G(q*,Zeff)= ZeV [(15 - Ze f f)/20]0 6 [3q*(q*+5V(q*+2)(q*+7)]°6

T-10 (1988)

rr-io • 0.095 a R B K05 (n20/n20) p-'0-4-0-45)

X [Z2
ff I4/(a R q*3

 K'5)](008-0.09)

n20 = 1.3(B/Rq) and n2O/n2o ^ 1 (>-e., for n20 s n20, n20/n20 = 1)
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TABLE II1-1 (com.)

Kaye-All-Simple (1988;

_ n n T0.86 p-0.54 p0.49 a 0.72 .,0.36 n0.1 r»0.25 A0.32
^K(All-simple) — U.I* 1 r K a K 1J2O D Aj

Kaye-All-Complex (1988)

— n <1A7 T<>-85 D - 0 . 5 pO.85 -O.3..O.25 -.0.1 r>0.3 «0.5TK< All-complex) - U.UO/ 1 f K a K n M B A ,

Kaye-Big-Complex (based only on big tokamak data) (1988)

T — n 1fK I0-85 P - ° S O0-5 a0-8 lr0-25 n°> ft0-3 A 0 5

^(Big-complex) - U.1U3 1 V K a K n2o » Aj

Units: mks with I in MA, P in MW, n20 in 1020 m~3, and T10 in 10 keV
•ho = <n e>/102 0 m"3; < n > = volume average electron density,

T|0 = <T>/10 keV; < T > = < n T > / < n > = density weighted average temperature
(T = J. = T).

Reference profiles: a square-root parabolic n-profile and a parabolic T-profile

q* = qcy| s (5a2B/RI)[l + K2 (1 + 252 - 1.263)]/2

q̂  (95%) = q* f(e) = (5a2B/RI) ([1 + K2(1 + 262 - 1.283)]/2j

X [(1.17 -0.65e)/(l - e2)2].

P(MW)= W/rE = 0.24 n20 Tl0 (1 + n/n.) V/TE = Paux + POH + Pa - Prad

= net "heating" power

one or more experiments that are guided, to a greater or a lesser degree, by theoreti-
cal considerations. The third approach has been to use theoretically based transport
models to match the data from tokamak experiments.

The available data base has been significantly extended during recent years due
to data from experiments on large tokamaks (i.e., TFTR, JET, JT-60, and DIII-D).
A reassessment of earlier global energy confinement scaling expressions in relation
to the old and the new data from auxiliary heating experiments has been made for
ITER [5]. The data base contains discharges from a large number of recent tokamak
experiments (ASDEX, DHI, DIII-D, ISX-B, JF T-2M, JET, JT-60, TFTR, etc.).
From this large data base, new scaling expressions have been developed. A list of
both the earlier and the new L-mode scaling expressions is given in Table HI-1. From
a statistical point of view, almost all scalings provide a reasonable fit to the present
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data base. However, it must be emphasized that, because of the large range of data
examined, statistical analyses of "goodness" of fit are not necessarily indicative of
the "true" fit. Detailed comparisons show the non-trivial differences between
various scalings. As a result, the extrapolation to the ITER operating conditions
remains uncertain, because of the widely varying (and different) predictions resulting
from them.

Examination of the relationship between L-mode scaling expressions and the
quiescent H-mode data obtained from three experiments (JFT-2M, DIII-D, and JET)
indicates that the H-mode data globally follow approximately the same parametric
trends as the L-mode scalings. The coefficient of proportionality between H-mode
data and L-mode expressions (i.e., the L-mode enhancement factor "H") varies
from 1.5 to 2.5 [6]. [Typically, H ~ 1.5 for offset linear scalings (Rebut-Lallia,
Shimomura-Odajima) and H - 1.8-2 for most of the power law scalings (Goldston,
Kaye-Goldston, Kaye-Big, etc).]

One of the major uncertainties associated with the empirical or semi-empirical
scaling expressions is the validity of using a power law (e.g. Goldston, Kaye-
Goldston, etc.) versus an offset linear (e.g. Rebut-Lallia, Shimomura-Odajima, etc.)
parametrization of rE. In many experiments (within the presently available power
levels and/or accessible operational regimes) either one of these forms provides a
good fit to the experimental data. It is difficult to make a definitive distinction
between the two forms. Most of the power law scalings have similar trends of the
form TE ~ r P ^ A ? . . , where a ~ 0.8-1.0, 0 - 0.4-0.6, y - 1-1.3, 6 ~ 0.5,
etc. However, the differences are greater for the offset linear forms, especially with
respect to the current dependence. Tinc is proportional to I°L2 for Shimomura-
Odajima (JAERI) type scaling and to I 1 0 L1 s for the Rebut-Lallia scaling.

Another problem of global scalings is that they do not contain sufficient details
to distinguish between different physical regimes. Effects related to profiles are a
typical example. For example, high current operation often implies low edge q, with
the result that the radius of the q = 1 magnetic surface widens and the confinement
region shrinks, causing degradation of confinement which cannot be described by a
scaling that does not include I and q as independent parameters.

III. 1.1.1.5. Conclusions and research needs

Although the available confinement data base is broad, extrapolations for the
ITER operating conditions remains unreliable. Therefore further studies are neces-
sary to understand the transport mechanisms in tokamak plasmas and to refine the
confinement scalings.

Many of the available scaling expressions were obtained on the basis of a
regression analysis of experimental data using a power law parametrization of the
energy confinement time. The plasma current, electron density, plasma size and
other parameters involved in the analysis were considered as independent variables.
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However, the experimental data from each particular machine often contains correla-
tions between the plasma current and the electron density. The data from different
machines usually contains a correlation between the plasma size and current. Also,
the relevant physical parameter dependencies, and possible regime limits may not
have been considered. For these reasons the scaling expressions obtained in this way
cannot be considered as reliable even if they yield good statistical fits to the data
base.

The scaling of energy confinement time (TE) with plasma size (R or a), aspect
ratio (R/a), and current (I) is the most important factor for choosing the ITER
parameters. These dependencies s! ~: *ld be based on comparison of data taken at a
constant safety factor (q ~ 2.5-3), constant collisionality (pg < 1), constant nor-
malized beta [(3/(I/aB)], constant ratio of Larmor radius to the plasma radius (pi/a)
and at a constant ratio of the auxiliary power to the ohmic heating power (PAUX/POH

> 2). The contradiction of ECRH data from T-10 (rE ~ 1° nj with a < 0.5) [11]
to the data from neutral-beam-heating experiments on a number of machines
(rE ~ I1 ° nf) should also be resolved.

The degradation of confinement with auxiliary heating is an important issue
that should be examined in experiments with similar power-deposition profiles at
constant density (ne). Attempts should be made to express the confinement results
in terms of the plasma temperature (and temperature gradient, if it is necessary)
rather than heating power. The scaling of TE with plasma density in the presence of
strong auxiliary heating should be reexamined taking into account the change in
power deposition profile and in the fast ion population.

Experimental validation of theoretical models is of crucial importance. More
attention should also be paid to conceiving crucial experiments that allow one to con-
firm or disprove candidate confinement models or classes of models. A non-
exhaustive list of quantities to be considered includes local steady-state and transient
transport coefficients (xc, Xi> D), fluctuation levels and spectra, the radial electric
field (in particular at the edge for L and H-mode discharges), fast particle transport,
and ion momentum transport.

Although there are indications from various experiments that confinement can
be enhanced without transition to the H-mode by the use of centrally peaked heating,
divertor operation, density peaking, sawtooth stabilization, etc., none of these tech-
niques has been clearly demonstrated to be a universal operating regime for any
tokamak with the appropriate operating parameters. These techniques need to be
tested and developed to the point where they can either be relied upon for ITER, or
discarded. Compared to the L-mode, H-mode confinement clearly offers the promise
of significantly lower design requirements for plasma current and size.

Thus the issues with H-mode confinement such as steady-state operation need
to be developed and resolved so that H-mode confinement can either be relied upon
or discarded as a credible basis for energy confinement for ITER.
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At the present moment it appears appropriate for the baseline concept of ITER
to assume that H-mode-like confinement can be achieved. However, provision must
be made to provide enough flexibility for the device so that it will be possible,
although perhaps only for a smaller number of shots, to reach the required opera-
tional regimes if the full benefit of H-mode confinement can not be attained.
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///. 1.1.2. Fast ion and alpha particle confinement

III. 1.1.2.1. Importance for ITER

The confinement of the fuel (D and T) ions in the energy range of tens of keV
to several hundred keV produced by neutral beam injection and RF wave heating is
an important question for ITER.

As regards fusion alpha-particles, the critical issues are:

(a) the alpha-particle loss induced by the toroidal field ripple,
(b) the corresponding heat load on the first wall and the peaking factor for the heat

load,
(c) the confinement of alpha-particles in the presence of MHD activity such as

sawteeth or fishbone instability,
(d) the enhancement of the radial transport of alpha-particles and anomalous

energy transfer from alpha-particles to plasma due to alpha-particle-induced
instabilities.

The alpha-particle loss due to the toroidal field (TF) ripple is the most impor-
tant issue for the ITER in the short term, because of its impact on the toroidal coils
(number, size, design concept), the heat load on the first wall and the divertor plates,
and the choice of aspect ratio. The effect of alpha particles on MHD limits is
described in Section III. 1.1.4.

III. 1.1.2.2. Fast ion confinement

Fast ion confinement is presently being studied on large tokamaks with intense
heating. In JT-60, fast ions accelerated by ICRF waves were well confined during
combined NB and second harmonic ICRF heatingfl]. Ions with energies approaching
to 1 MeV were observed during ICRF He minority heating in JET[2]. The fast ion
distribution function is consistent with a collisional slowing-down model. This indi-
cates that heated fast fuel ions (D and T) will be well confined and contribute as
predicted to the fusion reactivity.

III.l.'jJ.2.3. Alpha particle confinement

Only theoretical and computational results are available on alpha-particle con-
finement. Althogh there was intially some disagreements, the present prediction for
ripple induced alpha-particle losses, obtained by different groups, have been con-
verged for the cases of INTOR, FER, and OTR (A - 4 and a ~ 1.2 m, where A is
the aspect ratio and a is the plasma minor radius).
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Monte-Carlo calculations for an INTOR-like plasma, i.e., R ~ 5 m, a~ 1.2 m
(aspect ratio of A ~ 4 ) and N = 12 TF coils, indicate that the power loss fraction
F(%) due to the TF ripple would be [3]:

q* «;„ = «iA(«o = 0.75%) F(%)

2.2 0.4 6

2.5 0.4 10

2.2 0.04 3

2.5 0.04 6

Here q^ is the safety factor at the plasma edge (at the 95% flux surface for a diver-
tor configuration), and <5jn and <50 are the TF ripple at the plasma edge at the inboard
and outboard sides, respectively, and din = 5in/<50. Parabolic profiles of density, n,
and temperature, T, were used in the calculation. It was pointed out that the loss frac-
tion (both of power and particles) for large aspect ratios is sensitive to the profile
of the toroidal field ripple and the safety factor. A high peaking factor of the heat
load on the first wall, P ~ 15-30, was found.

For ITER, results based on simplified diffusion models have been presented
[1, 4, 5]. In these simplified diffusion models, three diffusion coefficients are
included depending on the energy range of alpha particles:

(1) Ripple-plateau [1, 4] « E 3 / 2 E s 300 keV
(2) Confined banana [1]/

Resonant banana [4] « E 1 ' 2 - 3 0 0 keV < E < 3.5 MeV
(3) Stochastic diffusion [4, 5] «E 3 ' 2 E S 1 MeV.

Pitch angle scattering, which is not included in the simplified models, is also impor-
tant [6]. Results from using these models imply:

(1) For aspect ratio smaller than 3, the power loss fraction, F, becom s much less
sensitive to the profile of toroidal field ripple, due to the reduction of the diffu-
sion coefficient for the trapped banana particles and the ripple value near the
plasma center.

(2) F may be proportional to A 4 when the collisionless stochastic loss is small.
(3) F increases as qj! with a ~ 5 and 6$ with |3 ~ 2.
(4) F is smaller for a given current density profile as elongation increases because

of the widening of the low-q region with increased elongation [6].
(5) Stochastic diffusion is sensitive to the q-profile.
(6) The dependence of F on N and din (for 0 < dm < 0.5) is weak.
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HI. 1.1.2.4. Conclusions and unresolved issues

If we assume that the allowable power loss fraction due to the toroidal field
ripple is F < 2-5%, for A s 3, a ~ 2 m and q$ - 3, the simplified models sug-
gest that the ripple at the plasma edge should be 50 < 1.5% with din < 0.5. The
results of these simplified models will have to be compared with those of Monte-
Carlo models. The distribution of the losses in the poloidal and toroidal directions
is still uncertain. A better evaluation of the peaking factor and of the location of the
heat load is an urgent issue.

The power loss fraction and the peaking factor depend on the spatial structure
of the TF ripple, i.e. the location of the TF coils. Therefore an iterative improvement
of the specification in collaboration with engineering groups is necessary. The allow-
able absolute value of the power loss should be determined iteratively in collabora-
tion with the plasma-facing components group.
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HI. 1.1.3. Density limit

III. 1.1.3.1. Importance for ITER

The density limit, if extrapolated to ITER conditions using a Hugill-like
scaling, imposes a more stringent constraint on the accessible parameter space for
plasmas having a temperature < T > « 10 keV than the beta limit does. Therefore,
identifying the actual limit for the plasma density in ITER is a crucial issue.
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III. 1.1.3.2. General physical picture

A widely accepted picture of the general mechanism that triggers high-density
disruptions has evolved. In this picture the plasma edge conditions, in particular the
energy balance and related plasma profiles, determine the density limit: the limit is
reached when the conductive energy flux into the edge region is too small to sustain
gradients of the electron temperature and, hence, of the plasma current density, such
that the m/n = 2/1 tearing mode is stable. This will always happen when the edge
plasma outside the q^ = 2 surface becomes thermally unstable because the available
power is insufficient to cover the radiative losses, but transport properties around and
beyond the q^ = 2 surface or charge exchange losses may also be important.

III. 1.1.3.3. Experimental findings

Recent experimental studies of the density limit comprised detailed investiga-
tions of the edge plasma prior to a high-density disruption as well as parameter scans
and statistical analysis of the accessible operating space.

At JET extensive studies of density limit disruptions were performed which
included a detailed analysis of the energy balance [1-3]. The following observations,
which clearly show the role of radiation losses, were generally made in JET high-
density disruptions: (i) Prad = Pin holds at the limit, where Pin is the total input
power and Prad is the radiated power, which is predominantly radiated from the
plasma periphery, (ii) The radiation mantle grows inwards and the disruption occurs
when the q^ = 2 surface is reached. In this picture the density limit should improve
with increasing input power, as is seen in JET and many other devices. Under similar
discharge conditions one would expect, in particular, a scaling n£nt ~ VF^. Such
a scaling was confirmed by old ASDEX data [4]. Recent ASDEX measurements,
performed after a modification of the divertor chamber, show, however, a much
weaker power dependence of n"'\ but under the same conditions (q, Bt, Pin) higher
critical densities are achieved. In these discharges one has Zeff ~ 1.2 and the
results may be indicative of a different mechanism, such as charge exchange losses,
which may dominate over radiation losses in these clean discharges. In Alcator C
pellet refuelling experiments a strong degradation of particle confinement is
observed when the density approaches its critical value [5]. Changes in particle con-
finement may have an impac)t on the energy balance through the recycling and pro-
file changes, as was emphasized 6y Greenwald et al. [6]. T-10 data can be interpreted
in terms of a model which, close to the density limit, leads to strong peripheral heat
conduction and diffusion [7]. As a consequence there is a sharp Te drop at the
plasma boundary if ne is increased beyond a certain threshold value. If this is taken
as a disruption criterion, the scaling n£nt - Ip is reproduced for ohmic discharges.
In view of the present experimental situation it cannot be definitely decided whether
the density limit is always radiative as in JET limiter discharges or whether other
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loss mechanisms become dominant in different devices and under different discharge
conditions.

JFT-2M density limit studies were analysed with a particular regard to the
possible impact of elongation [8]. In ohmic plasmas with 1 < K < 1.5 no clear
dependence of the critical density on elongation was observed. In H-mode discharges
the density limit is not disruptive but is rather given by the maximum density for
which H-mode operation is possible. At this limit transition into the L-mode occurs.

It is generally observed that the density limit improves in pellet-refuelled dis-
charges compared to gas-puff-refuelled ones. This is easily interpreted, within the
above picture, as a profile effect (increase of n£m /nfg e) [1], [4], but the change of
the recycling conditions may also play a role [6].

III. 1.1.3.4. Density limit scalings

Estimations of the critical density in ITER have to rely on scalings for the criti-
cal density. As already stated the classical Hugill limit [9] would be violated in the
ITER ignited mode of operation.

Recently, a scaling similar to the Hugill scaling was proposed by Greenwald
[6] which includes an (additional) dependence on elongation:

ne
criI

20 < aid [MA/m2]; a * 1 (1)

where ne is the line averaged density.

Apart from the beneficial dependence on elongation, the Greenwald scaling is
identical to the Hugill one (amigiii ~ 1-25). It is meant to be universal in the sense
that it is an uppermost limit for all kinds of discharges, in particular also additionally
heated and pellet-fuelled ones. Note that for close to circular plasmas it is somewhat
more stringent than the Hugill limit. Though it was derived from Alcator C,
Doublet III and PBX data, it is also consistent with JET and ASDEX observations
[4], [10]. Like the Hugill limit, the Greenwald limit is a purely empirical fit of a
variety of devices and discharges and has to be interpreted as a description of the
envelope (or part of it) of the operation space under optimum conditions.

A model of a different nature has been proposed on the basis of the JET
studies:

n|rit - 2.5 x 1O» p 2

A/Rab (Z,ffRab (Zeff-1) q j - 2a/b

where Pin is the total input power. It represents a simplified analysis of the edge
energy balance, which uses the observation that close to the density limit radiation
is the dominant loss channel.
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While Eq. (1) gives only an upper limit for the critical density, which is
achieved under most favourable conditions (which possibly do not enter explicitly
into the scaling), n£ril in Eq. (2) is to be taken as the actual critical density in a
discharge, which is characterized by the right-hand side parameters of Eq. (2). Due
to the different character of the two scalings the different parameter dependence is
not necessarily indicative of a contradiction as long as the radiative limit is more
restrictive than Eq. (1) for plasma parameters accessible at present. This is the case
at least for the JET discharges for which Eq. (2) was validated [10].

Equation (2) gives a good description of JET limiter discharges but extrapola-
tion to divertor configurations and ITER parameters is questionable. The Greenwald
limit is hampered by its purely statistical nature and the absence of a supporting
physical picture which would allow an appreciation of the range of validity. When
applied to the ITER ignited mode of operation, both the Greenwald and the radiative
limit are met.

III. 1.1.3.5. Conclusions and R & D needs

Though the basic mechanism that triggers high-density disruptions is under-
stood, there is no sufficiently detailed description that would provide a safe basis for
extrapolation to ITER parameters. For an improved understanding information on
the relative importance of the various loss channels in the plasma edge under condi-
tions close to the density limit is urgently needed. This requires that a JET-like direct
inspection of the power balance be performed in other devices. Concomitantly more
detailed models for the plasma edge will have to be developed to provide a basis for
the needed stability analysis of the edge plasma and the extrapolation to ITER-like
plasma edge conditions. In .this context the presence of the divertor plasma and the
specific requirements for H-mode operation will also have to be considered.
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lil.1.1.4. MHD limits

III. 1.1.4.1. Importance for ITER

The maximum pressure which can be contained in ITER places a fundamental
constraint on its potential. This limit has been found in practice to be described by
a global scaling that is wholly based on first principles in MHD. The global prescrip-
tion, the Troyon scaling, provides a realistic guide to the maximum beta value in
experiments, and coincides with the results of computational studies of the short-
wavelength ballooning and long-wavelength kink mode. More detailed information
is needed for ITER, however, in regard to the dependence of the limit on shape, the
current density profile and super-thermal species (i.e. alpha particles).

III. 1.1.4.2. Experimental results on beta and q-iimits

(1) Dffl-D [1]

In DIII-D, beta and q-Iimits were investigated for H-mode discharges heated
by neutral beams in a divertor configuration. The elongation and triangularity of the
cross section were varied in the range 1.2 < K < 2.2 and 0 < 6 < 0.8, respec-
tively. However, most of high beta discharges were obtained for 1.6 < K < 2.0 and
0.2 < <5 < 0.4. The DIII-D tokamak is operated in a single-null point divertor
configuration and the triangularity for their data is defined by the average,
Supper + 6iowerV2. The triangularity increases with elongation because of the coil
current programming used for DIII-D operation. Low-q discharges were studied in
the same K range, and the bulk of the data for low q lies also in the range
1.6 < K < 2. Here, K, 5 and q^, are defined at the 95% poloidal flux surface.

The operational limit in a /3-IN diagram is shown in Fig. III-3, where the nor-
malized current IN is defined by IN = Ip(MA)/a(m)B,(T). The highest beta value,
/3 ~ 6.8%, was obtained at IN ~ 2.5 and q^ ~ 2.3 and a high beta state with
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F/G. HI-3. /3 vs. //v in Dlll-D tokamak. As g increases, MHD instabilities appear. For
g > 2.4-2.7, large amplitude low-n modes cause beta collapse and disruption. The limit of
lN is 2.5 which corresponds to q^ = 2.2-2.3. Above lN = 2.5, beta value is limited by
energy confinement and available heating power.

g > 2.4 was sustained for 0.7 s. The operational limit in current, IN — 3.2, cor-
responds to q^ ~ 2. The beta limit obtained at q^ ~ 2 is lower than the maximum
value. The beta value at low q may be limited by energy confinement and available
heating power [1] or it may be limited by MHD stability [see 1.1.4.3]. For
IN < 2.5, and 0 > 2.4 IN, a large amplitude n = 2 mode appears, often preceded
by an n = 3 burst; this may cause the observed decrease in energy confinement
time. A locked n = 1 mode can also cause a beta collapse or disruption. Below
0 = 2.4 IN, a small amplitude n = 2 mode and bursts of n = 3 and 4 modes are
observed without degradation of energy confinement.

The highest beta in a fully analyzed shot (shot number 55390) reached g = 2.5
at IN = 2.5. For this case q^ — 2.2. It was studied by using measured kinetic pro-
files of the electron density and temperature. The analysis shows that n = 1, 2 and
3 ideal kink modes are stable without wall stabilization. The infinite n (ballooning)
mode is calculated to be marginal at the inner region of the plasma and it is stable
over most of outer volume (Fig. III-4). The measured electron density is almost flat
near the magnetic axis. The q-profile in this case is inferred from measured kinetic



DATABASE ASSESSMENT 21

profiles and magnetics analysis. It is found to be very flat in the central region, with
a value near unity from the axis to the V v = 0.5 point. The flux surface averaged
current density profile is also found to be flat in the center, decreasing monotonically
to zero near the edge.

The accessible high beta space in DItt-D shows a trend toward lower I, (flatter
j profiles) at high g. This trend is also seen in ideal, linear MHD analysis of the
n = 1 kink mode with wall at infinity and qo - 1. The experimental accessible sta-
ble region also narrows in g-/j space at high g, suggesting that inability to maintain
the highest g values in steady state may be due to relaxation of the current profile
to a less stable form. It is also observed, however, that discharges with low l{ have
a greater tendency to produce locked modes than those with high lv

DIII-D has obtained steady state low-q discharges in elongated configurations,
reaching q^ ~ 1.9 in an elongated single-null point divertor configuration with
K = 2. For low-q, q^ < 3, rE/Ip is reduced by roughly 50% when q^ goes from 3
to 2 in H/D H-mode discharges. This may be due to large sawtooth radius, high fre-
quency of edge localized modes (ELMs), and the large amplitude of these ELMs at
low-q.

12.0

<ha> 55390 at 2700
offer ELM

FIG. III-4. Measured pressure derivative and marginal p' for ballooning mode in DIII-D
tokamak. The current density profile is obtained by magnetic measurement and from measured
kinetic profiles of electron density and temperature. Low-n modes (n S 3) are stable and bal-
looning modes are stable over most of outer plasma volume.
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SHOT 33344 TO 33390
TIME 650 TO MO

FIG. 111-5. g vs. heating power in JFT-2M tokamak. The g-value is limited at g = 2.5. For
the combination of neutral beam and ICRF heating, the g value is limited at g = 2 for most
cases.

(2) JFT-2M [2]

The operational limit of H-mode discharges in JFT-2M was studied for
B, = 0.65 T, 2 < q^ < 3, and neutral beam heating with P ^ , £ 1.4 MW. A
maximum g-value of 2.5 was achieved with half of the maximum beam heating
power. Strong saturation of energy confinement was observed above this power
level. Combining ICRF with the neutral beams to extend the maximum available
power did not help to increase beta. The g value obtained is lower than that for neu-
tral beam heating alone. In most cases of ICRF heating the g value is limited below 2
(Fig. JJI-5). At higher B, (Bt = 1.2- 1.5 T) where the beta value is low, such
strong saturation is not observed up to Phe* = 1.4 MW.

Shots with clear disruptions at the maximum beta are rare even at low q
(q^ < 3). Disruptions occur when B, is lowered around g = 2.5. They are similar
to density limit disruptions.

(3) ASDEX [3,4]

The beta limit was studied in H-mode discharges for 1.2 s B, s 2.7 T,
0.2 < Ip ^ 0.48 MA and neutral beam heating with P ^ £ 4.5 MW. The opera-
tional beta limit is gmt% = 2.8 from diamagnetic measurements and corresponds to
g~ 3.0 if the parallel beam component is included in the plasma pressure. Near this
limit, beta collapse occurs. A nearly steady state is obtained for g £ 0.8



DATABASE ASSESSMENT 23

When g > 0.8 gmax, the high beta state is transient and the beta value decreases to
g = 2.2 after the peak value. Possible explanations are: (a) a reduction in beta due
to broadening of the current density profile caused by impurity accumulation in the
plasma center during H-mode operation [3], (b) direct reduction in the pressure at
the plasma center due to intense local core radiation from these impurities (overall,

Prad < Phea./3) [4] .

The beta limit for q̂  > 3 is usually non-disruptive. Disruption occurs during
the transient phase when q^ < 3.

(4) Summary of high beta experiments

A g-value, p "> 4-2.5 can be obtained for nearly steady state operation. For
2.5 < g < 2.7, -"ng saturation in beta value (JFT-2M) or a beta collapse
disruption occu>. id ASDEX) and higher beta, g > 3, can only be
obtained transient , >i clear whether the transient profile can be sust? .ed by
a careful control of tiw profiles. The limits of IN and qj for high betas win
g > 2.4 are summarized in Table III-2 (<jj * 5 \l~. «t2)a2Bt/2RIp). The condition
qj > 2 appears to describe the limit for the plasma current in the experiments.

III. 1.1.4.3. Theoretical prediction on beta and q:/r.: ts

Since there is no experimental data for K > 2 , only theoretical analysis is avail-
able to predict the beta limit in this case. Beta limits of elongated plasmas due to
low-n kink (n<3) and n=oo ballooning modes have been studied by using three
cases of profiles;

Case 1 [5]: q = <*> + 0.5tf2 + (q^-qo-

Case 2 [6J: q = qo + 0-5^2 + (q*-qo~

or q-profile obtained from j = j 0 ( l - ^* 1 ) " 2 at low beta,
p = optimized profile for ballooning mode with reduction

near the plasma edge to stabilize kink modes

Case 3 [7]: <j-B> = <B. v<j>> j 0 ( l - ^ " 1 ) " 2

p = optimized profile for ballooning mode with smooth
reduction for 0.8 < ^ < 1

where ^ is a normalized poloidal flux function for 0 < t£ < 1. The safety factor
at the magnetic axis, qo, is chosen to be between 1.01 and 1.05 for the most of the
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FIG. III-6. P vs. Kfor qt ~ 3. The curves (1), (2) and (3) denote the profile cases 1, 2 and
3. For cases 1 and 2, the aspect ratio is A =3 and A = 3.3 for case 3. The envelope of beta
limits for different equilibria gives almost constant limit for 2 < K < 2.5.

cases to avoid local interchange modes. Cases with q0 < 1 have been studied
separately [8]. The plasma shape is specified by the formulae,

and

R = Ro + a cos(0 + 5sin0)

sin 9

Equilibria are calculated in a fixed plasma boundary and q^ at the boundary is inter-
preted as the value at the 95% flux surface in a divertor configuration. The aspect
ratio, A = R^a, is chosen about to be 3 for ITER.

Figure ni-6 shows beta limits for A = 3 (Profile cases 1 and 2) and 3.3 (Pro-
file case 3) a; a Junction of elongation, K. The safety factor q^ is chosen as 3. For
cases 1 and 2, there appears a maximum in beta. The corresponding value of K
depends on the choice of pressure profiles. Case 3 shows a monotonic increase of
the beta limit with K for K < 2.5. The envelope of the maximum points appears to
give an almost constant beta limit for 2 < K < 2.5. For K < 2.5, the beta limit
decreases mainly due to the external kink mode. It may be possible to enhance the
beta limit for 2 < « <2 .5 by shaping and by careful optimization of the pressure
and current density profiles. The g-limits for q^ > 3 as a function of K are shown
in Fig. ni-7. For K < 2, g takes values between 3 and 3.8 depending on the profile.
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The difference is mainly due to different profiles near the plasma edge. For K > 2,
g decreases as K increases. The average of the 3 cases gives

g

3.4 for K < 2 and 3,

- 9.12 + 12.3K - 3.02K2 for 2 < K < 2.5 and

For K s 2, the g-limit due to external kink modes is insensitive to triangularity, d,
for q^ > 3 and high magnetic shear (low current density) near the plasma edge.
The beta limit can be increased if the plasma current increases as d increases for a
fixed q .̂ However, the stability of internal modes strongly depends on 8 when
q0 > 1 [8]. The g-limit increases with 5. A flat pressure profile near the axis is
helpful for reaching higher g (and /3).

Figure III-8 shows the dependence of g on qj for case 1 profiles for a wide
range of K and 5. The range of constant g is limited by qj — 1.8 which is close to
the experimentally obtained limit (see Table ni-2). In experiments (e.g. in DIII-D),
q, - 1.8 corresponds to q^ ~ 2.3. However it corresponds to q^ ~ 3 for some
parameter sets of the case 1 equilibria with K up to 2.5 and S up to 0.5. The value
q^ is sensitive to details in the q-profile near the plasma: edge. The beta limit is
found to be quite sensitive to the assumed wall position for low q (2 < q^ < 3).
The results of an analysis in this region, using profiles of the type in case 1 and ITER
parameters (A=2.9, 2 < K < 2.5, 6 = 0.4), are shown in Table ffl-3.

2.5 3.0

FIG. ttl-7. g vs. Kfor q+ £ 2, g reaches about 3.4 on average and decreases for K > 2.
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I . . . . I . . . . I

IS 2.0 2. 5 SO1.0

FIG. III-8. q vs. % for profile case 1. The square and cross symbols denote cases for
q^ a 3 and q^ < 3, respectively. The maximum g-value is almost constant (~3.5) for
qj £ 1.8.

These results reflect the fact that there is less flexibility at low-q for obtaining
large value of shear with q0 constrained to be above unity and q^ to be near 2.
A clear trend emerges from these low-q calculations indicating that increased g is
correlated with sharply increasing shear near the edge through an increase in K.

The theoretical stable g values for low-q cases in ITER with wall at infinity
are close to the stable values reported for DIII-D[1 and 1.1.4.2], although DIII-D
has a somewhat lower aspect ratio. The experimental results also suggest that the
beta limit is sensitive to the magnetic shear (or the current density profile) and pres-
sure derivative of the outer plasma volume. When the central current density or q0

is limited by sawtooth oscillations, impurity accumulation or slow current penetra-
tion, the experimental current density and q-profiles become flat near the center and
peaked near the plasma edge. For such profiles the marginal pressure derivative is
small at the center and large near the edge. The limit of average beta can be large
for these profiles because of the volume weighting effect.

In the analysis of experiments and in theoretical calculations, functional forms
for the current density profile are assumed. The use of self consistent current profiles
including the effect of classical or neoclassical resistivity, bootstrap current, or other
current drive, and of sawtooth oscillations may be necessary. In the low-q region
(2 < q^ < 3) the results are sensitive to assumptions about the conducting wall.
The effect of plasma shape is also important. For a given current profile, elongation
and triangularity weaken the magnetic shear near the magnetic axis . In this region,
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TABLE III-2. q-LIMITS IN EXPERIMENTS

Device

DIII(NB)

PDX(NB)

PBX(NB)

ASDEX(ANB)

JFT-2M(NB+IC)

DHI-D(NB)

A

4

3.2-4.0

4

4.1

4.3

2.7

K

1.6

1

2.0

1

1.5

2.0

Ttnax*
' N

1.1

0.6

1.5

0.5

1.0(0.8)**

2.5

2.0

2.1-2.6

2.1

2.3

1.9(2.4)

1.9

I™"* is the maximum normalized current above which disruption or serious beta degra-
dation occurs.
Long duration with ELMs.

TABLE IU-3. g-LIMIT IN LOW-q REGION

K g (wall at infinity) g (wall at aw/a=1.5)

2 < 1.8-2.3 <3.6

2.25 <2-2.4 <3.8

2.5 <2.5 <3.3

the marginal pressure derivative for MHD modes becomes small and the peaking fac-
tor of the pressure, < p 2 > / < p > 2 , is about 1.2 for the optimized profile for bal-
looning, internal and external kink modes. If we assume the pressure profiles of the
form, p = po (1 - ^) 2 ' 2 and Po(l - 0)1-5 , the g-limit is reduced from 3.5 to 0.6
and 1.4, respectively, for case 1. The optimized pressure profile with g ~ 3.5 is close
to p = p0 (1 - \J»)° 7. A peaked current profile is favorable for sustaining a peaked
pressure profile near the plasma center to enhance the fusion power, although the
total beta is less due to the reduction of the marginal pressure in outer portion of
plasma.

III. 1.1.4.4. Beta limit of fast alpha particles

Calculations have been done for circular cross section and simplified magnetic
surfaces. The limit for the central beta of the fusion alpha-particles, due to the fish-



28 CHAPTER IU

bone instability, is j3a(0) ~ 1-4% [9]. This implies that there is a limit on the cen-
tral electron temperature, typically at Te(0) ~ 30 keV. A higher value can be
obtained if the magnetic shear near the axis is high. A stable window for the sawtooth
and fishbone modes was found for a particular range of the amount of the trapped
fast ion density [10]. The interaction of trapped energetic particles with kinetic bal-
looning modes has been studied for a non-circular cross section. A preliminary result
shows an improved limit from finite Lamor radius effects and a reduction of this limit
due to alpha particles.

III. 1.1.4.5. Conclusions and future work

There is no experimental data for high beta operation with K > 2. Thus only
theoretical analysis can be used to predict the beta limit for ITER in this range. Ideal
MHD theory predicts a decrease in g for K > 2 and an almost constant beta limit.
For a particular class of model profiles, however, the beta limit increases with K.
The theory also predicts the deterioration of stability (or of the g-value) for peaked
pressure profiles. This is an important issue to be studied in more detail for an evalu-
ation of fusion power consistent with the beta limit. High beta experiments for K > 2
are needed to compare with theoretical predictions in this region. Detailed compari-
son of theoretical predictions with experiments is urgently needed. There are almost
no experiments that explore beta limits with heating techniques other than neutral
beams. Such experiments are needed. In addition, continued experimental works to
establish the detailed dependence of g on plasma shape and q for elongations
around 2 are important for ITER.

Theoretical work should focus on improvement of beta limit models, through
the specification of realistic current density profiles, study of non-ideal [11] and non-
linear effects, and exploration of q o < 1 regime. At the same time, the existing data-
base of computational studies should be expanded to better serve anticipated
variations which will arise during the ITER study.

Analysis of alpha particle effects is especially important for ITER. The
preliminary prediction of the beta limit for alpha particles is less than or marginal
for the ITER reference parameters, tie ~ 1014/m3 and Te(0) - 30 keV. The
effects of varying q and elongation should be studied and, to some extent, an estimate
should be made of the effect on the short wave-length modes.
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III. 1.2. Poloidal field design

///. 1.2.1. Importance for ITER

The poloidal field (PF) system provides and controls the plasma equilibrium
throughout the plasma operation cycle. In addition to the basic operation scenarios,
a variety of operation modes must be possible in ITER, both to cope with the physics
uncertainties and to optimize the cycle for ignition and technology phases. The PF
system must cover these modes . The PF system must also control the vertical posi-
tional instability which is intrinsic to elongated plasmas. Furthermore, knowledge of
the dynamical behavior of the plasma during disruptions is required to assess the
effect of disruptions on ITER.

A topic of special importance for ITER in the PF design area is the determina-
tion of volt-seconds capability required to accomplish the ITER objectives. This con-
sideration plays a major role in determining the size of the OH solenoid, and hence
some of the fundamental parameters of the device.

III. 1.2.2. Present status of PF modelling capability

2-D free boundary equilibrium codes are used to provide an initial PF system
design. The codes solve the Grad-Shafranov equation with boundary conditions for
the geometry and locations of the PF coils, and use prescribed flux linkage and
plasma conditions. These equilibrium codes are well developed and verified by com-
parison with experiments. Tnese comparisons show that the accuracy of the code is
satisfactory for use in the ITER design, typically 5-10% [1-4]. It has also been
shown that a small anisotropy of the alpha-particle pressure and possible distortion
of the axisymmetric magnetic field by kink mode perturbations lead to errors less
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than 1 % [3]. Anisotropy due to fast ions generated by neutral beams used for current
drive can lead to an outward shift of the magnetic surfaces, which is at most 10 to
20% with respect to isotropic equilibria. Plasma rotation by neutral injection can also
modify the equilibrium substantially. This effect cannot yet be quantified accurately,
and a study of this problem is necessary.

The PF design begins with the specification of the parameters that quantify the
plasma operational scenario, i.e., the evolution in time of plasma configuration and
size («, 5, R, a ), the current wave form Ip(t), the pressure waveform /8p(t), and the
plasma current density and pressure profiles j(^,t) and p(^,t), respectively, where
\p is the normalized plasma poloidal flux. Equilibrium calculations are then done for
these parameters, and they provide the currents in each PF coil at each instant in the
time sequence. This sequence of plasma equilibrium snapshots, when viewed at
appropriate time intervals, defines the PF coil current evolution required for the
specified scenario and is the basis for further engineering design. The major uncer-
tainty during this procedure arises from the pressure and current profile in the ITER
plasma, for which working assumptions must be made. The poloidal field system
must be designed such that it has the capability to cope with these uncertainties.

Equilibrium control is another important function of the PF coil system. This
includes (i) control of the plasma shape, i.e., plasma size, elongation, null point loca-
tion, separatrix shaping, (ii) radial position control, (iii) vertical position control, and
(iv) start-up and shut-down control. Except for point (iii), the snapshot equilibrium
calculations using the 2-D equilibrium code are satisfactory to obtain a starting point
for the definition of the design concept.

However, more sophisticated calculations for the dynamic behavior of the
plasma during start-up and shut-down , for vertical stability, and for disruptions are
required for the detailed design of the PF system. Two-dimensional equilibrium
codes coupled with a transport model, circuit equations and simple models for the
conducting structures surrounding the plasma, have been developed for this purpose,
e.g., TSC and PROTEUS. These models have been validated by comparing with
start-up and disruption dynamics in TFTR, DIII-D and JET, and reasonable agree-
ment has been obtained [1,5]. For example, in TFTR start-up simulations, the time
evolution of the current profile can be reproduced, well, by TSC. However, some
adjustment of the modeling parameters is necessary to match the data. Thus, predic-
tions of the modeling which are sensitive to the current profile at the plasma edge
(such as details of the volt-second balance or plasma shaping characteristics), must
be treated with caution. These aspects of the modeling are sensitive to the way in
which the plasma energy transport and current penetration are modeled. Here, fur-
ther calibration of these modeling aspects against data from large tokamaks experi-
ments and improvements in the physics to include effects due to anomalous current
penetration will make the detailed predictions of coupled equilibrium-transport codes
more useful for PF system design.
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It is expected that such calculations will play a central role in future design
studies, although they require much more computation time than simple 2-D
equilibrium codes.

Vertical position control has so far been analyzed using a rigid plasma motion,
which is reasonable when the plasma displacement is small. The dynamic plasma
modelling codes mentioned above need to be applied to this problem and to that of
the plasma disruption, where the dynamical motion of the plasma plays an essential
role. Codes for the detailed analysis of eddy currents induced in the structures sur-
rounding the plasma, e.g., finite element modelling, are also essential for vertical
stability and disruption analyses, but the full incorporation of such codes into plasma
dynamic analysis codes has not yet been done.

HI. 1.2.3. Status of volt-second consumption estimates

The plasma volt-seconds consumption consists of transient inductive and dis-
sipative resistive components. The inductive component may be estimated reasona-
bly well using the equilibrium codes discussed in 1.2.2. Estimation of the resistive
part requires either a validated empirical scaling, or a validated model for the current
penetration process.

III. 1.2.3.1. Empirical scaling

There are differences in interpretation.of the existing database, in part because
some large tokamaks may not have sufficient pulse length to reach resistive
equilibrium. Two methods are generally used for estimating the volt-second require-
ments, an axial loss approach [6], which identifies the resistive loss as the axial
consumption, f dt V^,(0,t), and another which uses energy balance (Poynting
theorem) [7].

The resistive V-s loss may be directly measured in the Poynting model, but
the model has been shown to be approximate [8]. The axial loss approach is rigorous,
but uncertainty is introduced because modeling is required to apply it.

An empirical scaling formula obtained by fitting results from DIII(-D), TFTR,
JT-6O and JET, of the form: A*(surface) (VS) = (0.98 ± 0.25) MoIUp, has been pro-
posed [7]. An optimised variant uses a value 0.75, rather than 0.98 in the formula.
This is based on the lower bound of the data (from DIII-D and JT-60), and on TSC
calculations for the ITER BDE device [9].

The resistive volt-seconds consumption has initially been estimated using a
global model in which the plasma temperature and therefore resistance are deter-
mined by neo-Alcator scaling. This model has been calibrated using data from
JFT-2M and JT-60. This model predicts the resistive volt-seconds consumption
should be about 0.15 I ^ / i for ITER parameters [10].
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These emp<. ical estimates for the resistive consumption in ITER vary from 20
to 75 V s . and represent an uncertainty of about 25% in the total volt-seconds
requirement.

Direct empirical scaling to estimate the volt-seconds requirement is compli-
cated by the fact that there is a 30-50% scatter in the data for total V-s consumption
and 100% variarion for the resistive component. For example, the resistive volt-
seconds required to reach 6 MA in JET have been found to vary by a factor 2
[P. Noll in 1], depending on the scenario and the degree of MHD activity.

III. 1.2.3.2. Semi-empirical modeling approaches

The empirical estimating procedures described in [7], and [9] assume 'slow'
current penetration, defined as a current rise not strongly influenced by MHD
activity. ('Fast' current rise is defined as a discharge in which MHD activity is
important.) The 'slow' or 'fast' description is not uniquely determined by the ramp
rate, since strong gas puffing or other techniques may be used to hold down Te and
avoid disruptions.

Transport simulations are relatively well validated in the 'slow' regime, so
studies have been conducted for ITER with the ID TT code using the T-ll model
[11], the 1.5 D WHIST code with the neo-Alcator model [12], and the 2D TSC code
[13], using the Tang-Coppi model. Depending on the model, predictions for resistive
V-s consumption range from 19-64 V-s, and the A¥surface/Ip ratios range from 5.3
to 6.2.

The case of a 'fast' current rise cannot at present be reliably simulated. JT-60
has observed MHD-assisted current penetration with low resistive dissipation [14].
This picture might be applicable for ITER. WHIST simulations of the physics
phase configuration, indicate that ramping from a starting point of 3 MA to 22 MA
in 44 s will result in strong skin currents with a neo-Alcator model for energy
confinement [11].

A map of the q(0)-q(a) operating space for JET has been established [15],
showing the boundaries between stable and unstable start-up regimes. It is not clear
at present which start up regime is most suitable for ITER current ramp.

It is not clear whether MHD-dominated start-up increases or reduces volt-
second consumption, and it has not been demonstrated that ITER can rely on MHD-
dominated start-up even if it is shown to be favorable.

III. 1.2.3.3. Margin for ITER volt-second; requirements

LH ramp up assist may be capable of providing additional margin for the volt-
second balance. The use of LH ramp during the initial phase of the discharge could
save volt-seconds if the higher estimate of the volt-seconds consumption proves to
be necessary [16]. This possibility has been experimentally demonstrated in JT-60,
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where 1MW, of LH current drive injected for 1 second resulted in an increase of
about 1 V-s, without any change in the current ramp rate [17].

III. 1.2.4. Conclusions and development needs

Two-dimensional free boundary equilibrium codes are satisfactory for PF sys-
tem design as an initial starting point. They also provide the initial basis needed for
further engineering design to meet a variety of operational requirements for ITER.
Some modifications of the PF requirements may be necessary due to the effects of
anisotropic pressure and plasma rotation produced by neutral beams on the equilibria
and these should be identified. For detailed design, the dynamic behavior of the
plasma during the operation cycle, vertical instability and disruption need to be
examined. Development of the codes for these issues is now in progress and further
model validation and improvement is necessary. Codes for calculating induced eddy
currents are well developed and are being applied to study vertical positional instabil-
ity and disruption effects. Analyzing the dynamic behavior of the plasma in conjunc-
tion with a detailed description of the eddy currents induced in the conducting
structures around the plasma will be a major future task.

The examination of start-up data from large tokamaks with respect to the resis-
tive / inductive volt-seconds division, and the delineation of stable and unstable oper-
ating space is needed to establish the ITER volt-second requirements more
accurately. Much of this data already exists, and it need only be re-analysed from
this viewpoint.

Experiments on the assisted ramp using LH current drive are especially needed
for evaluating this method for ITER application.
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III. 1.3. Current drive and heating

///. 1.3.1. Importance for ITER

The ITER heating and current drive systeffTl must be designed to assist in start-
up and current ramp-up, heat the plasma to ignition, assist the inductive current
ramp-up, and drive the full plasma current non-inductively in steady state operation.
The physics basis for the use of neutral beams (NB), lower hybrid waves(LH), elec-
tron cyclotron waves (EC), and ion cyclotron waves (IC) in ITER is discussed in this
section. The neoclassical bootstrap current is also potentially important for ITER.
To date, the most definitive experimental work on the bootstrap current has been
done in conjunction with NB heating and current drive. Hence, the evidence for the
bootstrap current will be reviewed together with the NB data base in Section 1.3.2.1.
Start-up assist will be necessary to guarantee plasma initiation at low loop voltage,
even when ITER is poorly conditioned after a shut-down or a disruption. Assistance
during current ramp-up will conserve volt-seconds and allow the attainment of the
higher plasma current planned for the extended operation scenarios, and also allow
an extension of the length of the burn. Auxiliary heating will be necessary to obtain
an ignited plasma or a high Q driven plasma in ITER. Steady-state operation will
allow high neutron fluences, and provide realistic conditions for nuclear testing in
the ITER technology phase. While all of these issues are addressed below, steady
state current drive is clearly the most demanding of these tasks and is treated in more
detail.

HI. 1.3.2. Neutral beams

Neutral beams would be used on ITER for central current drive and plasma
heating. Important issues include the current drive efficiency that can be expected
in ITER with neutral beams, the required beam energy, and the neoclassical boot-
strap current, which has to date been observed primarily in neutral beam heating and
current drive experiments.
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III. 1.3.2.1. Neutral beam and bootstrap currents

The evaluation of the current driven by neutral beams (NB) is based on
neoclassical theory. Showing the consistency between experimental results and theo-
retical predictions is important in estimating the neutral beam current for ITER.

Experiments of non-inductive current drive by NB have been done in TFTR
[1,2], DIII-D[3] and JET[4]. In TFTR the surface voltage changes drastically during
beam injection. As the poloidal beta is increased the surface voltage becomes nega-
tive even for balanced injection. This suggests that a bootstrap current (BS) plays a
significant role in driving the current. To quantitatively understand the driven cur-
rents in these plasmas, the poloidal flux diffusion has been modeled by a time-
dependent 1.5-dimensional transport analysis. The results show that the measured
surface voltage is well matched when the model includes both the neoclassical BS
and beam-driven currents, but does not agree well in the absence of the BS current.
The plasmas do not reach a resistive equilibrium during 0.7 s NB injection. The BS
current reaches ~50% of total plasma current at the end of NB injection in some
cases. An analysis of the radial profile of the plasma current shows that the BS cur-
rent plays a significant role in driving current in the outer region of the plasma.

A plasma current of 340 kA has been sustained in DIII-D by 11 MW of NB
injection. The poloidal beta reaches 3.5, corresponding to e/8p = 1.1, which sug-
gests that plasma enters the second stability regime. Preliminary estimates using a
simulation code give a beam current of 280 kA and a bootstrap current of 60 kA.
In JET up to 14 MW of NB has been injected into plasmas with currents up to 4 MA.
Experiments have been performed in both L-mode and H-mode discharges. The
measured currents can be explained best if both BS and beam currents are taken into
account. The BS current amounts to about 30% of the plasma current. In H-mode
discharges the bootstrap current is expected to run mainly in the edge of a plasma
cross-section, because of the strong gradient in density in the edge for the H-mode
discharges.

Detailed analyses of the experimental results on NB non-inductive current
drive in large tokamaks show that the experimental results are consistent with
neoclassical theory, i.e., the experimental results fit best with calculations which
include the beam driven current, the BS current and plasma rotation effects.

III. 1.3.2.2. Cross-section for neutral beam penetration

The dominant contributions to the beam stopping cross-section used in previ-
ous calculations are due to ionization and charge-exchange collisions between plasma
electrons and ions with beam atoms in the ground state. With high plasma densities
and high neutral beam energies, multistep processes, such as excitation and subse-
quent ionization or charge-exchange, are expected to significantly contribute to the
beam attenuation and enhance the effective cross-section for ionization.
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The penetration of a fast D° beam into a plasma consisting of D + , T + , elec-
trons, He + + , and highly charged impurity species (e.g., C6 + , N8 + , Fe26+) was
calculated [5]. The result can be compared with that of the Boley code [6], and the
both results differ only by 18%, which is within the combined uncertainties in the
two codes. The problem of the multistep collision processes is being reconsidered
and a code is being developed to calculate the effective rates of multistep ionization
and charge exchange of NB, line radiation power, and spectral line intensities in a
tokamak plasma [7, 8].

Generally good agreement is obtained in that the effective ionization cross-
section is enhanced by a factor of 1.4-1.6 for E - 1 MeV, Zeff ~ 2, ne ~ 10l4 cm"3.
It was also concluded that, for energies above 100 keV/amu, the atomic physics
cross-section incorporated into the calculations has an accuracy of — 15%.

III. 1.3.2.3. Alfven wave instability

Alfven wave instabilities are predicted to occur when the beam velocity injec-
tion exceeds the Alfven velocity. This may increase the rate at which beam ions slow
down and thus decrease the current drive efficiency.

There are results from the T-l 1 tokamak experiment in which the beam injec-
tion velocity is greater than the Alfven velocity, and the energy spectrum of charge
exchange neutrals parallel and perpendicular to the toroidal field was measured.
These spectra have been compared to those obtained from numerical calculations of
the ion distribution function (Fokker-Planck code) [9], and it was concluded that
slowing down and pitch angle scattering of fast ions from the beam were not affected
by any anomalous process. This suggests that the occurrence of Alfven wave instabil-
ities is unlikely in the ITER plasma.

A second analysis is based on the numerical solution of the quasilinear equa-
tions to which the wave energy density equations for compressional and shear Alfven
wave instabilities are coupled [10]. This analysis indicates that the enhanced slowing
down of the super-Alfvenic component in T-l 1 can be inferred from the ratio of the
levels of the sub-Alfve'nic and super- Alfve"nic beam components. A preliminary anal-
ysis following these lines indicates that the fast ion current may be reduced by about
25% in ITER, compared to neoclassical prediction.

Further investigations including both experiments and theory are urgently
needed to clarify this issue.

III. 1.3.2.4. Plasma rotation

Plasma rotation, induced by NB injection, has been observed in many devices.
Plasma rotation tends to reduce the relative speed of NB with respect to the plasma
and therefore the current drive efficiency is deteriorated.
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The relaxation of toroidal plasma rotation produced by NB injection in toka-
maks has been studied theoretically [11]. The theory is based on anomalous turbulent
viscosity. The two mechanisms that have been considered are field line reconnection
on a collisionless skin layer scale and drift wave turbulence. Both can explain the
experiments to some extent.

Central rotation speeds have been studied by using data from ISX-B, PLT,
PDX, Dili, JT-60, and TFTR [12] for a wide range of plasma conditions. The con-
clusion is that, for estimating the central rotation speed in ITER, it is appropriate
to assume the momentum confinement time r^ equal to the energy confinement
time, TE. The projected central rotation speed for ITER is then v^ = 3.1 X 105 m/s,
i.e. only 29% of the thermal velocity and only 3% of the beam velocity. Such a rota-
tion speed will not affect beam attenuation, the beam deposition profiles, or the cur-
rent drive efficiency to any significant degree.

The present experimental data show that the momentum confinement time does
not exceed the energy confinement time. On this basis the effects of plasma rotation
in ITER should be small.
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HI. 1.3.3. Lower hybrid waves

The database on the use of lower hybrid (LH) waves has been enriched con-
siderably in the past few years in different domains (a detailed review can be found
in [1]) A wide experimental database related to various applications of current drive
schemes is now available, efficiencies of the order of those expected in reactor appli-
cations have been reached, and theoretical understanding and experiments have con-
verged satisfactorily. Efficient electron heating has been achieved, and LH waves
have been shown to be a tool to stabilize sawteeth, and decouple the current profile
from the temperature profile. Understanding of LH physics is good in general; an
area requiring further work is the cause of the spectral broadening for which several
explanations are proposed which still lack experimental verification.

Ill. 1.3.3.1. Current drive schemes

Recent achievements have extended the range of quasi steady-state driven cur-
rent to higher values during longer times: 2 MA have been driven by LHW alone
for 2 s in JT-60 and the device has been operated fully non-inductively (ramp-up and
flat top) for a duration of 8 s, by the injection of a total of 17 MJ of LH power.

In current ramp-up experiments, the power conversion efficiency from RF
injection to the power fed into the poloidal field ranges from 5% to 50%. Trans-
former recharge, with counter electric fields of the order of one tenth to one third
of the ohmic field has been routinely performed. The experimental results of differ-
ent groups have demonstrated the capability of assisting inductive ramp-up with
lower-hybrid current drive (e.g. PETULA) to save volt-seconds in present devices.
The possibility of current drive at densities < N > - 1020 m"3 provided the fre-
quency is high enough, has been clearly demonstrated (Alcator-C 2.45 GHz, PET-
ULA 3.7 GHz, FT 8 GHz). However, apart from a Stellarator experiment (WEGA),
only one start-up experiment with LH waves alone has been reported (PLT).

III. 1.3.3.2. Current drive efficiency

The effective current drive efficiency yc(t = < n > RIdrivei/Pinjected. i" the
absence of an electric field, has reached 7eff - 0.3 x lO^A-m^-W"1 in JT-60.
This value approaches the range of interest for ITER. The functional dependencies
of 7eff has been investigated by several groups and found in good agreement with
the theory In particular, the experimental results of PLT, using three different grills
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with two frequencies, are in good agreement with the expected dependence on the
boundaries of the wave spectrum and in good quantitative agreement with the theo-
retical values. In general, the theoretical and experimental progress made in the last
few years in the domain of current drive in the presence of a toroidal electric field
has advanced to the point that the models represent correctly the experiments.

III. 1.3.3.3. Electron heating

High electron temperatures have recently been reached by lower hybrid heat-
ing in different experiments:
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Efficient electron heating by symmetrical wave spectra was observed in earlier
experiments and has been confirmed by the recent JT-60 results and, at high densities
( < n e > ~ 1020 m'3), by Alcator-C results.

III. 1.3.3.4. Sawtooth suppression and profile tailoring

Lower hybrid waves in the current drive mode have shown their ability to sup-
press sawteeth in tokamaks. This feature has been demonstrated and systematically
investigated in several experiments: Alcator-C, ASDEX, HT6M, JT-60, PETULA,
and PLT [4]. The most frequent mechanism is a well diagnosed enlargement of the
q = 1 surface, although stabilization occurs in some case without change of the
q = 1 surface. Strong variations of the internal inductance lj are achieved. For cur-
rent drive (i.e. unidirectional) spectra, 1( usually decreases with Pinjected/<ne>
(JT-60, ASDEX, PLT [5]) and with NB (ASDEX). The change in lj, Alj, can also
be positive (Alcator-C) when the current is driven outside the (ohmic stage) q = 1
surface (central flattening and shrinking of the current profile in the outer regions).

Temperature profile tailoring by variation of the launched spectrum has been
clearly demonstrated in ASDEX [2].

Ill. 1.3.3.5. Confinement and impurity behaviour

Improved confinement with respect to ohmic plasmas in lower hybrid current
drive operation has been reported in several cases. These results, although not yet
understood, lead to the tentative conclusion that an improvement of the global con-
finement time can appear in the regimes where the contribution of fast electrons to
the stored energy is appreciable.
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Alcator-C, which operates at high power density and at the limit between ion
and electron regimes, reported strong impurity increases attributed to surface heating
of the limiters by non-thermal electrons. Earlier results [3], showing that there is
generally no strong impurity injection observed in LH experiments in the electron
regime were confirmed at lower power densities. However, at the highest power
densities (greater than required for ITER) strong impurity injection was always seen
in the electron regime [6].

III. 1.3.3.6. Theory and modeling

The theory of current drive, in particular with LH waves, has developed a vari-
ety models which now cover most of the situations of interest [7], and have been
applied to model experimental results in f 1]. The existence of an upper density limit
for current drive (roughly proportional to the square of the operating frequency) has
been confirmed in all recent experiments. In experiments that used several different
frequencies (PETULA: 1.3 and 3.7 GHz, PLT and Versator II: 0.8 and 2.45 GHz,
JFT-2M: 0.75 and 0.2 GHz). In previous and recent experiments the critical density
agrees with the predicted "switch-over" density nso [8].

The role played by the accessibility condition, which prevents the penetration
of very fast waves to the plasma core and limits the current drive efficiency, and the
functional dependence of the accessibility condition have been well documented (e.g.
PLT [5], JT-60 [2], ASDEX, PETULA [9]).

To fit many experimental results, however, the value of Nj used in the model-
ling has to be increased with respect to the launched spectrum by a factor ranging
between 1 and 2 or more ('spectral broadening' effect). Understanding the spectral
broadening is mandatory for extrapolations to reactor grade plasmas since it could
be either deleterious (by shifting the LH waves outside of the spectral region favora-
ble for current drive), or beneficial if it occurred in the plasma interior since it would
then favor the penetration.

Several mechanisms have been considered which may cause this effect but
experimental evidence allowing the identification of the prevailing effect is still
lacking.
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III. 1.3.4. Electron cyclotron waves

Four possible tasks have been identified for the ITER electron cyclotron heat-
ing and current drive system. These are pre-ionization and start-up assist, plasma
heating, profile control, and bulk current drive. Here we review the physics basis
for each of these tasks.

III. 1.3.4.1. Pre-ionization

Electron cyclotron power has been successfully used to assist start-up in toka-
mak plasmas(l-6]. Electron cyclotron power aids in break down of the fill gas near
either the first or second harmonic resonance surface, and supplies heating power
to support ionization, charge exchange, radiation, and transport losses during the ini-
tial phase of the discharge before there is adequate current to provide good plasma
confinement. Of particular relevance to ITER are the experiments in the CLEO toka-
mak [1]. This experiment demonstrated EC assisted start-up by the injection of the
O-mode at the fundamental from the low field side — exactly the scenario envisioned
for ITER. The loop voltage was held below 0.2 V/m during the plasma break-down
and start-up, a factor of 6 below the lowest values achieved without EC assist. It was
determined that, even at'the lowest powers investigated (60 kW), the loop voltage
was essentially independent of the EC power. In the CLEO experiments putting the
resonance on the outboard side of the plasma reduced the effectiveness of the ECRH
assisted start-up because of the outward radial drift and consequent rapid loss of elec-
trons produced in the electron cyclotron resonance layer. Once the resonance was
removed from the outboard wall, the loop voltage and rate of rise in the plasma cur-
rent were found to be nearly independent of the resonance location. This suggests
that it will be possible to put the resonance near the inboard limiter in ITER, an
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attractive scenario as it will allow the use of the same frequency for both ECRH-
assisted start-up and current drive at up-shifted frequencies. However, start-up on
the inboard limiter may result in a large plasma that will require excessive auxiliary
power. Results from CLEO and other EC assisted start-up experiments need to be
compared with theoretical treatments of EC assisted start-up [7], and further experi-
ments of RF assisted start-up need to be carried out on large machines.

III. 1.3.4.2. Heating

There have been many experiments with electron cyclotron resonance heating
[8]. Perhaps the most impressive results are from the T-10 tokamak [9]. Central elec-
tron temperatures of up to 10 keV have been obtained by injecting power
predominantly in the 0-mode at the fundamental cyclotron frequency from the low
field side of the torus at angles nearly perpendicular to the magnetic field. The heat-
ing results are insensitive to the displacement of the resonance zone out to a "critical
radius" near the q = 2 surface. In experiments on DIII-D the H-mode was obtained
with 1 MW of electron cyclotron heating alone. In these experiments the microwave
power was launched from the outside of the torus in the X-mode at about 17 degrees
from the perpendicular, with absorption at the second harmonic resonance layer. In
contrast to the experiments on JFT-2M [8], the H-mode was most easily achieved
by heating near the plasma center (inside the q = 1 surface). Less ECH power was
required to achieve an H-mode transition with ECH heating alone than is required
with neutral beam heating.

III. 1.3.4.3. Profile control

Electron cyclotron power has been successfully used to suppress sawtooth
oscillations on T-10, DIII-D, JFT-2M, and TFR. It has also been used to suppress
rn = 2 activity on T-10, and to suppress ELM activity on DIII-D. In the experiments
to date it has not been possible to separate possible effects on various instabilities
due to modification of the temperature, pressure, and current profiles. Successful
profile control in ITER will require suppression of sawteeth, m = 2 activity, and/or
ELMs by electron cyclotron current drive. Modification of the temperature or pres-
sure profiles is unlikely to be effective since the amount of power that can reasonably
be devoted to profile control is small in comparison to the alpha particle heating
power.

HI. 1.3.4.4. Current drive

The Fisch-Boozer mechanism for driving current with electron cyclotron
waves was first demonstrated on the Culham Superconducting Levitron [10] in a
relatively cold, optically thin plasma. The X-mode was launched from the low field
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side of the resonance, but was able to tunnel through to the electron cyclotron
resonance. Probes were used to measure the driven current in the neighborhood of
the electron cyclotron resonance. This current was observed to change direction as
the probes were moved across the the resonance as predicted by the theory. The
driven current scaled linearly with T '̂rie as predicted by the theory, and the magni-
tude of the current was consistent with the theoretical predictions.

Many of the more recent EC current drive experiments in tokamaks have
suffered from a lack of optical depth, r. In a tokamak reactor the direction of the
driven current is determined because T will be large compared to one, and the elec-
tron cyclotron waves will be absorbed before they cross the resonance. The energy
of the resonant electrons tends to scale as Te In T, SO the current drive efficiency
improves with increasing r, first because the canceling current lobe from the far side
of the resonance is largely eliminated when T > 1, and (for r > 1) because the elec-
tron cyclotron wave is absorbed on higher energy electrons.

Experiments in small tokamaks at low density do not satisfy T > 1. In these
experiments it is necessary to apply the electron power to a distribution function that
is already asymmetric in order to achieve measurable current drive efficiencies. In
experiments in WT-2 and WT-3 electron cyclotron power has been injected into a
low density slide-away discharge. The plasma current is them maintained and
ramped up with the OH system completely switched off. However, the current drive
efficiency was several orders of magnitude lower than lower hybrid current drive
efficiencies in the same devices. When electron cyclotron power is applied together
with lower hybrid waves, the incremental current from the electron cyclotron waves
is generated with an efficiency that is similar to th(at with which the lower hybrid
waves drive current. This result is consistent with theoretical predictions. Theory
also predicts similar results when EC power is applied together with IC current
drive.

Experiments have not yet been performed in plasmas with large optical depths.
However, electron cyclotron current drive experiments with r somewhat above one
were carried out in the CLEO tokamak. The X-mode at the second harmonic was
launched from the outside of the torus at 22 degrees from the perpendicular. Electron
cyclotron current drive was observed. However, the observed current drive effi-
ciency was about a factor of three below theoretical predictions. This discrepancy
can be explained as a result of radial transport of the current carrying electrons.
While this process in important in small experimental tokamaks, it is not expected
to be important in reactors. A significant bootstrap current was expected in the elec-
tron cyclotron current drive experiments on CLEO, and was not observed.

Theoretical studies [11] indicate that the optimum scenario for EC current
drive in ITER is at frequencies upshifted by 30 to 50% relative to the cyclotron
frequency on axis. These scenarios require injection at oblique angles (30°-40°
to the perpendicular), and yield current drive figures of merit in the range
<ne>IR/P - 0.2-0.3X1020 A-m^-W"1. Both relativistic and toroidal effects
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were included in making these estimates. The upshifted scenario was found superior
to downshifted scenarios (which yield current driv; figures of merit of only about
0.08) in part because this scenario minimized the deleterious toroidal effects
associated with electron trapping, and in part because relativistic corrections (impor-
tant when N|j is of order one) improve the current drive efficiency for upshifted
scenarios, while they degrade the efficiency for downshifted scenarios. Fundamental
cyclotron resonance absorption is preferable because this minimizes parasitic absorp-
tion of EC power through higher harmonic resonances before it reaches the fun-
damental resonance zone. Another important effect is the collisional transfer of
momentum from the energetic electron tail that carries most of the EC-driven current
to the bulk electrons. This momentum transfer term has been neglected in Fokker-
Planck studies employing a linearized collision operator. When it is retained, one
finds that the bulk electrons carry an additional current that is smaller by a factor
of order T/Er than the current carried by the high energy tail. Here Er is the energy
of the tail electrons. In present day experiments T/Er > I, so this correction is
small. However, in ITER T/Er will not be small, and this additional current carried
by the bulk electrons can increase the current drive efficiency by as much as 50%.
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III. 1.3.5. Ion cyclotron waves

The physics basis for plasma heating with ion cyclotron (IC) waves is due to
experiments in PLT, TFR, JFT-2M, JT-60, etc.[4], and, more recently, JET, TEX-
TOR, and ASDEX. The most important recent results on IC heating have been
obtained in JET with a large ICRF system (8 antennae feed by 32 MW generators in
w/coci frequency range, 23 to 57 MHz [1, 2]). High power IC heating with up to
17 MW of injected power has been successful in heating plasmas in contact with a
toroidal belt limiter. The antenna screen played the role of a first wall. With RF heat-
ing alone, central temperatures of Te = 10 keV and Tj = 8 keV were achieved.
Hydrogen minority heating at moderate plasma currents gives the highest incremen-
tal energy confinement times (rE = 0.34 s). In these discharges "monster" saw-
teeth that lasted up to 3 s were obtained. The anisotropy of the highly energetic
minority ions may provide the mechanism for stabilizing the sawteeth.

Peaked density profiles created by pellet injection have been reheated by IC
waves. The profiles were sustained up to 1.3 s with a substantial improvement in the
energy confinement time. A fusion product, nTrE, of 2.2 X 1020 m"3-s-keV, the
highest value for JET limiter discharges, was obtained for these conditions. When
Ip/B0 = 1MA/T, the stored energy was up to 50% greater than the Goldston
L-mode scaling. This is due to transient stabilization of sawteeth and to a significant
energy content, Wf, in the minority particles accelerated by RF (up to 20% of the
total stored energy). Wf scales, as expected, with Tg/2/ne, suggesting that the slow-
ing down time of the fast particles (up to 5 MeV) is classical. Up to 60 kW of fusion
yield was obtained in D(He-3) operation.

The physics of wave propagation, absorption, mode conversion, power deposi-
tion profiles, antenna-plasma coupling, eigenmode formation and quasilinear effects
with IC waves is well understood and may be confidently extrapolated not only for
bulk heating in ITER but also to some aspects of importance for possible application
to current drive. The modeling of IC waves is well developed and fits the experimen-
tal results very well [2, 3].

Impurity and density release is an important problem, and has recently been
studied in further detail by investigating the effect of kj-shaping and of the direction
of polarization (angle of slits in the screen) with respect to Bt01. In TEXTOR it was
found that the interaction with the wall (density rise, impurity generation) is signifi-
cantly reduced when operating a pair of loops out of phase O) as opposed to in phase
(0). The oxygen radiation was significantly lower with TT phasing. A further
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improvement in the wall interaction was made possible by an appropriate choice of
wall conditioning (wall carbonization with the liner at 400°C) or, boronization [5].
As a result very low values of Prad/PtO| were achieved during ICRH and routine
long-pulse ICRH operation (> 1 s) was possible at the highest power levels avail-
able on TEXTOR, Prf = 2.5 MW. In JET, the impurity contamination was reduced
when elements of the Faraday screen were aligned parallel to the total magnetic field
(thus confirming earlier T-10 results) and also when dipole operation was used. This
suggests that, due to imperfections in the screen, the antenna launches some power
in a slow wave component which is responsible for the impurity production.Experi-
ments with a beryllium screen are in preparation on JET. TFTR plans to use a carbon
plated screen [6, 7]. These experiments should help clarify the role of impurity
release from the antenna screen.

In summary, impurity contamination, in the presence of ICRH, has been
reduced to a low level (a) by covering the rods of the Faraday shield and the first
wall (carbonization, boronization) with low Z materials, and (b) by shaping the
kji-spectrum of the waves. However, it is necessary to understand the physics of
impurity release during IC wave launching in more detail.

It has been proposed to use low frequency (w ~ uci) fast waves (LFFW) in
order to drive current in the plasma core during burn in ITER. Fast waves, in fact,
have a much higher density cut off than slow waves. The lack of success in previous
high frequency fast wave current drive experiments may be attributed to parasitic
coupling between the fast and slow waves. More promising are the LFFW with fre-
quencies lower than a few times the ion cyclotron frequency (< 100 MHz for
Bo = 5T) [4, 8]. They are damped by electron Landau damping or, in a hot plasma
(> 10 keV), by electron transit time magnetic pumping (TTMP). Current drive (CD)
would then be achieved by pushing superthermal electrons, and the CD efficiency
is predicted to be slightly better than for LH slow wave current drive. Most signifi-
cantly, the slow wave does not propagate in a high density plasma when
u> ~ o)Cj, so parasitic coupling to the slow wave can be avoided, and no density and
temperature limitations are foreseen. Experiments with fast wave current drive evi-
dently have broken through the LH density limit.

Fast wave CD experiments in large tokamaks ( a - 1 m) at temperatures
~ 10 keV are urgently needed to demonstrate their potential for ITER.
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III. 1.3.6. Conclusions and research needs

The present physics database supports both lower hybrid and neutral beams for
non-inductive current drive, but neither appears to be well suited for the whole job.
LH waves, in the ITER application, will not penetrate to the core of the plasma and
therefore are best applied to drive current in the outer part of the plasma. Also, LH
is the best candidate for providing the current ramp-up function. NBs, given a nomi-
nal energy of 1 MeV, will penetrate to the core of the plasma, but if beams of this
energy are used to drive current in the outer part of the plasma the shine-through
would be unacceptable. Therefore, the combination of the two techniques will pro-
vide an efficient and effective current drive function on ITER. Initial breakdown of
the plasma, profile control and disruption control appear to be best provided with
EC, perhaps in combination with LH. Therefore, presently the primary heating and
current drive option for ITER is NBs for driving the current in the core of the
plasma, LH for driving the current in the outer part of the plasma and the combina-
tion of LH and EC for startup and profile control. Two additional scenarios would
replace the neutral beams for central current drive with either EC or IC waves. The-
ory supports EC and IC for current drive, but both require an improved experimental
data base to become a primary choice for the ITER application.

Though the primary option is defensible from the point of view of current the-
ory and experiments, substantial work is required to fully develop the reference
option and alternates. Generally, more operational experience with current drive and
steady state operation is required for all the systems under consideration. The contri-
bution of bootstrap current is of primary importance.

Studies of Alfve'n wave instabilities that may be driven by the beam ions are
urgently needed, since such instabilities may limit the NB current drive efficiency.
Electron cyclotron waves show promise of an improved reactor interface, while ion
cyclotron waves show promise of improved performance. These methods also pro-
vide back-up central current drive options in case NB current drive proves infeasible.
High priority must be assigned to experiments to improve the present state of
knowledge for electron and ion cyclotron current drive before the end of the ITER
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design period in 1990. Other needed work includes further studies of LH and NB
current drive, and of the role of the bootstrap current. The combination of EC cur-
rent drive with LH and IC current drive shows promise and deserves further study.
Finally, more operational experience with non-inductive cm rent drive and steady-
state plasma operation is needed. Here the term "steady-state" means plasma opera-
tion fully sustained by non-inductive current drive for times exceeding the resistive
skin time.

The thick vacuum vessel required to withstand the forces expected in disrup-
tions on ITER severely limits the loop voltage available during start-up. Hence, RF
assist for plasma formation will be required. RF current initiation may also be impor-
tant. There is some experience in these areas with both EC and LH systems.
However, insufficient attention has been paid to both experimental and theoretical
investigations of RF plasma formation and current initiation, and more work is
needed in these areas.

The use of localized heating and/or non-inductive current drive to control
MHD activity also requires more attention. Active control of the current profile with
non-inductive current drive should allow higher plasma beta and a reduced disruption
frequency.

While an extensive data base exists for heating with all methods, more study
of LH heating would be useful for understanding direct ion heating in large and
medium sized devices, and to investigate coupling of LH waves to H-mode plasmas.
Investigations of electron cyclotron heating in the downshifted mode may prove use-
ful if high frequency RF sources cannot be developed on an appropriate time scale.
Many questions remain to be resolved with respect to ion cyclotron heating, includ-
ing the impact of the plasma edge on IC coupling, control of edge conditions by
appropriate wall conditioning, and/or spectral shaping. The compatibility of IC heat-
ing with H-mode operation remains in doubt. Further modeling of the plasma edge
(and validation of these models) is needed to understand the role of IC power in
impurity generation. Other methods of plasma heating, such as ion Bernstein waves
and Alfven waves, should be investigated. Finally, the impact of RF power that is
not absorbed in the plasma core needs to be defined. Such RF power may be
absorbed on walls and increase the first wall heat load, or ionize neutrals in the diver-
tor area and interfere with helium pumping.

III. 1.4. Impurity control and exhaust of power and particles

///. 1.4.1. Importance for ITER

The basic requirements in this area can be summarized as follows:

(i) Exhaust of the non-radiated plasma heating power (i.e. a-particle power plus
additional absorbed power) in such a manner that the peak loading of the diver-
tor plates does not exceed about 10 MW/m2.
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(ii) Exhaust of helium gas in order that the D/T fuel does not become over-diluted
with helium ash, which occurs typically at about 10% He concentration. The
method adopted must be compatible with practicable pumping speeds, e.g.
several 100 m3/s of He.

(iii) Control of the ingress of impurity ions into the main plasma in order to avoid
excessive values of Zeff, plasma pressure and radiation losses from the core
plasma. The acceptable concentration of low Z impurities in the core is
~ 10 2 and that for high Z * 10A.

(iv) Erosion rates of the plasma facing components must be compatible with
reasonable operational lifetimes.

(v) The concept must be compatible with the requirement for the plasma confine-
ment (i.e. L, enchanced L and H modes), with the range of plasma conditions
and power injection requirements envisaged during start-up, burn, current
drive and shut-down and also with D/T gas exhaust requirement arising from
fuelling (e.g. by gas puffing) and control of the density profile (e.g. by pellet
injection).

(vi) Both the space and the power requirements of the system should be as small
as are practicable.

Both experiments and modelling show that a poloidal divertor operating in the
regime of substantial localised recycling has the highest potential for meeting these
needs and so the present data base assessment is concerned predominantly with
divertor performance.

III. 1.4.2. Discussion of the database

III. 1.4.2.1. General aspects of divertor performance

Experimental:

Tokamaks with poloidal divertors have operated for more than 10 years, and
ASDEX, JFT-2M, JT-60, DIII-D, and JET have been successful in achieving
cleaner plasmas than could be attained in their limiter configurations. This extends
into high power regimes (3.5 MW in ASDEX, 10 MW in DIII-D, 26 MW in JET
(see F.Wagner et al., N.Ohyabu et al. and A.Gibson et al. in [1]), and 30 MW in
JT-60 (see N.Hosogane et al. in [2])), where Zeff < 2.5 was achieved. Usually to
get below Zeff = 2, the main plasma density must be high which facilitates attain-
ment of the regime of high recycling within the divertor. The high recycling regime
attained in ASDEX, Dili, DIII-D, and PDX resulted in flux amplification factors
FA (i.e. the ratio between the ion flux to the divertor plate and that which leaves the
core of the plasma) of about 20. An increase of more than a factor of 10 in the value
of FA is required for ITER. Due to flux amplification, the plasma temperatures at
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the sheath adjacent to the divertor plate are relatively low and lie in the range of
10-40 eV. The gas pressure in the divertor was about 10'3 torr. In general, about
30 to 50% of the power flow into the divertor was dissipated by radiation from
hydrogen and impurities. These poloidal divertors have operated effectively in both
L and H-mode discharges. For L-mode, more than 50% of the input power was
exhausted, but the direct application of I.-mode experimental data to ITER is not
straightforward because of differences in such properties as radial energy transport,
collisionality of the edge plasma, impurity and hydrogen radiation losses and type
of heating power (a-particles instead of beams). A tendency for transition into the
H-mode in ITER seems to be likely in view of the usual traits of the H-mode, namely
operation with a divertor (with good retention of recycling neutrals) in conjunction
with high heating power.

Modelling:

Simulations of divertor and plasma edge conditions based on a fluid treatment
of electron and ion transport are in broad agreement with the experimental results
especially when allowance is made for experimental uncertainties. 2-D numerical
models can therefore be used with a moderate degree of confidence to predict power
loading and plate erosion in a reactor [3] despite the evident fact that they do not
adequately describe some of the detailed behaviour observed in experiments and that
there are no experimental data for the relatively high temperature divertor plasmas
expected in ITER. Of particular significance is the uncertainty (a) in simulating
impurity transport, (b) of characterising transport of particles and energy in the fluc-
tuating edge conditions observed in experiments (particularly in the H-mode), (c) of
accounting for the poloidal asymmetries in edge behaviour, (d) for allowing for the
effects of non-ambipolarity in plasma transport as well as (e) for the effects of weak
collisionality and (f) in simulation of the detailed aspects of the sheath and presheath
regions. Advances have been made in modelling each of these issues but at present
no code can take account of all of them. Furthermore, no experiment has so far been
able to compile the breadth of diagnostic data that allows the edge plasma codes to
be validated in detail. Finally, there is no model that provides a consistent treatment
of transport from the plasma core to the divertor plates nor is there any treatment
of the 3-D nature of the problem.

Analytical modelling of high recycing conditions has been developed to the
stage where it can now simply and quickly reproduce 2-D numerical data to within
the precision needed for initial design studies (this approach has been used for ITER
— see Chapter VI, Section 1.2). Sensitivity studies, for reactor relevant power
levels, imply that reduction of the edge plasma density produces a strongly non-
linear increase in the sheath temperature and an even greater non-linear increase in
the release rate of impurity ions from the divertor plate.
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III. 1.4.2.2. H-mode operation

Operation in the H-mode poses substantial problems for impurity control and
exhaust. In quiescent H-mode discharges impurities tend to peak on the axis (G.Fuss-
mann et al in [1]). This causes severe radiation losses and, in a reactor, it would
severely limit the allowable impurity concentration in the edge plasma. In H-mode
discharges with edge localized modes (ELMs) the impurity problem is relatively less
severe, although the impurity radiation generally increases with time during the dis-
charge. However, in some tokamaks, e.g. JFT-2M, it reaches a steady level. Due
to the low Z of the plasma facing components in both JET and DIII-D, radiation in
these experiments is concentrated in a shell of a large minor radius.

During H-mode operation with ELMs, the divertor power loading fluctuates
by more than a factor of 10, with bursts of power exceeding 50 MW/m2 for about
10 ms. The most attractive operating condition for ITER would be the "grassy ELMs
regime", i.e. rapid fluctuations with relatively small excursions in power flow. In
order to initiate ELMs, and possibly attain this grassy regime, it is usually necessary
to increase recycling in the region between the torus wall and the separatrix, possibly
by gas puffing or else by judicious insertion of a limiter into the scrape-off region.

In quiesent H-modes, the power scrape-off width appears to be reduced by
about 50% from its L-mode value. There is some ambiguity in identifying the loca-
tion of the peak power load on the plates. In DIII-D (D. Hill et al. in [2]) it shifts
about 1.5 cm from outside (L-mode) to inside (H-mode) of the separatrix strike
point. This shift does not seem to occur in ASDEX.

III. 1.4.2.3. Single- and double-null configurations

Experimental:

There is a scarcity of recent data for comparing single-null (SN) and double-
null (DN) open throat configurations relevant to ITER. Early work done on PDX
and ASDEX relates to constricted throat divertors with circular cross section plasmas
and relatively low heating powers. This lack of data may soon be rectified by single
and double X-point studies in JET. The power loading of the divertor plates in both
configurations usually shows asymmetries resulting in higher loadings (70% for the
SN and somewhat greater for the DN) on the outboard divertor plates. ASDEX [4]
and JTF-2M [5] have shown that this asymmetry can be reduced in the single-null
configuration by having the ion grad B drift direction pointing away from the diver-
tor. Conversely, attainment of the H-mode in ASDEX is facilitated if the drift is
directed towards a SN divertor.
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Modelling:

«
If no account is taken of plasma drifts, then modelling of single-null configura-

tions indicates that there is an asymmetry of power to the inner and outer divertors
[3]; more power flows to the outer plate. However, a recent calculation (M. Petravic
et al. in [6]) indicates that ion drifts due to the electric field and pressure forces in
the scrape-off region may displace the divertor power load. Numerical simulations
on the DIII-D (M. Petravic et al. in [2]) show qualitative agreement with the experi-
ments. A simple form of this drift in the ion energy conversation equation can also
provide a possible explanation of the symmetry of the heat flux to the inner and outer
divertor plate in the JFT-2M experiment (N. Ueda et al. in [2]). However, further
studies are needed to elucidate the effects related to the ion drifts, such as the vis-
cosity and also the effects of potential on parallel electron heat transport.

The double-null configuration is more complex to model and so far no
allowance has been made for drifts. The results indicate that the up-down symmetry
tends to reduce the peak power load relative to a single-null configuration [3] (if the
effects of drifts are neglected) but in view of the uncertainty of this comparison it
is concluded that the likely difference in SN and DN performance may be slight.

III. 1.4.2.4. Divertor geometry

Experimental:

It is envisaged that ITER will have an open-throat divertor (similar to INTOR)
and support for this conclusion is provided by the effective divertor performance
demonstrated in DIII-D, JET and JFT-2M. Power loading in the ITER divertor will
be reduced by inclining the plates to the magnetic surfaces but this causes the field
lines to intercept the plates at grazing incidence (=1°). Thus minor misalignments
and also field ripple produce toroidal asymmetries in the power load. These have
been observed in DIII-D (S. Allen et al. in [7]) and also on the limiter plates of
ALT-II (D. Goebel et al. in [2]). The time averaged power load can also be reduced
by sweeping the plasma across the divertor plates. Sweeping of the X-point has been
demonstrated in JT-60 [8] and also in DIII-D [D. Hill et al. in [7]) where the sweep-
ing amplitude exceeded the power scrape-off width by a factor of 5 to 10. Some
attention has been paid to the effect of varying the spacing between the null-point
and the plate. Increasing this spacing in JFT-2M (M. Mori in [7]) increases the dura-
tion of the H-mode and reduces the content of heavy impurity ions in the plasma.

Modelling:

Two-dimensional models confirm that, for reactor relevant conditions, D/T
neutrals are well retained in the open throat divertor even at null-point to plate spac-



DATABASE ASSESSMENT S3

ing of 0.3 m. Neutral helium is less well retained. Modelling also indicates that the
rentention of impurity ions is improved if the recycling D/T neutrals are retained
within the divertor. There is at present a difference in opinion about the effects of
outward inclination of the divertor plate because results from Princeton predict that
such inclination causes a substantial reduction of recycling but, for reactor-like con-
ditions, the other codes indicate only a slight reduction [3]. However, a recent calcu-
lation from Culham (M. Harrison and E. Hotston in [7]) indicates that a substantial
increase in the peak temperature at the plate and an increase in peak power loading
can occur if the plate is moved too close to the null-point.

III. 1.4.2.5. Spacing between separatrix and first wall

Experimental:

This spacing at the mid-plane has ranged from about 1 cm in ASDEX to over
20 cm in JET and it has been shown to effect the attainment of H-mode confinement
probably due to the reduced ingress of recycling neutrals from the wall when the
spacing is large. If the recycling from the wall exceeds 20% of that in the divertor
then the H-mode can not be attained in PDX. In the open-throat configuration of
DIII-D, reduction of the spacing can improve gas retention in the divertor and
thereby enhances the ability to attain the H-mode provided that there is no substantial
increase in wall recycling.

Modelling:

Both modelling and extrapolation from experiments indicate that the width of
the outer power flow layer in the mid-plane of ITER will be less than 1 cm but the
density scrape-off layer could be 5 to 7 cm wide. Sufficient space, e.g. 10 to 20 cm
at the outer mid-pane, should be provided in order to suppress particle recycling at
the wall and to facilitate attainment of the H-mode, and also to minimize the energy
of atoms that return and sputter the wall. The required spacing increases with
decreasing ne. It is also necessary to ensure that the density at the RF antenae is
compatible with that required for power coupling to the plasma.

III. 1.4.2.6. Helium exhaust

Experimental:

There is a sparcity of data from divertor experiments. Results from Dili are
conflicting in respect to the enrichment of helium observed in the divertor chambers.
Results from scoop limiters, e.g. TEXTOR, indicate that pumping can be adequately
described by Monte Carlo calculations.
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Modelling:

Validation of the DEGAS Monte Carlo code has been performed in DIII-D
(S. Allen et al. in [2]), using the observed distribution of hydrogen radiation. Monte
Carlo calculations for ITER-like geometries [3] indicate that optimisation of plate
and pump-duct geometries influences both the helium enrichment in the exaust gas
and the required pumping speed. The most serious uncertainties arise from the trans-
port of helium ions, not from that of neutral helium. There is a lack of data on the
helium confinement time in the plasma core and on the ability for helium ions to flow
along the scrape-off and enter the divertor. Present modelling of the transport along
the field [3] implies that the concentration of helium ions at the divertor plate will
be substantially less than in the main plasma which, if true, would lead to a very sub-
stantial increase (about 10 times) of the required pumping speed. However, the
models are uncertain and experimental data are urgently required.

III. 1.4.2.7. Divertor plate material

Experimental:

If recycling within divertor can reduce the plasma temperature at the sheath
to about 20 eV (e.g. a flux amplification of several hundred in ITER) then the low
sputtering yields of high Z metals (e.g. tungsten) offer the prospects of low erosion
of the plate but at the risk of introducing powerfully radiating impurities into the
plasma core. Nevertheless relatively clean, high power (30 MW) discharges have
been obtained in JT-60 (N. Hosogane et al. in [2]) even when significant areas of
the molybdenum plate structure were exposed to the divertor plasma. However, the
operational range of high Z materials is limited by the strongly non-linear increase
of the sputtering yield with increasing plasma temperature and also by the onset of
self-sputtering. It is therefore considered that the risk of plasma contamination is
high in ITER and that low Z materials, particularly carbon and carbon-based compo-
sites are desirable, at least initially. This choice is supported by the experience
gained in divertor discharges in DIII-D and JET and by limiter discharges in TFTR,
JET and TEXTOR.

Modelling:

Two-dimensional modelling of gross erosion in ITER-like conditions indicates
that the physical sputtering and self-sputtering rates are very high, e.g. about 1 m/a.
To this must be added erosion due to hydrocarbon formation and due to particle
induced sublimation. Erosion is also substantially enhanced if oxygen is present in
the divertor plasma. However, it may be expected that operating in the high recy-
cling regime will substantially reduce the net erosion because the ions of sputtered
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material will recycle along with the D/T and thereby be redeposited on the plate close
to their emission site. In addition, it should be noted that sputtering yields are much
reduced if the incident particles graze the plate at angles less than about 5°.

III. 1.4.2.8. Erosion and redeposition

Experimental:

Studies have been performed in Pulsator, TFR, PLT, DUE, ASDEX, TEX-
TOR, JET and TFTR (see for example Ref. [9]). It is evident that erosion dominates
in those locations which are subjected to bombardment by hot plasma. There is a
scarcity of data concerning the reduction of erosion by redeposition but some evi-
dence (G. Matthews in [2]) indicates that, at least for a iimiter, the trends can be
explained by a relatively simple model. There is a growing data base on the nature
of redeposited material and also on the associated issue of the co-deposition of fuel
and its likely impact upon both the inventory of trapped fuel and outgassing. The
migration of divertor material to the first wall which was observed in ASDEX (W.
Wang et al. in [2]) and the redistribution of limiter/wall material in JET [10] indicate
that such effects would be important if different materials are used in ITER and could
lead to contamination of the start-up limiter.

The concept of using a screen of liquid eutectic droplets as a limiter has been
successfully demonstrated in T-3M [3]. However, the high sputtering yields and
powerful radiating properties of reactor relevant liquid metals, e.g. tin and gallium,
imply that this method for eliminating erosion problems requires substantial develop-
ment and improvement before it can be considered for ITER.

Modelling:

Calculation of the net erosion of divertor plates in ITER-relevant conditions
[3] indicates that redeposition could reduce erosion by about a factor of 20 in the
case of carbon but substantially more for high Z elements (because of their smaller
mean free path for ionisation). However there are significant uncertainties in the
models, especially in the transport of impurities along and across field lines, and
there is an urgent need for model validation based on experimental data.

III. 1.4.2.9. First wall erosion

In ASDEX the flux of atoms to the first wall is about 1020 m2/s. In the case
of a reactor, the predicted fluxes are comparable [3] and the energy distribution of
the atoms and hence heir ability to sputter depends upon how well they are retained
within the relatively cool scrape-off plasma. In INTOR-like conditions, the rate of
erosion of the stainless steel wall was predicted to be less than 1 mm/a and that of
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freely radiating graphite is about 2.5 mm/a. This may be an underestimate for ITER
because of operation at lower ne. Modelling [3] predicts that substantial local erosion
is to be expected during pellet injection if the pellet does not penetrate deeply.

III. 1.4.2.10. Localized loads

The need for first wall protection in ITER arises (a) from the intense transient
loads of particles and radiation expected during disruptions (see Chapter III, Sec-
tion l.S), (b) from the localised loads of ripple induced losses of energetic alpha-
particles (see Chapter III, Section 1.1.2.) and (c) from the highly localised loading
due to runaway electrons. Energetic particles may also be present at the divertor
plate; non-thermal ions were observed in ASDEX and highly localised suprathermal
electrons have been reported both from JT-60 and ASDEX during lower-hybrid cur-
rent drive.

III. 1.4.2.11. Fuelling

There are three requirements for fuelling. The first two are to replace the D
and T fuel burned in fusion reactions,

rg» = rf> = 3.6 x 1017 Pfe (MW) [atoms/s]

and to replace the D and T which are exhausted together with the helium ash which,
for equilibrium burn conditions, must be removed at the rate

The exhaust flux of D and T is sensitive to the particular device (e.g. divertor geome-
try, pumping performance for D, T and He neutrals) and also to any differences (as
yet ill-understood) in the effective confinement times of D, T and He ions. Typically
rf,e*> = rj?x) * 10 r&x)- The flow of exhausted D and T hence dominates the rate
of fuelling.

The fuel ions must penetrate the hot reacting core of the plasma but it is
expected that this can be achieved by edge fuelling relying on radial inward diffusion
of ions. The obvious requirement is that the inward drift time be smaller than the
fusion reaction time (of order of 100 s) and this does not appear to be demanding.
It is concluded that gas puffing into the divertor should be the main method of
fuelling because this is compatible with high recycling divertor conditions, is proba-
bly compatible with H-mode operation and does not enhance charge exchange ero-
sion of the first wall.

The third requirement is to build up and (in conjunction with exhaust of D and
T) to control the density of the plasma during the start-up, burn and shut-down



DATABASE ASSESSMENT 57

phases of operation. If strongly peaked density profiles are required then some form
of core fuelling must be provided. The most highly developed method of core
fuelling and that envisaged for ITER is pellet injection but it is uncertain whether
the pellet penetration will be adequate for the production of strongly peaked profiles
during burn. There is evidence, e.g. from ASDEX (O. Gruber et al. in [1]), that
pellet injection can, by steepening the density profile, improve confinement, but on
the other hand, it introduces transient effects and it may also tend to lower the density
of the plasma edge and thereby degrade divertor performance.

Alternative methods of fuelling are:

(i) Radially injected nert-al beams which have the advantage that the physics
issues are sufficiently well established to confirm that this system will provide
core fuelling. However, the beam energy has to be high (= 200 keV) and so
the power requirements are also anticipated to be high, typically 200 MW to
steepen the density profile appreciably. Thus, irrespective of considerations
regarding circulating power, this might easily overheat the core plasma as well
as impose operation at low Q and thereby place unacceptable demands upon
energy exhaust. Thus, while neutral beams have a potential for core fuelling
only a relatively small modification of the density profile is practicable.

(ii) An innovative method [11] which is based on plasmoid injection by using a
plasma gun in conjunction with a plasmoid accelerator and a system for plas-
moid compression. It is envisaged that spheromak-like plasmoids which con-
tain an adequate amount of fuel could be injected deeply into the core plasma.
In principle the plasmoid comes to rest when its discrete magnetic field recon-
nects with that of the core plasma. The concept, while attractive, is not yet
sufficiently developed to warrant consideration for the ITER design.

///. 1.4.3. General conclusions

The experimental and theoretical database provides evidence that the general
trends in boundary plasma behaviour can be predicted with moderate confidence.
Nevertheless, the present uncertainties in extrapolating to ITER impact very strongly
upon many aspects of the design concept. It can be seen in Chapter VI, Section 1.2,
that there is a distinct probability that helium pumping requirements will be
extremely demanding, that the divertor plate loading could be high, that the use of
high Z divertor plates might be precluded because of the relatively high temperature
of the plasma at the plate, that the lifetime of low Z plates will be short and that low
Zeff will be difficult to attain. Furthermore, doubt is cast upon the credibility of
non-inductive current drive in relatively low density fusion plasmas and it appears
that most problems are exasperated if ITER is operated in the H-mode. It is therefore
considered that the problems of impurity control and power and particle exhaust are



58 CHAPTER HI

critical in respect to the ITER design. In particular, there is an urgent need for infor-
mation from tokamak divertor experiments (especially at high power and high den-
sity) on: (a) transport of helium ions from the core plasma to the divertor, (b) the
ability to operate with either low or high Z plate material, (c) the ability to dissipate
plasma power by edge radiation, (d) the reduction of plate erosion by redeposition
and (e) the relative performance of SN and DN open throat geometries. There is a
continuing need for improvement and validation of models and in this respect there
is a particular need for experimental information on energy and particle transport (in
both L and H-modes), on conditions at the plasma sheath (particularly non-ambipolar
flow) and on the causes and effects of poloidal asymmetries, e.g. drifts etc. There
is also an urgent need for plasma surface interaction data that are pertinent to reactor
conditions (e.g. large fluxes of ions incident on surfaces that are probably coated
with redeposited material).
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III. 1.5. Disruptions

///. 1.5.1. Importance for ITER

A major plasma disruption leads to high heat loads on the plasma-facing com-
ponents and to electro-mechanical shocks on the components and structures sur-
rounding the plasma. Therefore, their presence leads to demanding design
requirements for these components and the structures of the device, in particular if
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a major disruption is a frequent event. Moreover, the present knowledge on disrup-
tions is too limited to characterize, with sufficient accuracy for detailed engineering
designs, the heat and force loads and the disruption frequency in ITER.

III. 1.5.2. Present knowledge

III. 1.5.2.1 Appearance

Major disruptions appear in all tokamaks under various conditions. Particu-
larly relevant for ITER is the experience on large tokamaks and specifically in
separatrix-bounded discharges [1-10].

A classification of major disruptions can be made according to their cause.
They appear

— at the density limit;
— at the q-limit;
— at the /3-limit;
— during or just after transient phases, e.g.:

fast current ramp-up, often upon growth of locked modes,
changes in configuration (such as the transition from a limiter to a

separatrix-bounded plasma),
large sawtooth crashes, in particular at low q and in the presence of edge

localized modes (ELM's),
strong ELM activity;

— by "accident", e.g. because of uncontrolled impurity injection into the
plasma, hardware failure, human errors in plasma operation, or unknown
causes.

The present data base on major disruptions is broadest for disruptions at the
density limit.

In present tokamaks, typically 30% of all discharges end in a hard disruption
[5, 9]. A detailed analysis of disruptive shots in JET during the 1986 experimental
campaign [9] has shown that in more than half of the disruptive discharges the dis-
ruption occurred at reduced current level and therefore did not have important conse-
quences. About 5% of all discharges disrupted due to experiments on operational
limits (density and q) being conducted and 3% were caused by mode locking due to
inadequate current rampup conditions. Only 6% of all discharges were disruptive by
"accident", that is for reasons which, to some extent, must be considered unavoid-
able. Also from JT-60 detailed statistical information on the occurrence of disrup-
tions is available [5].
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FIG. 111-9. Time evolution of the electron temperature Te for various radial positions in
JET, deduced from electron cyclotron emission measurements; the time intervals during which
the kinetic energy of the plasma is redistributed in radial direction and during which the kinetic
energy is lost to the walls are indicated; from Ref.[9].

III. 1.5.2.2. Evolution of major disruptions at the density limit in large tokamaks

The evolution of a disruption at the density limit in large tokamaks can be sub-
divided in four phases:

(i) *' Pre-precursor'': There is a slow evolution of the plasma equilibrium (shrink-
ing of the current channel) induced by the radiative losses approaching or even
exceeding the power input, which lasts for typically :£ 1 s.

(ii) MHD precursor: Various MHD modes (mostly the m/n = 2/1 mode) grow;
in some cases mode locking is observed when the MHD activity has reached
a certain level; the duration is typically 100/ms.

(iii) Energy quench ("disruption proper"): After a re-arrangement of the plasma
thermal energy over the discharge volume, most of this energy (typically 80%)
is lost to the plasma-facing components and the plasma equilibrium adjusts
accordingly; the duration of the re-arrangement of the electron thermal energy
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(in which strong m/n = 1/1 perturbations are seen) is typically a few ms, the
deposition time of most of the energy on the plasma-facing components fre-
quently is in the 0.1 ms range (see Figs III-9 and III-10a); no direct informa-
tion on the quench of the ion thermal energy and on the loss of fast ions is
available; knowledge on the energy deposition profile is too limited to make
a reliable statement; as a consequence of the fast reduction of the plasma pres-
sure, the equilibrium changes: the plasma magnetic axis moves inward and,
owing to up/down asymmetries, also fast vertical displacements are observed
[3,4]; in Dili — D single-null divertor discharges a typical radial displacement
is 3% of the horizontal minor radius, while the vertical displacement, normally
towards the null-point, is typically 15% of the vertical minor radius (see
Fig. Ill-] 1); a detailed analysis of the reasons for the vertical shift is presently
not available.

27.5

•50 25 0 25

Vertical position (cm)

•25 0 25

Vertical position (cm)

FIG. Ill-10. Heat flux to the inboard wall during a disruption in TFTR as a function of the
vertical position [7]: (a) corresponds to energy quench, t = 0.1 ms after the start of the disrup-
tion, while (b) is typical for the current quench phase (t * 10 ms).



62 CHAPTER III

L9

ua
1.7-

1.8-

-0.8
80.0

Rcur-MFtTI im)
Rsurf-MFllT
Rp I

1 I I I
W x L.L_li.Ji

-80.0
1000 100S 4 1010 IQIS 1020 1029 1030

TIME (ms)

FIG. 111-11. Horizontal (Rp) and vertical (Zp) displacement of the plasma magnetic axis in
discharge Nr. 55 725 of D 1I1-D during a disruption initiated at t0; from Ref. [4].

(iv) Current quench: In the cold impurity-contaminated plasma, that is present after
energy quench, first the current tends to increase and a negative voltage spike
appears [3, 11], obviously due to a flattening of the current profile which
reduces the internal inductance of the plasma; the duration of this phase is a
few ms; thereafter the plasma current decays resistively, accompanied by
plasma motion corresponding to an evolving MHD equilibrium (see, e.g. Fig.
III-l 1); a detailed analysis of this evolution is not available; in elongated, in
particular up-down asymmetic plasmas (e.g. in DIII-D, JET and JT-60) current
quench is usually accompanied by appreciable vertical motion [3-5]; this
motion has a time constant similar to that of current quench; in high-q dis-
charges in DIII-D, a vertical displacement by 70% of the vertical minor radius
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has been observed with the current decaying only by 30% [4]; in JT-60, when
the current has decayed by 40%, the vertical displacement does not exceed
more than 30% of the vertical minor radius [5]; there is evidence in DIII-D
for the existence of poloidal currents in the vacuum vessel that close through
the plasma edge layer during current quench [4]; in vertical disruptions in JET,
similar phenomena may have occurred; the energy disipated in the plasma is
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FIG. 111-12. Rate of current decay, -dlp/dt, during a plasma disruption as a junction of the
plasma current lp at the moment of disruption: different symbols (x, A , •) are used to dis-
tinguish disruptions during current rise and during current flat top for two different values
(2 kV and 4 kV) of the maximum voltage of the position control system; rd refers to the cur-
rent decay time; see Ref. [3].
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lost to the first wall, presumably mainly by radiation (see Fig. Ill-10b); eventu-
ally the plasma is lost; the rate of current quench can be reduced by efficient
plasma position control; there are indications that this rate is enhanced with the
plasma current, e.g. in TFTR [7] it increases with Ip while in JT-60 it is
linear in Ip [5]; results from JET are given in Fig. 111-12; it may, however,
be that the observed increase of the current quench rate with current is a conse-
quence of limitations in the position control system (see Fig. Ill-12); in JET,
typical current quench times lie between a few ms and a few 100 ms, depend-
ing on whether or not the plasma develops intense wall contact; during fast cur-
rent decay in JET, runaway electrons are generated [12] which may carry up
to 50% of the original plasma current (the runaway current decays slowly, in
0.1 to 1 s, the runaway electrons being preferentially lost on the inner wall),
they contain on the average a fraction 1.8 x 10"2 Ip 6 (MA) of the poloidal
magnetic field energy in the plasma and have energies up to 100 MeV (2% of
the poloidal magnetic field energy may be transferred to electrons having ener-
gies above 50 MeV); generation of runaway electrons during disruption has
also even seen in TFTR [7]; on the other hand, damage of plasma-facing com-
ponents by runaway electrons was not observable in JT-60 and DIII-D; little
is known about the plasma parameters during current quench; in TFTR [7] the
electron density first decays with the current, but has a maximum later when
the current has decayed to less than half of its initial value.

There is a large scattering in the features of major disruptions, in particular
during the phases (iii) and (iv). A strong influence of the plasma configuration is very
probable.

III. 1.5.2.3. Features of other disruptions

While all major disruptions appear to have similar features in phases (iii) and
(iv), disruptions other than those at the density limit tend to have quite short MHD
precursors (down to a few ms or even less) and pre-precursor phases are absent (or
rather are not considered as such: effectively, there is always an evolution of the
plasma equilibrium towards unstable conditions preceding a disruption). Specifically
low-q disruptions in JET have generally a slower current decay than disruptions at
the density limit; the typical duration is a few tens of ms. It is not clear whether this
is related to the fact that in low-q discharges the edge electron temperature, before
energy quench, is higher or whether the lower internal inductance of these discharges
is the distinguishing feature.
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III. 1.5,3. Conclusions and research needs

III. 1.5.3.1. Energy quench

While a range between 0.1 and a few ms for the energy deposition time of the
plasma thermal energy on the plasma facing components is an appropriate working
hypothesis for ITER, more information is needed before an extrapolation to ITER
conditions can be made with confidence. Issues to be elucidated include:

— The mechanism of thermal quench, needed to be able to scale the duration of
this phase to ITER and to predict the intensity and the distribution of the heat
loads on the plasma-facing components;

— Direct measurements of the Ueat load distribution on the first wall and
limiter/divertor plates for various plasma conditions in present large tokamaks
and specifically in separatrix-bounded discharges;

— Direct information on the loss of ion thermal energy and fast ions.

Ill. 1.5.3.2. Current quench

Current quench is basically an electrotechnical problem, but the properties of
one of the conductors, the plasma, are not well known. To improve the situation,
systematic measurements of Te(r,t) and Zeff(r,t) at the start and during current
quench are needed. Also, the energy loss mechanisms (mainly radiation?), the
energy deposition profile on the plasma-facing components as well as plasma motion
and current flow patterns as a function of time, and runaway electron generation and
losses must be elucidated in present large tokamaks before convincing extrapolations
to ITER can be done. A full analysis of the experimental material already available
now must be performed as soon as possible.

Presently, a current quench rate of 1 MA/ms can be considered to be typical
for a hard major disruption, but faster decay rates, by a factor of 10 or more, cannot
be excluded. The plasma is anticipated to move inwards and towards the top or bot-
tom of the chamber during current quench.

The provision of efficient position control may be a way to reduce the current
quench rate and, consequently, the energy transfer to runaway electrons. It should
be investigated whether by providing sufficient space at the inboard side of the
plasma, plasma-wall contact can be avoided at the end of energy quench. A double-
null divertor configuration appears advantageous in that the radial inward motion of
the plasma is not necessarily accompanied by a vertical motion which is anticipated
to be uncontrollable; on the other hand, accidental disruptions caused by flakes of
divertor target material falling into the plasma may be more frequent in this
configuration.
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III. 1.5.3.3. Disruption frequency and disruption control

No reliable statement can be made on the frequency of occurrence of major
disruptions in ITER. It is obvious though that during the experimental operation in
the physics phase of ITER, there will be relatively many more disruptive discharges
than during the "routine" operation in the technology phase.

To keep the number of disruptions as low as possible, operation close to opera-
tional limits must be avoided. A quantification of this statement will have to be devel-
oped. Scenarios for safe startup and shutdown of the discharge will have to be
devised accordingly. Disruption control methods (current profile control, feedback
control of islands) will have to be developed urgently. Testing their effectiveness in
suppressing accidental disruptions is particularly important.

III. 1.5.3.4. Source of information

The main source of relevant information on disruptions during ITER concep-
tual design will be JET, PBX-M, DIII-D, JFT-2M, JT-60, and TFTR. Much more
specific attention than in the past will have to be paid to disruptions to provide the
necessary information.
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III.2. BASIC DEVICE ENGINEERING

Introduction

The assessment of the available database for ITER has led to the definition of
the design philosophy to be followed for the design of the basic device. In some areas
the design development to be followed is clear, in others alternatives have to be
investigated.

The database for the start of the ITER work has two main sources. Firstly, data
comes from existing equipment, either fusion experiments themselves, associated
test programmes (such as the large Coil Project) or other large projects especially
within the fission industry (for remote handling). Secondly, all participants to the
study have experience from their own national studies into next step devices and have
contributed to discussions in INTOR.

The contributions from existing equipment were obtaineed from four meetings
with specialists in the various areas between May and July. The meetings covered
the areas of heating systems, magnetic design, poloidal field system design, remote
handling and device configuration. During the last phase of the INTOR workshop
there was intensive dicussion of the four national designs (NET, TIBER, FEK, DTR)
and the various philosophies being followed. Contributions for the INTOR machine
were limited since some of the physics assumptions on which INTOR was based had
become outdated (such as plasma elongation, plasma current). The measure of agree-
ment reached during the INTOR discussions acted as important input to ITER.

In the following sections the development and the ITER design philosophy is
set out.

m.2.1. Toroidal field coils

The toroidal field coils do not need to be the ideal bending moment free
D-shape. Proper adjustment of the bending stiffness around the perimeter and of the
external structure allows a very wide range of shapes to be accommodated. All the
coils will be superconducting.

The central legs of the coils should be wedged against each other to form a cen-
tral vault structure. This structure, in combination with the outer intercoil structure,
will withstand both the centering and out-of-place forces, and thus the compressive
forces arising in the conductors, and shear transmission between the coils by friction
(or the use of shear keys) require clarification.

The central solenoid wil be placed inside the vault of the toroidal field coil but
will be structurally separated from it.

An alternative solution, where the toroidal field coils are supported onto the
central solenoid, shall be investigated. Points to be clarified about such a solution
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are the overall manufacturing and assembly feasibility and its structural viability
under all combinations of imposed loads.

The winding pack of the coils will be monolithic, using vacuum impregnated
epoxy resin with glass reinforcing. This winding pack must stay fully bonded over
the machine lifetime, and the possibility and impact of failure to achieve this bonding
should be clarified.

An alternative solution, where the winding pack is allowed to debond over the
machine lifetime, may be investigated. Points to be clarified about such a solution
are crack propagation within the insulation, wear of insulation, electrical degradation
of the insulation, and frictional heat generation within the winding.

The toroidal field coils should be independently removable. They will form
part of the semipermanent structure and not be removed for normal maintenance.
Their removal may require a significant period of time and the provision of extra
handling equipment.

The ripple due to the toroidal field coils in the plasma region may be reduced
by ferromagnetic inserts placed under the coils. If used, the field level at these inserts
must always be such that the material is magnetically saturated.

HI.2.2. Poloidal field coils

The central solenoid should be self-supporting (not bucking against the toroidal
field coils).

As an alternative solution, a central solenoid bucking against the inner legs of
the toroidal field coils can be considered (see toroidal field coils section, item 4).

Vertical stability active control coils (single turn, normal conducting, and seg-
mented) should be placed inside the plasma primary vacuum chamber. Otherwise all
poloidal field coils will be superconducting and lie outside the toroidal field coils.

All superconducting poloidal field coils should be independently removable
without disturbing the toroidal field coils. They form part of the semipermanent
structure and will not be moved during normal maintenance of in vessel components.

All superconducting poloidal field coils should have a monolithic winding pack
using glass-fiber reinforced epoxy.

The superconducting coil layout should be up-down symmetric. The terminals
of each coil should extend outside the cryostat to allow the choice of up-down series
connection or not, if non-symmetric plasmas are required.

The coils will be placed in optimum or near optimum positions. Maintenance
requirements will not be given a first priority on determining the positions.

III.2.3. Plasma system

The machine must be capable of confining a range of plasma shapes, and utiliz-
ing both inductive and non-inductive current drive. A minimum capacity for an
inductive burn of 10 V-s is required.
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The preferred plasma shape is an up-down symmetric double null, although a
semi-double null, where one null point lies just outside the plasma, is also accepta-
ble. The elongation K (95 % flux line) is about 2. The target plasma current is about
20 MA, with q on the 95 % flux line of 3.1.

Non-symmetric plasma shapes will be considered but will not act to drive the
design of the coils.

RF assistance for plasma initiation will be used, with a breakdown voltage of
0.3 V/m on the plasma.

III.2.4. Maintenance

The maintenance should be designed for full remote maintenance with provi-
sions for hands-on maintenance wherever this is possible without design penalties.

The machine wil operate in staged operation phases with the possibility of vari-
able blanket and divertor plate geometry.

A combination of vertical and horizontal access should be considered for main-
tenance of the internal corrponents through the surrounding coil systems.

Maintenance of components with short life or high failure rates shall be accom-
plished without moving other components or disturbing the internal environment of
the reactor.

III.3. NUCLEAR ENGINEERING

IH.3.1. Materials database

A preliminary materials data base assessment has been made for the ITER
design. This assessment evaluated the quality of the available materials data base,
made recommendations regarding the selection of material for the ITER design, and
defined critical materials R&D required to support the ITER design.

The materials for ITER can be divided into four groups:

— Structural Materials (FW/Blanket and Divertor)
— Non-structural Blanket Materials
— Plasma Facing Materials
— Ceramic Insulators

The structural materials assessment focused primarily on issues associated with
the selection of type 316 austenitic steel as a first wall/blanket structure. Additional ••.
issues were concerned with the use of cold-worked austenitic steels and reduced acti- I
vation steels, viz., Mn-stabilized austenitic steels. The divertor structure assessment ?;
included discussions of copper alloys and refractory metal alloys.
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The non-structural blanket materials assessment focused primarily on assess-
ments of ceramic breeding materials (Li2O, LiA102, Li2Zr03 and Li4Si04), liquid
metal breeding materials (Pb-17Li), aqueous salt breeding materials (LiOH and
LiNO3) and beryllium as a neutron multiplier. The plasma facing materials assess-
ment considered primarily graphite and carbon-fiber-composites (CFC). Limited
considerations were included on high-Z materials and beryllium. The ceramic insula-
tor assessment reviewed several uniquely different applications for ceramic insula-
tors and suggested candidate materials for each.

General conclusions include:

Structural materials

— Solution-annealed, type-316 stainless steel is recommended as the reference
first-wall/blanket structure

— Cold-worked austenitic steel, e.g., PCA or JPCA, should be retained as a
backup structural material and reduced activation compositions, e.g.,
Mn-stabilized steels, should be considered as an option.

— From a materials point of view, copper alloys (Cu-Be-Ni or Cu-A125) are
recommended for use as a divertor structural material.

— Limited data presented indicate that selected refractory metal alloys, e.g.,
Mo-5Re, Ta-lOW, or V-Ti-Si alloys, can be considered for low fluence diver-
tor applications.

Non-structural blanket materials

— L;2O and Li2Zr03 are considered as the prime candidates for the ceramic
breeder blanket designs — LiAlO2 and Li4SiO4 are recommended as alterna-
tive materials.

— The 17Li-83Pb eutectic is the only liquid metal breeder considered for ITER.
Critical issues relate to tritium solubility/transport in the liquid metal.

— For the aqueous salt concepts LiOH is recommended as the first choice with
LiNO3 as an alternate. Key material issues relate to radiolysis effects and cor-
rosion/stress corrosion of the steel structure.

— Critical issues identified for the beryllium multiplier include radiation induced
swelling, tritium solubility and transport, and effects of radiation on mechani-
cal properties.

Plasma facing materials

— Advanced graphites and carbon-fiber-composites (CFCs) appear to be an ade-
quate material for the physics phase. Main problems are (1) erosion by tran-
sient phenomena since in-situ repair does not appear feasible, (2) importance
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of optmizing redeposition of sputtered material, and (3) suppression of chemi-
cai sputtering and radiation induced sputtering.

— Use of beryllium is proposed as a backup with high-Z materials considered as
a backup only if the plasma edge temperature is very low (=10 eV).

— The recommendations for the technology phase are similar; however, carbon
can only remain an option if almost perfect redeposition (99%) is achieved.

Ceramic insulator

— Ceramic insulator applications for ITER were defined in more detail. Majoi
concerns for the physics phase relate primarily to radiation-induced-
conductivity effects.

— A detailed set of data could not be assembled; however, recommended
materials for each application were identified.

1cm

FIG. HH3. Test specimen of a first wall structure in stainless steel manufactured via 'trans-
parent ' electron beam welding (EBW).
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f/G. Hi-]4. First wall test section for thermomechanical testing.

III.3.2. PFC manufacturing/testing

Recognizing the importance of a demonstration of the manufacturing feasibility
for the plasma facing components (PFC), various investigations have been per-
formed by producing and testing relevant models and prototypes.

For the first wall (FW), the EC home team has mainly considered an electron
beam (EB) welded structure based on small welding distortions and the available
industrial experience. Fig. 111-13 shows test specimens using the "transparent" EB
process. Test specimens up to 1 m length and containing up to 7 channels have been
successfully produced in austenitic steel. Three to five of these modules would be
welded together to form the FW panel. Prototypical FW test sections representative
of the above FW design are now being manufactured according to Fig. Ill-14 for
thermomechanical testing with peak surface heat fluxes up to 0.8 MW/m2 in a
190 kW thermal fatigue facility at JRC Ispra.
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FIG. IIH5. Joint design in fabrication ofFWby HIP: (a) groved plate technique; (b) rectan-
gular tube technique.
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FIG. 111-16. 3-D FW joint example bonded by HIP.

A hot isostatic pressing (HIP) technique has been pursued mainly by the
Japanese home team for FW fabrication from the viewpoint of the following
advantages:

— no change of structure in the bonded region
— same physical and mechanical properties as the base metal
— multi-joints capability
— bonding capability of any curved surface.

Two types of jointing techniques with the HIP process have developed as
shown in Fig. 111-15, i.e. with grooved plates and with rectangular tubes. A three
dimensional joint with 200 mm width and 600 mm length has also been successfully
manufactured by the grooved plate technique as shown in Fig. Ill-16. Ther-



DATABASE ASSESSMENT 75

i c m

FIG. 111-17. Divertor test specimen via brazing and hot isostatic pressing.

momechanical tests of the test pieces with 0.01 to 0.1 m2 surface area produced by
the same technique are planned at a 400 kW high heat flux test facility at the Japan
Atomic Energy Research Institute.

Considering an active-cooled protection for the FW, such as the guard limiter
and other FWs in high heat flux regions, test specimens of 10 mm thick graphite
armor (with 3 mm thick molybdenum interlayer) brazed on a stainless stee! suusfrate
have been produced and tested. While there is a reduction of the mechanical strength
in the graphite armor due to a residual stress during fabrication, thermal shock
resistance up to 5 kJ/cm2 was obtained. For a similar concept, thermal fatigue tests,
CFC armor brazing tests and manufacturing of full-scale model of a guard limiter
are planned.

Additional manufacturing feasibility studies will also be started for the differ-
ent FW protection concepts and for the integration of the FW panel in the blanket
segments in each home team.

One of the samples for the brazed concept of the divertor plate (DP), which
was developed by the EC home team, is shown in Fig. HI-17. A similar concept
based on graphite tiles brazed on thin-walled molybdenum tubes has been manufac-
tured for the Asdex Upgrade and tested at the Sandia National Laboratory electron
beam facility. The thermomechanical behavior of different materials and brazed
material combinations will be studied under thermal cycling conditions, produced by
a plasma flame, which can deposit peak heat fluxes up to 15 MW/m2.

During 1987 a 500 mm x 100 mm test piece was manufactured with
10 graphite and carbon composite tiles mechanically attached to a water cooled cop-
per heat sink. With this test piece a series of tests have been performed at short



TABLE IH-4. FEATURES OF W-Cu TEST PIECES AND RESULTS OF DURABILITY TESTS

Case

Material

Copper

Tungsten

Bonding method
(intermediate layer)

Thermal cycles

Result

crack,

rapture

position

1

Cu/OFHC

W/Ni-P/Fe/Mo

(sintered

at 1100°C)

brazing

(Ag/Cr/Zn/Ni)

200 and 1100

grain boundary

microcrack

tungsten

2

Cu/OFHC

W/Fe/K
(sintered
at 3000°C)

brazing

(Ni/Cr/P)

3700

microcrack

brazing material

3

Cu/OFHD

W/Fe/K

(sintered

at 3000°C)

casting

2200

visible crack

tungsten

4

Cu/OFHD

W/Fe/K

(powder)

spraying
(Ni coating)

6000

(stratification)

(tungsten)

5

Cu/Be

W/Fe/K
(powder)

spraying

(Ni coating)

5000

rupture

lower part

test piece

I

\
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pulsed heat fluxes up to 10 MW/m2 and up to 250 cycles. The main objective was
to study the influence of the intermediate soft "Papyex" layer (between heat sink
and tile) on the thermal behavior of the tiles. From these tests it is concluded that:

— Both tiles with brazed back plates in Mo-alloy failed by deformation and
debrazing, while all the other tiles showed no damage.

— The use of Papyex improves the heat transfer between tile and heat sink by an
order of magnitude. However, this improvement was considerably less than
expected.

In late 1988, other medium sized mock-ups will become available both for the
mechanical attachment concept (320 mm x 110 mm) and for the brazed concept
(650 mm x 200 mm). Thermomechanical testing of these mock-ups is planned at:

— ion- and electron beam facilities at Sandia National Laboratory, Albuquerque,
USA

— a 1 MW solar furnace at the CNRS center Odeillo, France, capable of deliver-
ing an almost continuous peak heat flux of 10 MW/m2.

Bonding and durability tests of tungsten-copper duplex structure have been
performed by Japanese home team. From the cyclic mechanical shear tests of the
structure, the following results were obtained:

— The fatigue cracks had been propagated from the interface to copper in the low
strain range and from the interface to tungsten in the high strain range.

— The lifetime of brazed specimens in the low strain range agreed well to that
of copper specimens while it depended on the strength of the interface bond
and tungsten in the high strain range.

The results of thermal cycle durability tests are summarized in Table III-4.
Heat fluxes exposed on the test piece were about 2.5 MW/m2 in all cases. Heating
times were 2 minutes for case 1 and 20 seconds for the other cases. Grain boundary
microcracks were not observed inside the copper or the brazing material but were
observed inside the tungsten specimen which contained a small amount of nickel and
phosphorus after exposure of 200 and 1100 cycles. No microcracks were found

inside the copper and the tungsten of the improved duplex structure after 3700
cycles. Microcracks were only found inside the brazing material at the peripheral
edge of the test piece. On the other hand visible cracks were observed inside the
tungsten of the cart structure without a buffer layer such as the brazing material after
2200 cycles. This shows that the buffer layer operates effectively to decrease the
thermal stress.

The scale model of the divertor plate of the duplex structure with tungsten
armor as well as graphite armor bonded on a heat sink is planned to be fabricated
and tested at the high heat flux facility.
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Numerous tests of a 10 mm thick graphite armor brazed to a molybdenum tube
surface have been completed for Asdex Upgrade by the US home team. One of these
targets was exposed to 3400 cycles of 7 MW/m2 with a pulse of 30 seconds on and
30 seconds off, which survived without failure. In some cases for 20 MW/m2

exposure, graphite fracture occurred and in others only graphite sublimation. In no
case was there a coolant tube failure.

For Tore Supra, a test was conducted on a OFHC copper tube with a 10 mm
thick pyrolytic graphite tile brazed to one side and a stainless steel support rib brazed
to the back. This sample was exposed to a surface heat flux of 30 MW/m2 with a
cycle of 30 seconds on, 30 seconds off for 1000 cycles. The copper tube was severely
deformed but did not fail, and there was some degradation of the graphite tiles.

III.3.3. Neutronics

Neutronic calculations influence considerably the evaluation of the tritium-
breeding ratio (TBR) and shielding performance. It is important to provide sufficient
design margins for the neutronic calculations.

Tritium self-sufficiency is a key issue for all blanket systems. For the compli-
cated geometries of candidate blankets, there are considerable uncertainties in the
neutronic calculations. Uncertainties due to nuclear data, analytical modelling and
so forth should be carefully considered. Accurate determination of the TBR is needed
for both the baseline ITER blanket and the test modules to improve the predictive
capability to guarantee self-sufficiency for DEMO prototype blankets with high neu-
tron fluence. This can be accomplished by performing neutronics experiments which
simulate the blanket geometry and then comparing the results with code predictions.

The tritium breeding potential of the proposed blanket configurations has
usually been assessed using a one-dimensional discrete ordinate. (Sometimes, 3-D
Monte-Carlo transport codes have been used.) Data libraries such as ENDF/B-IV
have been used. Then the results of the toroidal cylindrical calculation were used
together with the coverage fraction of the different blanket and shield zones to esti-
mate the overall TBR. Plasma heating penetrations and divertor shield zones were
treated as black absorbers. Such approximations, ignoring the effects of heterogeni-
ties and the mutual interference of different blanket shield parts, increase the uncer-
tainties in predicting the TBR (by about several percent) and other parameters.

Meanwhile three-dimensional calculations (e.g. the continuous energy coupled
neutron-gamma Monte-Carlo code MCNP and cross section data, based on the
ENDF/BV evaluation) yield statistical uncertainties of less than 0.5% in the calcu-
lated overall TBR and energy multiplication.

Most of the baseline blanket designers for ITER make extensive use of beryl-
lium because of its neutron multiplication properties. Current neutron transport
models and nuclear data, however, do not predict very accurately the neutron multi-
plication of beryllium in thick assemblies. Thus, it may be desirable to make some
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measurements. An accuracy of 3% in the integral neutron Be-multiplication factor
appears achievable and would reduce the issue of predicting the TBR in ITER.

Tritium builds up in neutron-irradiation beryllium is also an issue. Attention
must be given to the correct estimation of the total tritium generation directly
produced in the beryllium, which may lead to a large inventory. There is also the
need to obtain radiation damage data on cold-pressing type of beryllium.

The philosophy of the ITER shield design is to meet both the magnet protection
requirements and safety-related criteria.

The thickness of the shield is dependent on the radiation damage allowance for
the magnet, the shielding materials used, and the level of neutron production in the
reactor chamber.

The magnet radiation damage limits for ITER reviewed at Magnet Specialists
Meeting in May 9-13, 1988. Uncertainties exist in the shielding calculations caused
by neutronic data, methods, design complexity (streaming) and radiation damage
limits. A safety factor of about 3-5 has to be taken into account to cover these effects.
Even for initial calculations all gaps and heterogenities in the shield composition
should be taken into account as much as possible. It was stated that to obtain a reli-
able shield for the magnet, extensive three-dimensional calculations are required. All
the uncertainties due to nuclear cross sections, transport calculation, neutron sources
and design details should be carefully considered. Key questions for shielding are:
what are the TF magnet protection guidelines and permissible property changes?

One of the main issues in assessing the engineering feasibility of blanket and
shield designs and the machine environment for maintenance is the activation and
subsequent disposal of the activated products. There exist appropriate neutronics
codes, usually in one-dimensional geometric representation, activation codes for
activity and the decay heat estimation. The key questions for comparison of the
results are to develop and estimate the ITER irradiation scenario and to define bench-
mark cases. It is also necessary to clarify the role of commercially-produced impuri-
ties and corrosion products in design materials.

The decay heat data are usually used to determine the temperature response of
different blanket and shield materials following a LOCA accident. Now afterheat can
be calculated (from a neutronics point of view) with an uncertainty at 30 to 50%.

Evaluation of blanket materials and blanket concepts from a safety and
environmental standpoint shows the importance of achieving passive safety in
blanket and shield design.

The objective of not producing high-level waste (HLW) was found to require
further studies of both HLW criteria used in each country, and their evaluation
methodology. Several R&D activities are planned to update and improve calculation
of short-term activation for waste disposal analysis; and to improve existing activa-
tion data libraries and codes.
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Thus for supporting the existing neutronic data base it is necessary: to improve
radioactivity after heat libraries and codes; KERMA-factor libraries; to compare
neutronics codes; and to confirm experimentally the calculated TBR, neutron- and
gamma-flux distribution, and streaming effects in various blankets and shield
models.
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SCOPING STUDIES AND RATIONALE FOR
CONCEPTS SELECTION

IV. 1. INTRODUCTION

ITER parameters need to be chosen such that the device is capable of achieving
the joint objectives of ignition and steady-state current drive. Significant differences
between energy confinement-time scaling laws, however, cause considerable uncer-
tainty in the power balance necessary to achieve these goals. The final ITER device
must therefore have parameters which are sufficiently flexible to cover this uncer-
tainty, making the most acceptable compromise between the probability of success
and the risk of failure.

This chapter quantifies the background of device parameters against which this
difficult judgement must be made. Section 2 introduces the basic design space
characteristics, describing the ignition capability of devices in terms of the enhance-
ment factor, over L-mode energy confinement-time, needed to reach ignition. Sec-
tion 3 describes the steady state current drive capability over the same space in the
same terms. On the basis of these overviews, Section 4 lays out the choices available
for a reasonable ITER design, and examines the benefits to be gained by taking more
risk. Section 5 then describes the design finally chosen, highlighting its main charac-
teristics and describing the limits of its operational flexibility.

Throughout this work detailed, but different, systems codes and simple hand
calculations have been used to produce and cross-check conclusions. A single ITER
parametric analysis code has not been developed, nor, based on the successful broad
agreement of the main existing codes (SUPERCOIL/SCAN [1, 2], TRESCODE [3],
TETRA [4] and SYS [5]), has there been a need to do this. This may be a useful
task for the future but, up to now, understanding and resolving detailed differences
between the codes has enabled much to be learnt. The differences that do still exist
occasionally lead to slight inconsistencies in the parameter values in different tables,
such as enhancement factors and power levels. This occurs because results from
different codes have been used.

IV.2. DESIGN SPACE OVERVIEW AND IGNITION CAPABILITY

IV.2.0. Introduction

Tokamaks which provide an acceptable chance of ignition differ according to
the energy confinement time scaling law considered. Unlike following devices,

81
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parameters for ITER must therefore be selected to offer the best compromise for all
scalings under consideration, without incurring unreasonable expense. Since one of
the major differences between the scalings [6] is their dependence on aspect ratio and
plasma current [7], this section characterises devices in plasma current-aspect ratio
space and identifies such compromise device parameters. Further coverage of uncer-
tainties is provided by the operational flexibility of ITER, dealt with more fully in
Chapter V.

IV.2.1. Basic simple equations

Analysis with detailed systems codes is necessary to determine all aspects of
parameter variation over I-A space. However, the basic characteristics of the design
space can be modelled rather well by a series of straightforward equations relating
dimensions, fields and power levels. These are given in Table IV-1.

These simple equations relate field on axis (B) to field at the TF coil (Btmax)
in terms of plasma minor radius (a), aspect ratio (A), and distance between plasma
inboard edge and radius of peak toroidal field (dBS). Plasma current is related to

TABLE IV-1. EQUATIONS OF SIMPLE MODEL

a = [I A2 qcy, / 5 B,mM + d ^ ] / (A - 1)

B = I A qcyl / 5 a

/3DT = 7.88 X 10 3 g I / a B

PFUS = 37.51 /Jfjx B 4 A a3 k (MW)

Pn = 0.0287 PFUS / A a2 (1 + k2)0 5 (MW/m2)

B0H = X I A a [ln(8A/kO5)-1.65] / 5(Aa - a - d^ - dc;

$ = 7.47 x 10"3 A a (d^ + dc) [d^ + dc + a(l+k)]
+ 2.43 x 10"2 PFus0 '47

P a ~ Prad = ^total-thermal ' ( H T E )

INITIAL ASSUMPTIONS:

qcy, = 0.844 k = 2.0 T = 10 keV dM = 1.08 m
g = 2.8 X = 1.0 Z ^ = 1.78 dc = 1.30 m

(1)

(2)

(3)

(4)

(5)
2 (6)

(7)

(8)

B ( m M = 11 T
BoHmax = 12T
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field via safety factor, fuel beta to beta scaling coefficient (g) under certain reasona-
ble impurity and temperature assumptions, and solenoid field is described as a factor
(X) times LI. Fixing qcy| is equivalent to specifying q^ (at the 95% flux surface),
elongation and triangularity, while ignoring the aspect ratio variation of q ,̂ which
has only a weak impact on the results.

The equations for fusion power (PFUS) and mean neutron wall load (Pn) follow
from a reactivity assumption and simple geometry, and the plasma power balance
is calculated by adjusting the enhancement factor (H) to give equality, for different
confinement-time scalings. Pa and Prad are the alpha particle power and radiation
loss powers respectively. Cost (relative to the device in the top left corner of
parameter space at I = 15 MA and A = 2.5 under the initial assumptions) is esti-
mated using two terms, one related to the "engineered volume" of material around
the plasma, the second scaling with the fusion power level. This cost scaling has been
derived from more detailed earlier studies using SUPERCOIL/SCAN [1,2].

Certain parameters are initially kept fixed, and these are also listed in
Table IV-1. The sensitivity of the results to these assumptions is described later. The
results of this simple model show good agreement with the detailed systems codes.

The key equation is equation 1, which shows that for given B ^ ^ , I, A, qcy)

and dBS the device dimensions are essentially determined. It only then remains to
check from equation (6) whether there is sufficient room for the required voltseconds
in the transformer core, given an assumption on dc (TF coil + half OH coil
thickness).

IV.2.2. I-A space characteristics

IV.2.2.1. Unconstrained by wall load

The main parameters at various points in I-A space are plotted in Fig. IV-1,
for a constant value of beta scaling coefficient (i.e. variable wall load). Fig. IV-l(a)
shows major radius and cost contours and indicates the radial build constraint (i.e.,
BoHmax < 12 T) under two different assumptions of acceptable coil thickness, one
typical of previous conservative next-step coil designs, the other of more aggressive
designs. The thickness of the coil determines whether access to low aspect ratio —
low minor radius space can be achieved. (Note that the cost curves shown are for
dc of 1.3 m, and would be reduced by about 20% if dc were reduced to 0.61 m.)
Moving down the space to higher aspect ratios rapidly opens up the opportunity for
machines with long inductive pulse capability and/or those with lower B0Hmax. Con-
tours of cost and radius do not coincide, indicating that the strength of the correlation
between major radius increase and cost increase depends on the direction of the path
followed across I-A space.

The enhancement factors required in different regions of parameter space are
shown in Fig. IV-l(b). There is remarkable agreement between the shape of the



PLASMA CURRENT (MA)
20 25

PLASMA CURRENT (MA)
20 2S

PLASMA CURRENT (MA)
20 2S

n

F/G. /K-7. Main parameters of I-A space for g = 2.8:
(a) geometry and cost
(b) enhancement factors
(c) fusion power and neutron wall load.



SCOPING STUDIES AND RATIONALE FOR CONCEPTS SELECTION 85

enhancement factor contours for, on the one hand, Rebut-Lallia and Shimomura-
Odajima scalings and, on the other hand, Goldston and T-10 scalings. With the
former two scalings, for a given enhancement factor, plasma major radius is reduced
at low aspect ratio. For an enhancement factor of unity with Shimomura-Odajima
scaling, a device around 6.5 m would be needed under the assumptions of
Table IV-1. Conversely, for the latter two scalings enhancement factor lines tend to
be almost parallel to lines of constant radius, and a device of 9 m major radius would
be needed with an enhancement factor of unity with Goldston scaling.

The slope of the cost contours is between those of the Rebut-
Lallia/Shimomura-Odajima scaling contours and the Goldston/T-10 scaling con-
tours. Thus, with Rebut-Lallia/Shimomura-Odajirna scalings and constant enhance-
ment factor, cost is reduced at low aspect ratio even though current is high (cost and
major radius being eventually constrained by the coil radial buildup). With Goldston
and T-10 scalings at constant enhancement factor, however, increasing aspect ratio
reduces cost. This explains why there is a wide divergence of required parameters
for a device providing acceptable enhancement factors.

1V.2.2.2. Constrained by wall load

The above analyses were all carried out without regard for the acceptability of
the power levels and wall loadings at a given point in parameter space. When account
is taken of these parameters, shown in Fig.IV-l(c), it is evident that over much of
the space, particularly for high plasma current and aspect ratio, too much power is
being generated.

One way to gain access to this space is to reduce g until an acceptable wall load
is reached, and the effect of constraining the wall load to 1 MW/m2 is shown in
Fig. IV-2. Power drops considerably, as shown in Fig. IV-2(c), only reaching
3000 MW at very high plasma current and aspect ratio. Dimensions at each point
in I/A space are unchanged from those in Fig. IV-1.

Figure IV-2(b) shows that the desirable parameter space for Goldston scaling
is virtually unchanged and that for T-10 scaling is hardly changed from that of
Fig. IV-l(b), but that for Rebut-Lallia and Shimomura-Odajima scaling has moved
to considerably higher plasma current. Plasma currents around or greater than
30 MA would now be needed for an enhancement factor of unity with Shimomura-
Odajima scaling, if the aspect ratio is maintained less than 4.5.

The cost contours of Fig. IV-2(a) are much more widely spaced than in
Fig. IV-1 (a), but the values are still not low enough to encourage operation at high
I and high A.
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IV.2.3. Sensitivity to assumptions

IV. 2.3.1. Elongation and safety factor

If elongation is increased without changing qt (= qcyi [i + k2]/2), the dimen-
sions corresponding to a given point in I-A space reduce, and the overall picture
using the simple model changes as in Fig. IV-3. This shows the effect of increasing k
from 2.0 to 2.5, still keeping wall load at 1 MW/m2.

A given aspect ratio and plasma current can be obtained in a substantially lower
major radius device. Unfortunately, the coil radial buildup constraint assumed here
makes much of the I-A space inaccessible, and it is necessary to choose a design at
higher aspect ratio. The achievable size reduction then appears quite small. In a more
detailed system analysis, more magnetic flux may be provided by the equilibrium
coils of more highly elongated plasma equilibria, so that the radial-build constraint
for a given pulse length shifts upward, allowing a larger size reduction to be obtained
in this case (see 4.2). In general, the need to choose a device at higher aspect ratio
only leads to a net benefit for Goldston and T-10 scalings.

If qcyl is reduced by about 25% again keeping wall load constant but returning
to k = 2.0, the contours are almost identical to those of Fig. IV-3. Also, the impact
on the results is negligible if q^ is kept constant rathei than qj.

IV.2.3.2. Peak toroidal fidd

If peak field is raised to I2T, keeping the wall load fixed at I MW/m2 then,
as with the reduced-q/increased-k example above, plasma size is reduced at a given
point in I-A space but coil radial buildup requirements make it difficult to take advan-
tage of this. Again, the outcome is that only Goldston and T-10 scalings can be
improved by this method.

IV.2.3.3. Zeff

Changes in Zeff have a significant impact on performance, as illustrated in
Fig. IV-4 for a fixed wall load of 1 MW/m2 and for Zeff = 2.3. While plasma
dimensions at each point in I-A space are unaffected, enhancement factors are sig-
nificantly increased at each point. The increase of enhancement factors is connected
with an increase of radiation losses from the plasma together with an increase of elec-
tron density necessary to keep the ion density and hence neutron wall load fixed.
Now H - (ng + nj)/(l - Prad/Pa) so, for example, a change in Zeff from 1.5 to 2.5
with I = 20 MA, A = 3 enlarges the ratio Prad/Pa from 0.2 to 0.4 and increases
electron density about 10%. As a result, the enhancement factors increase by about
40%, as shown in Fig. IV-4.
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IV.2.4. Conclusions

The various scaling laws, if used individually to determine the ITER
parameters, would lead to highly different designs. The need is to find the best com-
promise design point in the face of the conflicting confinement scaling guidance.
This compromise must be achieved against a background of keeping size, cost and
fusion power within reasonable bounds.

In I-A space, parameter contours tend to cut diagonally across from
low-A/high-I (upper right) to high-A/low-I (lower left), as shown in Fig. IV-5.
Movement to the lower right corner of I-A space is in the direction of:

Ignition with L-mode
Larger Size
Greater Cost
Higher Fusion Power

Movement to the upper left corner of I-A space is in the direction of:
Ignition with H-mode
Smaller Size
Lower Cost
Lower Fusion Power

Movement towards the upper left corner is eventually restricted by the magnet
design, and penetration deeply into this region requires aggressive magnet design
assumptions.

The conclusion is that, for ignition purposes, the ITER design should be
towards the upper left corner of I/A space, for example around A = 3.0 and
I = 20 MA, as in the engineering baseline device (EBD) used for scoping studies
during the ITER Design Definition phase. This requires ITER to display near-
H-mode energy confinement for most scaling laws. For the baseline assumptions of
this study, the major radius is towards 6 m. The nominal fusion power is
<2000 MW, and the associated neutron wall loading is <2.0 MW/ra2.

There is some opportunity to decrease this value by utilising somewhat higher
peak toroidal fields, somewhat reduced plasma safety factor and increased elonga-
tion. These and other options are investigated further in section IV.4.2. The relative
merits of points in the I-A space are also discussed again in Sections IV.4.1 and
IV.4.3, after the consideration, in the following section, of requirements for current
drive.

IV.3. CURRENT DRIVE CAPABILITY OVER DESIGN SPACE

IV.3.0. Introduction

Steady state operation met by fully non-inductive current drive is thought to
be very attractive for nuclear testing in the technology phase. Non-inductive current
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drive will therefore also be implemented and tested in the physics phase of the device
as it is envisaged today as the most reactor relevant mode of tokamak operation. Con-
sidering current driven operation suitable for technology testing, the design point
may differ from the one for ignition. This section, therefore, characterises devices
in I-A space and identifies suitable design points for steady state operation. The same
set of machines as considered in section 2 ar? examined for their current drive per-
formance in terms of Q (energy multiplication factor), current drive power and cor-
responding enhancement factors. In this way, a set of current drive characteristics,
complementary to the ignition characteristics described in section 2, are obtained to
guide optimum machine selection for both modes of operation.

The requirements for technology testing — minimum wall load and reasonable
Q on the one hand, and allowable maximum current drive power and maximum heat
load on plasma facing components on the other — are given particular attention.

IV.3.1. Basic equations and assumptions

Current drive capability is determined, for devices whose dimensions are
derived on I-A space as in section 2, by solving the following power balance
equation,

1.5 (n, + ni) T/re + Pb + Psyn = Pa + Pex (9)

where Pb and Psyn are bremsstrahlung and synchrotron radiation loss, and Pex is
additional power. Impurity concentration reduces fuel density. A Zcff of 1.8, and
nDT/ne of 0.788 are assumed. Total beta given by gIp/aB, is assumed to be a sum-
mation of thermal beta, fast alpha particle beta estimated by 0.2 (T|0 - 0.37)&h

and beam beta approximated by 0.012 (5.5/B)2 (1/8) (2.2/ka2).
For NB current drive, the Mikkelsen-Singer model [8] is used. The numerical

coefficients in this analytical formula are calibrated by setting the current drive effi-
ciency equal to the value calculated by a two-dimensional Monte Carlo analysis. For
LH current drive, the Carney-Fisch model [4] is used. It is further assumed that 30%
of plasma current is driven by the bootstrap effect.

FV.3.2. I-A space under constrained operation

The acceptable design region in I-A space is shown in Fig. IV-S. As mentioned
in section 2 the upper boundary arises from the radial build constraint. The left hand
side boundary corresponds to a neutron wall load of 0.8 MW/m2. This line was cal-
culated for a high plasma temperature of 20 keV, which is preferable for a beam
driven steady state operating mode, and with the plasma density at the beta limit with
g = 3. On the right hand side it is reasonable to restrict the design region by the
line R = 6.5 m. This boundary is somewhat arbitrary but has been chosen in the



92 CHAPTER IV

H/o

F/G. 1V-5. Acceptable design space in the l-A plane, with plasma temperature fixed at
20 keV.
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FIG. IV-6. Characteristics over the l-A plane, showing the design space bounded by neutron
wall load of 0.8 MW/m2 and by current drive power of 100 MW. Temperature is 20 heV.
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FIG. IV-7. Energy confinement time necessary for energy balance (dotted lines) and enhance-
ment factors for Goldston and Shimomura-Odajima scalings under the same conditions as
Fig. IV-6.

knowledge that machines with larger major radius are likely to be very expensive
and require unreasonably high current drive power P C D > 100 MW. These bound-
aries do not depend on any confinement scaling or current drive scheme.

The current drive power PCD was calculated at each point of design space and
the required plasma confinement time was then determined with different scalings.
Figure IV-6 shows the case for T = 20 keV and g = 3. On the right hand side the
design space is bounded by maximum current drive power PCD = 100 MW.
Figure IV-7 shows the contours of confinement time needed for power balance and
enhancement factors for two different scalings — Goldston and
Shimomura-Odajima.
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FIG. IV-8. As for Fig. IV-6, but at 16keV.

As plasma temperature is decreased the design region narrows, as shown in
Fig. IV-8. At lower temperature plasma density becomes larger because the total
beta is kept the same. Since the current drive efficiency deteriorates in proportion
to T/n,,, the necessary current drive power becomes larger, and the 100 MW current
drive power contour shifts to smaller plasma current. At the same time the fusion
power grows and the contour of minimum neutron wall load shifts in the same direc-
tion. The design region at 16 keV corresponds approximately to the same enhance-
ment factors as at 20 keV (see Fig. IV-9). Further decrease of plasma temperature
leads to increasing current drive power and decreasing Q values. At about 14 keV
the Q = 5 and Pn = 0.8 MW/m2 contours overtake the contour of
PCD = 100 MW, leaving no design region below about R = 5 m for beam driven
steady state operation.
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FIG. IV-9. As for Fig. IV-7, but at 16keV,

It can therefore be concluded that a current drive power limit of 100 MW is
acceptable for steady state operation in a machine with plasma current in the range
of 15 < I < 20 MA in a tokamak with A ~ 3 . Despite the external power, energy
confinement has a strong influence on the choice of design point. There is a tendency
to reduce enhancement factors by shifting the design point to the upper right corner
of I-A space, but this leads to increased size, fusion power and cost.

IV.3.3. Steady-state operation space

For current-drive there is much greater flexibility, than for ignition, in the
available operating space of a given device. Current, density and temperature, for
instance, can all be varied widely in an attempt to reach reasonable targets in neutron
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wall load, current drive power and energy multiplication factor, with acceptable
values of enhancement factors.

This operating flexibility is illustrated over the T-I space in Fig. IV-10 for a
device with I = 20 MA, R = 5.8 m and a = 2.0 m. The beta scaling factor was
kept fixed at g = 3 and plasma current was altered by changing safety factor. Neu-
tral beam current drive was assumed. If the maximum current drive power is
assumed to be 100 MW and the minimum wall load to be 0.8 MW/ra2, the opera-
tion space is restricted to a narrow band on the T-I plane. There is no operating point
below about 14 keV. Q values of 7-9 are achieved across the region. Figure IV-11
shows contours of enhancement factor for Shimomura-Odajima and Goldston scal-
ings. If lower enhancement factors were obtained, the operation point could be
shifted to lower plasma temperature and/or higher plasma current. However, more
fusion power would then be produced and a larger current drive power would be
required due to reduced efficiency. The neutron wall load and total heat load to the
divertor would then become serious problems.

The operation space can also be described on the n-T plane at fixed plasma cur-
rent. Figure IV-12 shows a typical operating window on this plane, for a device with
I = 20 MA, R = 5.8 m and a = 2.0 m. The operating window is restricted by the
beta limit, g < 3, by the contour Q = 5 and by a current drive power of 100 MW.
The operating window is located at a high plasma temperature where fusion power
is decreased by the fast ion contribution in the total plasma beta, and by decrease
of fusion reactivity. Despite the 100 MW of auxiliary power, the same enhancement
factors are needed for current drive mode as for ignition. This is illustrated in
Fig. IV-12 for Goldston and Shimomura-Odajima scalings.

CDPontr

— - will lood

15 20

PUSH* 1EHKMWRE IkeW

FIG. IV-10. T-I plane for a device near I = 20 MA, A = 3.0.
The operating window is bounded by contours of PCD = 700 MW and Pn = 0.8 MW/m2.
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FIG. IV-11. Contours of Goldston and Shimomura-Odajima enhancement factor over the T-l
plane of Fig. IV-10.
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FIG. 1V-12. The operational window of a 20 MA, A = 3 device (EBD) in the n-T plane
assuming 100 MW of external power. The space is bounded by the beta limit (g = 3) and the
Q = S contour. From below the window is constrained by either neutral beam or lower hybrid
power limits. Contours of enhancement factors for Shimomura-Odajima and Goldston scalings
are also shown.
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IV.3.4. Optimized current drive performance in I-A space

The TETRA, constrained optimization code [4] is used here to maximise
current-drive Q under the following conditions:

Neutron wall load = 1 MW/m2

Current-drive by combination of neutral beams (core), lower-hybrid (edge)
and bootstrap
Bootstrap current fraction = 0.3
Split between NB and LH determined by radius of maximum penetration of
LH; balance of (non bootstrap) current is driven by NB
Profile exponents (a): an = 0.5, aT = 1.0 where x(r) = x(0) (1 -(r /a)2) a

for x = n or T.
Q maximised by simultaneous optimisation of following variables: Te, Tj,
g(<3), I(<I for ignition), ENB (^1.5 MeV), R - a/2 < beam-tangency-
point < R.

Since the fusion power at each grid point is fixed to the appropriate value for a wall
loading of 1 MW/m2, this is equivalent to minimizing current-drive power.

Although the basic machine characteristics (i.e. R, a, B, k, 8, etc.) in I-A space
are the same as those for the ignition cases in section 2.2, the plasma current, den-
sity, temperature, etc are permitted to vary within appropriate constraints to obtain
this optimum. The plasma current defining each I-A grid point is therefore the
upper-bound constraint for these runs. It may not be desirable for maximum Q to
obtain this full value under current-driven operation. In practical terms, attainment
of these optimum conditions requires control of burn temperature and density, a
necessity anyway for the successful operation of ITER.

Figure IV-13 shows contours of Q and current-drive power in I-A space,
where the enhancement factors are obtained subsequent to the Q optimization, from
power balance considerations as in the ignition analysis. Figure IV-14 shows these
required factors for Golston scaling and also the value of the plasma current required
for maximum Q.

Comparison of Fig. IV-13 with Fig. IV-l(a) in Section 2.2 shows that con-
tours of increasing Q generally follow those of increasing cost and major radius. For
Q > 5, a major radius in the vicinity of 5m is required whereas respectable Q values
of 10 can be obtained at A ~ 3 , 1 — 20 MA with R~5.5 m. Moving to the higher
regions of I-A space yields Q values in excess of 20 but would require devices with
major radii in the vicinity of 8-9 m. This does, however, provide some degree of
confidence that current-drive systems envisaged for ITER can be extrapolated to
reactor-sized devices with acceptable efficiencies.

Machines in the bottom left corner of I-A space (ie low I, high A) provide
lowest current-drive powers for a given Q value but require high enhancement fac-
tors under Shimomura-Odajima scaling. A region of minimum current drive power
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FIG. IV-13. Contours ofQ (solid lines) and current-drive power (dashed lines) in I-A space

at 1 MW/m2.
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FIG. IV-14. Contours of optimum plasma current (solid lines) and enhancement factors for
current-drive in I-A space at 1 MW/m2.
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of around 75 MW can be seen in the I-A space of Fig. IV-13. At lower values of
I-A, the Q is decreasing rapidly while at higher values the gain in fusion power is
not rapid enough to offset the increasing current drive power. Accordingly, provid-
ing a wall loading of lMW/m2 is to be maintained, no machine is feasible in this
I-A space with current drive powers less than this minimum.

Two interesting features are seen in Fig. IV-14. First, the higher aspect ratio
machines are not required to drive the full current when maximizing Q, since there
is more than adequate beta to produce 1 MW/m2. Secondly, the enhancement fac-
tors do not decrease from low I-A to high I-A as they do for the ignited machines
but, by contrast, show rather low values for the small machines at low I-A values
where the large current drive powers are supplying the confinement losses. In the
high I-A regime, the current-drive powers are low relative to the fusion power (i.e.
the Q is high) so that even though the basic device confinement is good, operation
at the high Te and low ne values necessary for current drive still requires apprecia-
ble enhancement factors. For the expected operating regime of ITER (i.e.
I~20 MA, A —3), current drive operation with optimized Q will probably require
enhancement factors similar to those for ignition. Reasonably attractive Q values in
excess of 10 and current drive powers less than 100 MW may then be expected.

IV.3.5. Conclusions

The I-A design space for steady state operation suitable for testing purposes
is bounded by the minimum wall load requirement of 0.8 MW/m2 and by the maxi-
mum current drive power of 100 MW. This design space shifts according to plasma
temperature. The lower .'the plasma temperature is, the narrower the design space.
There is no design space below about 14 keV. The major radius is restricted to about
5.0 m at that temperature.

The contours of enhancement factors generally show a similar tendency to
those required for ignition, when temperature is kept fixed. At a plasma temperature
of 16 keV, steady state operation with enhancement factors of about 1.5 for Goldston
and Shimomura-Odajima scalings is possible at plasma current of 16 MA and an
aspect ratio of about 3. Similarly, at 20 keV, steady state operation with a plasma
current of 20 MA is possible with similar enhancement factors. The major difference
for a smaller current device is that Q is more marginal. Also, as discussed in Sec-
tion 2, a larger plasma current gives better performance for ignition.

When temperature is treated as a free variable and Q maximised, devices with
low I and A need enhancement factors below that for ignition because relatively high
current drive powers compensate for poor confinement. Higher current devices need
larger enhancement factors than for ignition when wall load is kept fixed, because
the consequent low density high temperature operation does not maximise confine-
ment time. In the region around I = 20 MA, A = 3 similar enhancement factors are
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needed for both ignition and current-driven operation, and maximum Q values are
quite respectable.

Thus for both ignition and steady-state operation, a plasma current of about
20 MA and aspect ratio of about 3 seems to be a reasonable design point.

IV.4. BACKGROUND TO MACHINE SELECTION

IV.4.1. Genera* options for ITER

The I-A design space analysis of Sections 2 and 3 shows where ITER should
lie under various conditions. Before deciding on a particular region of the space,
however, it is worth looking at the parameters of a number of potential design points
in more detail.

The following devices were studied:

EBD (Engineering Baseline Device): The device has I = 20 MA and A = 3, and
has been used for the engineering design studied in the definition phase. It
uses fairly conservative coil design to meet inductive pulse length require-
ments. This design point is a rough compromise choice for both ignition and
steady-state operation, as discussed in sections 2 and 3.

LPD (Long Pulsed Device): This device is chosen to allow long inductive pulsed
operation providing more volt-seconds than EBD. Emphasis is placed on reli-
able pure-inductive operation instead of pure steady-state operation for test-
ing purposes. Here an extreme case with roughly one hour pulse length is
examined.

LID (L-mode Ignition Device): This device is chosen to ignite in L-mode under
all four scalings considered, and to operate in current driven operation under
similar poor confinement constraints. LID therefore corresponds to a device
in which emphasis is placed mainly on achieving ignition.

SID (Smallest Ignited Device): This device is chosen just large enough such that
in current driven operation it can achieve a wall load of 1.0 MW/m2, while
still maintaining sufficient volt-seconds for inductive operation. Emphasis is
placed primarily on steady state operation for testing purposes.

AMD (Advanced Magnet Device): The low-current low-aspect-ratio region of
parameter space is inaccessible with conservative magnet design. Taking
more risk with the magnet design by pushing stresses up can gain access to
this space, leading to a smaller device with ignition capability similar to EBD
for Rebut-Lallia and Shimomura-Odajima scalings.

The parameters and performance of these machines are shown in Table IV-2. To
illustrate the differences, the technology phase radial build is used in all cases.
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Concerning ignited operation, LPD has better ignition performance than EBD
for T-10 and Goldston scalings, but considerably worse performance than EBD for
the other scalings. The power level is reduced and the density increased relative to
EBD. For LID, Goldston scaling determines the size, while, by maximising plasma
current — here to 30 MA — other scalings can reach L-mode conditions at a mini-
mum power level. Compared to EBD, SID requires 20-40% higher enhancement
factors. This is also true for AMD for Goldston and T-10 scalings.

TABLE IV-2. COMPARISON OF ALTERNATIVE ITER DESIGN POINTS
AND THEIR NOMINAL PERFORMANCE

R(m)

a (m)

A

B0(T)

dc(m)

Cost (relative)

EBD*

5.80

2.00

2.90

5.10

1.05

1.00

LPD

6.30

1.40

4.50

6.63

1.17

0.87

LID

9.35

2.77

3.38

6.45

1.72

2.24

SID

5.11

1.70

3.00

4.96

0.89

0.82

AMD

5.17

2.07

2.50

4.26

0.69

0.92

IGNITED/INDUCTIVE:

I (MA)

^BURN ( S )

era

n, (1020 m"3)

Tn (keV)

Pfus (MW)

Pn (MW/m2)

HG

Hso

H-no

HRL

20.0

1012

1.80

1.07

10.0

1000

1.00

1.83

1.93

1.88

1.01

11.7

3970

2.01

1.30

10.0

787

1.00

1.72

2.53

1.67

1.67

30.0

7493

1.80

1.47

10.0

5808

2.60

1.01

0.94

0.92

0.33

16.0

586

2.15

1.17

10.0

762

1.00

2.19

2.30

2.22

1.35

20.0

300

2.20

1.06

10.0

927

1.00

2.24

1.96

2.38

1.05
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TABLE IV-2 (cont.)

STEADY STATE:

103

1 (MA)

g

nc (1020 m3)

Tn (keV)

Pfus (MW)

Pn (MW/nT)

PCD (MW)

Q

Ho

Hso

HTIO

HRL

20.0

3.00

0.61

23.4

1037

1.00

80.2

12.9

1.82

1.88

1.74

0.91

11.7

3.00

0.83

18.5

813

1.00

84.4

9.64

1.45

2.32

1.34

1.31

30.0

1.61

0.60

17.9

2282

1.00

239

9.55

0.85

1.00

0.81

0.34

16.0

3.00

0.84

15.8

790

1.00

104

7.6

1.59

1.62

1.56

0.84

20.0

3.00

0.79

15.0

956

1.00

130

7.4

1.58

1.24

1.62

0.61

(N.B. All devices have qcy, = 0.88, k,5 = 2.0, Zcll = 1.78, Btmax = 11 T, dBS = I.I m and
= 0-3 [in CD mode])

EBD = Engineering Baseline Device, LPD = Long Pulsed Device, LID = L-mode
Ignition Device, SID = Smallest Ignited Device, AMD = Advanced Magnet Device

Concerning steady-state operation, LPD has better performance for T-10 and
Goldston scaiings, but worse for the other scaiings, similar to the ignition perfor-
mance. The Q-value is smaller than that of EBD because relatively low temperature
and high density conditions are required to keep the same wall load. This reduces
the current drive efficiency. For LID, very high current drive power is required to
maintain power balance with such poor confinement while keeping a 1 MW/m2

wall load. SID and AMD have a similar steady state performance. The Q-value of
these devices is, as expected, smaller than that of EBD.

Examining these device options compared to EBD, the LID must be eliminated
as being too powerful, too large and too expensive. The LPD, while having a longer
pulse capability, reduced divertor design problems (lower power, higher density)
and iower cost, has poorer ignition performance for two of the scaiings, and will also
suffer from larger ripple losses and greater difficulty in tangential access. Implicitly,
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there is reduced operational flexibility with such a machine, since within TF coils
designed for a low aspect ratio plasma it is quite possible to accommodate a larger
aspect ratio plasma, whereas the reverse is not true. (Note here that R + a for EBD
and LPD are almost identical). The AMD solution is also cheaper than EBD, but is
more risky for ignition with some scalings, as well as more risky in magnet design.
It might be better to reserve this design option so that, in a larger aspect ratio device
like the EBD, the gain in reduced TF coil thickness is exchanged fd- increased cen-
tral solenoid thickness, permitting an extended burn.

This narrows the range of desirable devices to that between SID and EBD, pos-
sibly also including slightly higher aspect ratio devices to enhance burn pulse-length.
Before considering this region in more detail, however, it is worth re-examining the
opportunities available for size reduction by modifying the design assumptions, this
time with respect to a particular device.

IV.4.2. Impact of changes in design assumptions

Potential approaches for reducing the size and cost can be illustrated by using
the 5.8 m, 20 MA Engineering Baseline Device (EBD) as a reference and applying
various changes in the design assumptions. Sensitivity analysis for such assumptions
had previously been done for INTOR in some detail [9]. Central to this exercise is
the balance between cost, risk and performance.

Table IV-3 compares the parameters for EBD with a machine obtained by
applying four of the potential design changes, namely: (1) increasing the plasma
elongation and triangularity, (2) decreasing the plasma-TF inboard radial build,
(3) closing up the TF to PF coil gap and (4) decreasing the OH bore by 15 cm to
reduce the burn-time of the ignited plasma. The comparison is performed at the same
values of plasma current (20 MA), q^ (3.2), neutron wall loading (1 MW m'2), and
maximum TF and OH fields (11.2 T and 12.5 T respectively). Confinement perfor-
mance is not held constant. Table IV-4 illustrates the sensitivity of applying each of
these potential approaches separately in succession, indicating the step-change due
to each assumption.

As can be seen from Table IV-3, application of just these four design changes
reduces the major radius in the machine from 5.8 m to 5.1 m, and results in cost
savings of =20% in the total direct cost. Other advantages include a reduction in
fusion power (for the same wall loading) and lower TF and PF stored energies (for
the same plasma current). From the sensitivity results in Table IV-4 the biggest
impact is that of reduction in the plasma-TF inboard build (e.g. shield and/or scrape-
off reduction). The reduction in plasma-TF build of 10 cm leads to a considerably
larger corresponding reduction in major radius due to compounding effects of
decreasing minor radius and increasing axial toroidal field when the same q^ (95%)
and peak toroidal field are retained.
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TABLE IV-3. AN EXAMPLE OF REDUCING EBD SIZE AND COST

Design changes:
Elong./triang.(95%)
Plasma-TF coil

Inboard build (m)
OH/TF coil gap (m)
OH coil bore (m)

Constraints:
Plasma current (MA)
q (95%)
Neutron wall load (MW-m'2)
Peak TF/OH fields (T)
Te (keV)

Characteristics:
Major radius (m)
Minor radius (m)
Aspect ratio
Axial field (T)
Fusion power (MW)
Volt-seconds, capability (V-s)
Volt-seconds, burn (V-s)
Burn time (s)
Ignition enhancement factors:

Ho

Hso
Relative direct cost

EBD

2.0/0.4

1.10
0.1
1.30

20
3.2
1.0
U.2/12.5
10.0

5.80
2.00
2.9
5.10
1043
281
64
= 1000

1.65
1.77
1.0

REDUCED SIZE/COST
MACHINE

2.2/0.5

1.0
0.0
1.15

20
3.2
1.0
11.2/12.5
10.0

5.12
1.67
3.07
5.22
845
230
33
= 450

1.52
1.890
0.81

TABLE IV-4. SENSITIVITY OF INDIVIDUAL DESIGN CHANGES

R(m)
5R(m)

Sensitivity:
5R/R
parameter

EBD

5.80

k = 2 - > 2 . 2

5.67
0.13

6.5 cm
per 0.1 K

Plasma-TF build
reduced by 10cm

5.39
0.28

2.8 cm/cm
of build

TF/OH gap
=0.1 - > 0 m

5.27
0.12

1.2 cm/cm
of gap

OH bore reduced
by 0.15 m

5.12
0.15

1 cm/cm of bore
or 3 cm/100 s of

burntime



TABLE IV-5. CHARACTERISTICS OF CANDIDATE ITER DESIGNS

Relative
Cost

dBs(m)
R(m)
a(m)
A
I (MA)

Bo(T)

<i*

IGNITED/

INDUCTIVE

g
ne (1020 m"3)
T (keV)

Prus (MW)
Pn(MW-m-2)

HG

Hso
tburn (S)

20 MA
EBD

Basic

1.0

1.10
5.80
2.00
2.90
20.0
5.10
3.20

1.80-2.50
1.07-1.48
10.0
999-1927
1.00-1.93
1.83-1.78
1.93-1.60
1012

Extended

0.9
6.00
2.40
2.50
26.9
4.93
3.39

1.52-2.15
0.98-1.38
10.0
1242-2483
1.00-2.00
1.67-1.62
1.58-1.27
597

15 MA
HIGHER ASPECT RATIO

Basic

0.82

1.10
5.25
1.62
3.25
15.0
5.31
3.11

2.08-2.50
1.19-1.44
10.0
738-1067
1.00-1.43
2.09-2.04
2.37-2.18
1016

Extended

0.9
5.45
2.02
2.70
21.7
5.12
3.28

1.67-2.36
1.07-1.51
10.0
952-1904
1.00-2.00
1.86-1.80
1.89-1.55
626

17.5 MA
INTERMEDIATE

Basic

0.91

1.10
5.53
1.81
3.06
17.5
5.22
3.15

1.93-2.50
1.13-1.47
10.0
874-1474
1.00-1.69
1.94-1.89
2.13-1.86
1025

Extended

0.9
5.73
2.21
2.60
24.3
5.03
3.33

1.58-2.23
1.02-1.44
10.0
1092-2185
1.00-2.00
1.75-1.70
1.73-1.40
621

LONG PULSED DEVICE

Basic

0.93

1.10
5.80
1.76
3.30
16.9
5.58
3.10

1.84-2.50
1.15-1.56
10.0
893-1647
1.00-1.84
1.82-1.77
2.14-1.84
1666

Extended

0.9
6.05
2.16
2.78
23.8
5.39
3.25

1.49-2.11
1.03-1.46
10.0
1119-2239
1.00-2.00
1.63-1.59
1.74-1.42
1295

n
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The sacrifice in moving to the smaller machine is that the radiation damage and
heat loads to the TF coil have increased (assuming a 10 cm reduction in shield thick-
ness), as have the problems of plasma vertical stability control (by increasing elonga-
tion from 2 to 2.2). In addition, reduction of transformer bore has increased the risk
of there being insufficient volt-seconds for burn. As expected, ignition performance
of the machine is worse under assumptions of Shimomura-Odajima scaling, but,
rather surprisingly, better under Goldston scaling. This arises because at constant q,
Goldston confinement time scales as a high power of elongation ( = 2.5) which has
increased from 2.0 to 2.2 for the smaller machine.

In summary, the smaller, cheaper machine has resulted in decreased perfor-
mance and higher risks relative to the EBD, but to values which may still be consid-
ered as reasonable.

IV.4,3. A survey of candidate designs

The broad spectrum of machines discussed in section 4.1 encourages the search
fo; candidate designs in the vicinity of the Engineering Baseline Device (EBD). The
rationale is that this region of parameter space permits the ITER objectives to be
satisfied with devices of reasonable size and cost while retaining acceptable plasma
performance. Accordingly, characteristics of four typical candidate machines are
compared in Table IV-5.

ITER should be sufficiently flexible to accommodate uncertainty in the attain-
ment of ignition due to uncertainties in energy confinement scalings, so the
"extended" performance of these machines needs to be investigated within each
basic configuration. In all cases in Table IV-5, extended plasmas are represented by
reducing the inboard distance dBs between the plasma and radius of peak toroidal
field by 0.2 m; 0.2 m is then added to the major radius. These assumptions only give
an indication of extended performance since the difficulty of achieving the extended
performance may not be the same in all devices. In the second column of the table
for each device, characteristics for the extended performance phase are shown. For
each column, the inductive, ignited operation is assessed at two values of the beta
scaling coefficient: a lower value which yields a neutron wall load of 1 MW/m2 and
an upper value which yields a wall load of 2 MW/m2 (unless this would exceed the
value of 2.5, in which case 2.5 is used). In this way, ignited performance under vary-
ing densities (i.e. fusion powers) can be assessed. Finally in Table IV-5, the current-
drive performance of the basic phase of each machine is compared. Plasma condi-
tions are adjusted to maximise Q for a combination of neutral beams, lower hybrid
and bootstrap using the methodology of section 3.3.

Relative to the EBD, a 15 MA machine is seen to offer an appreciable cost sav-
ing ( * 20%) and, in basic performance, fusion power reduction (*25%) but at the
expense of reduced ignition performance. The required enhancement over Goldston
L-mode scaling increases by 14% while that for Shimomura-Odajima scaling
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increases by 23%, as predicted by the I-A space analysis in section 2.2. As shown,
some of this shortfall in performance under Shimomura-Odajima scaling can be com-
pensated by operating at the beta limit but at the expense of requiring fusion powers
in excess of 1 GW.

As expected, a 17.5 MA machine, with parameters intermediate between those
of the 15 MA machine and the 20 MA EBD, displays intermediate values of cost,
fusion power and ignition enhancement factors.

A long pulsed device is distinguished by its large volt-seconds capability and
long inductive burn time. Even in its extended operation at currents approaching
24 MA, it is capable of burn times considerably in excess of 1000 s. However, due
to its high aspect ratio and, therefore, lower minor radius, its ignition performance
under Shimomura-Odajima scaling is somewhat reduced relative to the EBD. Given
uncertainties on steady state operation, this device with long burn capability could
be a useful contender for testing purposes.

Regarding the extended operation of these machines, this mode for the 15 MA
basic machine gives about the same ignition performance as the basic mode of opera-
tion of the EBD but with reduced burn time and limited operating conditions.
Extended operation of the EBD goes further, resulting in ignition enhancement fac-
tors which are now only a modest ( * 1.5) increase over L-mode.

Current-drive performance of these machines shows characteristics evident in
the I-A space analysis in section 3.3. In particular, larger machines require lower
plasma densities to obtain the same wall loading. The EBD can achieve Q values in
excess of 13, while a 15 MA machine yields only 8.5. The 17.5 MA intermediate
machine has a respectable Q in excess of 10 and requires current-drive powers of
less than 85 MW.

In summary, an intermediate machine (about 17.5 MA) represents a cost sav-
ing of * 10% over the EBD while retaining reasonable ignition performance by
requiring enhancement factors in the vicinity of H-mode operation (i.e. H = 2) Its
current-drive Q of * 10 is also comfortably above minimum ITER requirements, and
therefore such a machine looks to be a reasonable starting point for the ITER design.

IV.5. ITER DESIGN CHOICE AND CHARACTERISTICS

IV.5.1. Characteristics of design baseline

Characteristics of plasmas in the physics phase where an ignition is required
are quite different from plasmas for nuclear testing in the technology phase, where
ignition is not so essential. For ignition, a major concern is the uncertainty of energy
confinement. To resolve this issue in a given device, the largest plasma current and
plasma size will be needed to obtain the best performance. Conversely, major con-
cerns in the technology phase are achieving a reasonable wall load, pulse length and
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TABLE IV-6. ITER DEVICE TYPICAL PERFORMANCE PARAMETERS

R(m)
a(m)

A
k»
%
g
IP (MA)
B(T)
Pfus (MW)
Pn (MW/m2)
PCD (MW)

Q
n c(102 0m"3)
T (keV)

Ms)

Hc/HT|o

^burn (S)

Phys. Phase

5.8
2.2
2.6
1.9
3.2
1.9
22.0
5.0
1000
1.0
—
—
1.1
10
3.1
1.7/0.8
1.8/1.7
> 200

Technology

5.5
1.8
3.1
2.0
3.1
2.0
18.0
5.3
880
1.0
—
—
1.3
10
2.7
2.0/1.0
1.8/1.8
> 600

Phase

< —
< —

< —
< —
< —
3.0
^
< —
<820
<0.9
90
9.1
0.8
18
1.8
1.6/0.7
1.5/1.4
steady state

total neutron fluence. Steady-state operation appears to be the most suitable for this
purpose if some difficulties in divertor operation because of low plasma density are
resolved. Hybrid operation (using non-inductive means to stretch the burn), dis-
cussed in chapter V, is also a reasonable choice for obtaining a high Q-value and
a long pulse even for a smaller current. Thus the plasma operation mode in the tech-
nology phase can be chosen through optimization among various modes. The major
focus to determine the design point, therefore, needs to be on the ignition capabilities
of the machine in the physics phase, envisaging transfer between the two phases
without changing any major structures, such as vacuum vessel or coils.

Following this logic, the baseline plasma in the physics phase is chosen to have
a larger plasma size and plasma current than in the technology phase, that is, a major
radius of 5.8 m, minor radius of 2.2 m, and plasma current of 22 MA. The baseline
plasma in the technology phase is chosen to have a major radius of 5.5 m, minor
radius of 1.8 m and plasma current of 18 MA. Major design parameters are shown
in Table IV-6. These parameters are chosen to symmetrise the demands on
confinement in the two phases. The plasma in the physics phase ignites with an
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energy confinement time of 3 S. This requires enhancement factors of 1.7 for
Shimomura-Odajima, 1.8 for Goldston, and 1.9 for T10 scaling. The plasma in the
technology phase could ignite if the enhancement factors of 2.0 for Shimomura-
Odajima, 1.8 for Goldston and 2.0 for T10 scaling were achievable under the
1.0 MW/m2 wall load constraint. Sub-ignited modes including steady-state and
hybrid operation, discussed in section 5.3 and Chapter V, will require smaller
enhancement factors similar to those needed for ignition in the physics phase.

The physics baseline plasma of 22 MA can be operated fully inductively and
several hundred seconds plasma burn time is maintained. The volt-seconds capability
including equilibrium contribution is about 250 V-s in the reference operation of the
physics baseline plasma. The outer-radius of the solenoid coils is 1.9 m. For the
technology baseline plasma of 18 MA, inductive volt-seconds required are reduced
but the equilibrium contribution may decrease, depending on the design of the PF
coil system. Overall, about 30 V-s can be saved and used for additional plasma burn
time, if necessary, in the technology phase.

IV.5.2. Operation space analysis

As explained in section 3.4, in a machine with a given size and magnetic field
it is possible to vary density, temperature and plasma current (or q) presenting a
broad range of operational flexibility in both physics and technology phases. The
operation space of ITER is presented in this section on the n-T plane.

The operating space acceptable for ignition in the physics phase is bounded in
the n-T plane by the beta limit. The upper boundaries in Fig. IV-15 correspond to
g = 3, with the operating region below this curve. The dotted lines show the con-
tours of neutron wall load and the solid lines show contours of enhancement factor.
Figure IV-15 also shows the enhancement factors for Goldston and Shimomura-
Odajima scalings. In both cases a low enhancement factor corresponds to the high
density, high beta region with high neutron wall load. It is impossible to obtain igni-
tion in pure L-mode (H = 1), but in H-mode (H < 2) the operation space is rather
wide. In ITER a typical first wall loading constraint, Pn < 1.5 MW/m2, does not
allow operation at high beta, close to the beta limit.

Considering now the operation space for the steady state mode in the technol-
ogy phase, Fig. IV-16 shows the n-T plane with plasma current 1 = 18 MA. The
upper limit of the operating region (shaded) corresponds to the beta limit with g = 3.
From below the operation region is restricted by the minimum neutron wall load
Pn = 0.8 MW/m2. The dotted lines correspond to the neutron wall load
Pn = 1.5 MW/m2 and fusion power P^ = 1 GW.

At each point in n-T space it is possible to calculate the neutral beam power
necessary to drive plasma current. The efficiency of current drive is proportional to
T/n, so to decrease the current drive power it is necessary to increase the plasma
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FIG. IV-15. Contours of Goldston and Shimomura-Odajima scaling enhancement factor for
the ITER device basic physics phase plasma.
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FIG. IV-16. Operating window for ITER technology phase plasma in n-T space, bounded by
g = 3 and Pn = I MW/m2. Solid lines show the contours of NB power necessary for current
drive.
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FIG. IV-17. Contours of Shimomura-Odajima and Goldston scalings over the operating win-
dow for the ITER technology phase plasma.

temperature and decrease the plasma density. The minimum current drive power cor-
responds to the upper left corner of the operating region in Fig. IV-16. By restricting
the current drive power to 100 MW the operating region for current drive is
obtained. For a PCD of ^00 MW the operating window corresponds to the range
6 < Q < 11. In this high temperature region, T — 20 keV, the fusion power is less
than at a lower temperature higher density point at the same beta, due to a larger
contribution of the fast ions to the total beta and decrease of the fusion reaction rate.
So despite the 100 MW of auxiliary power for current drive, approximately the same
enhancement factors are needed as for ignition. This is illustrated in Fig. IV-17
where contours of enhancement factors for Goldston and Shimomura-Odajima scal-
ing are presented.

IV.5.3. Operational flexibility

The above section shows that the ITER device has the potential to operate with
a large number of plasma configurations and modes of operation in both the physics
and technology phases. Here operational flexibility in the basic physics and basic
technology phase plasmas is described only in outline. These, and other options
requiring further hardware changes, are described in more detail in the next chapter.
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TABLE IV-7. TYPICAL ITER OPERATIONAL FLEXIBILITY

R(m)
a(m)
A

k»s

g
IP (MA)
B(T)
Pfc (MW)
Pn (MW/m2)
PCD (MW)
ne (1020 m 3)
T (keV)
rE(s)
Hso/HRL

Hc^HTI0

'bum (S)

Q

Physics Phase Operation

Basic

5.80
2.20
2.64
1.88
3.23
1.76
22.0
5.03
1040
1.00
—

1.03
10
2.99
1.70/0.76
1.83/1.90
> 200
oo

Maximum I
scaling
factor

^ ——
< —

< —

2.50
< —
^
2176
2.09

1.49
< —
1.98
1.29/0.54
1.77/1.67
> 200
oo

Minimum
scrapeoff,

low q

< —
2.25
2.58
2.00
2.53
1.29
28.0
< —
1000
0.89

0.96
< —
3.25
1.63/0.63
1.50/1.68
0**
0 0

Technology Phase Operation

Basic

5.50
1.80
3.06
2.00
3.16
1.83
18.0
5.30
848
1.00
—
1.14
10
2.71
2.01/0.98
1.83/1.96
> 500
oo

Steady State
Current
Drive

< —
< —
< —

< —
< —
3.00
^
< —
^
< —
75.1
0.65
22
2.28
2.04/1.04
1.84/1.74
steady state
11.9 +

Dt ivcn
(Q = 15)

< —
< —
< —
< —
< —
1.70
< —
< —
756
0.89
50.0*
1.07
10
2.00
1.62/0.77
1.49/1.57
> 500
15.0

* Continuous heating power
+ Maximum Q value
Constraints are in bold face

Requires startup assist

Table FV-7 illustrates this operational flexibility of ITER. The basic physics
phase operation has some margin in beta scaling coefficient. This can be used to sig-
nificantly reduce required enhancement factors for Shimomura-Odajima and Rebut-
Lallia scalings, provided the accompanying wall load can be withstood (for example
by reducing the burntime). If this proves difficult, significant reduction in enhance-
ment factors for all scalings can be achieved, without increasing wall load, by max-
imising the plasma current by minimising scrapeoff layer thickness and dropping
plasma safety factor at the same time, although some non-inductive current rampup
assist will be needed in this case. A larger impact on reducing Goldston and T-10
scalings could be obtained by increasing aspect ratio and reducing minor radius
within the same TF coils, but this would require changing vessel internals.
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During the technology phase less plasma dimensional flexibility is likely to be
needed. Operating modes will be ignited or current driven, but if the latter turns out
to be difficult a fallback position would be driven operation. A range of Q values
are likely to be possible without violating divertor heat load limitations, still main-
taining adequate neutron wall load. Driven operation requires enhancement factors
that should already have been achieved during the physics phase for all scalings.

With due consideration to design flexibility, considerable safety margins in
enhancement factors needed for ignition can be attained in principle. The ease of
attaining this in practice is addressed in the next chapter.
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Chapter V

PERFORMANCE FLEXIBILITY

V.I. INTRODUCTION

Performance flexibility is essential to enhance the capability of the ITER
machine, to provide the possibility to introduce advanced features and new schemes,
to allow for optimizing plasma performance, and to accommodate the present uncer-
tainty in physics. For this, the machine must be optimized in each phase and, there-
fore, must be designed to have not only the capability of standard operation but also
the flexibility to change the working conditions, especially with regard to plasma
size, current and operation scenario.

ITER operation will be carried out in three phases, a H/D phase, a D/T physics
phase and a technology phase. The detailed description of the operation is given in
Chapter VIII and essential points for the flexibility are summarized below.

After installing the full heating and current drive system, intensive plasma
experiments on confinement, steady-state operation with non-inductive current
drive, heating, operational limits, disruption characteristics, and power and particle
transport and exhaust will be performed over a wide range of parameters. There will
be maximum capability with respect to diagnostics, available space and maintainabil-
ity in H/D plasmas. The performance of the machine, in particular confinement,
power and particle exhaust conditions, and the working conditions of plasma-facing
components can be clarified. The operational range expected for the following D/T
phase will be assessed.

Ignition with pure inductive drive, steady-state operation with non-inductive
current drive and various other operation scenarios will be studied after installing the
tritium system, the full pumping system and sufficient shield. In this D/T physics
phase, a relatively low number of pulses in ignited and steady-state operation with
intense neutron flux will be required, and the neutron fluence is anticipated to be less
than 0.01 MW-a/m2. As the shield can comparatively thin there will still be a
favourable capability in the sense of plasma size, current and operation flexibility.

In the technology phase, breeding blankets and additional shield will be
installed. Consequently, the plasma size and current will be smaller than in the
physics phase. The ITER must be reliably operated in steady-state and/or a long-
pulse mode to perform its engineering objectives and the testing program. The total
neutron fluence will be 1-3 MW-a/m2, with the neutron flux of about 1 MW/m2.
The plasma operating scenario, developed in the physics phase must be reliable, and
have a smaller plasma current and be optimized to maximizing the life time of the
plasma facing components with an optimized divertor.
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In order to optimize the device for each phase, the plasma size and plasma con-
trol must be adjustable. The in-vessel components can not be frozen in an early phase
and thus must be replaceable. The poloidal field system must be flexible to control
a wide range of plasma configurations. Large access ports, including tangential
ports, must be provided because of the uncertainty with respect to the choice of the
optimum method for current drive and heating. The plasma facing components and
the divertor throat will be optimized for particle and power exhaust. The effect of
plasma disruptions on the plasma-facing components will be definitely clarified in
the early phases of the ITER operation. Therefore the plasma-facing structures and
materials must be easily replaceable so that in-vessel components for the operation
mode of the technology phase can be developed and put in place.

V.2. OVERVIEW OF OPTIONS

The options possible in ITER for plasma operation in the different phases can
be summarized as follows:

V.2.1. Physics phase

(1) Baseline:

R = 5.8 m, a = 2.2 m, I = 22 MA, q > 3 at the 95 % flux surface, scrape-
off width at inboard midplane: 15 cm, distance between X-point and divertor
plate 40 cm, maximum fusion power: 1 GW, toroidal field ripple: < 1.5%.

(a) purely inductive operation:
wide range of operation parameters including double, single and semi-
double null divertors, distance between separatrix and first wall, elonga-
tion, triangurality, aspect ratio, safety factor, and profiles.

(b) non-inductive+inductive operation:
steady-state, V • s saving during ramp-up, very long pulse or quasi-steady
state, sub-ignition with current profile control

(2) High plasma current with non-inductive current rampup assist for confinement
optimization (limited number of pulses):

(a) high current with large plasma volume:
22-28 MA, R = 5.8 m, a = 2.25 m and b = 5 m with short distance
between separatrix and the plasma facing components

(b) high current with large R and small a:
22-25 MA, R = 6 m a n d a = 2 m

(c) others:
low safety factor, high elongation
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(3) Innovative concept for optimizing power and particle exhaust and minimizing
the damage of plasma-facing components:

(a) radiative cooling for reducing the power to the divertor:
high density and low temperature operation and/or medium-Z impurity
injection

(b) semi-closed divertor for reducing erosion, the required He pumping
speed and impurity contamination:
additional structures on the divertor, possibility of high-Z material for
the divertor plates (combination with 3(a) might be necessary.)

(4) Short burn pulses with higher fusion power for enhancing confinement, the
study of the thermal instability and power handling:

example: 2 GW for 10 s

Some ot the listed options will be sufficiently studied in the H/D physics phase.
Therefore, it is essential to have the full current-drive and heating system available
from the beginning of ITER operation.

V.2.2. Technology phase

In the technology phase, the ITER machine and its operation will be optimized
for engineering tests. This optimized scenario will be clarified definitely only in the
physics phase. However, possible scenarios can already be devised; these are:

(1) Baseline:
R = 5.5 m, a = 1.8 m, I = 18 MA,
elongation = 2 and q > 3 at the 95% flux surface,
scrape-off width at inboard midplane = 15 cm,
distance between X-point and divertor plate 40 cm,
maximum fusion power < 1 GW,
optimized divertor configuration (probably DN or semi-DN and semi-closed
divertor) about 0.5% toroidal field ripple at the plasma edge

(a) steady-state operation
(b) long-pulse operation

(2) Additional options with 18 MA:

large plasma,
large R and small a,
single-null divertor,
slightly higher elongation
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V.3. IMPACT OF THE FLEXIBILITY REQUIREMENT ON THE DEVICE

It is very important to study the impact of flexibility on the design of the device
and to find a solution in which a reasonably small additional effort ensures the flexi-
bility needed. The first detailed study has been done specifically on the configuration
of the device and on the poloidal field system for the initial engineering study
parameters, i.e. plasma current of 20 MA, major radius of 5.8 m, minor radius of
2 m, elongation of 2 and safety factor of 3.1 at the 95% flux surface, and toroidal
field ripple of 1.4% at the plasma edge. Assuming that 50 V-s can be saved with
non-inductive current rampup assist, it is possible to have an extended plasma with
plasma currents of 25-30 MA, a minor radius of 2.3-2.4 m, an aspect ratio of
2.6-2.4, an elongation of 2, a safety factor of 2.7 and a toroidal field ripple of about
2% in the same vacuum vessel with a thinner shielding blanket and ferromagnetic
inserts. This extended operation with a thinner blanket and higher heat fluxes due
to ripple losses can be tolerated for a limited number of pulses. Only a 25% increase
of the coil currents and no significant increase of the poloidal field energy are
required for the large plasma size at reduced aspect ratio. Some poloidal coils must
have a somewhat larger cross-section, by a few tens of %, than those required for
basic operation. The in-vessel components are replaceable. The device is also suita-
ble to have a smaller plasma with a smaller current in the technology phase.

This same concept can easily be applied for the reference device: different
basic plasma parameters are available in the physics phase and in the technology
phase, i.e. plasma currents of 22 MA and 18 MA, major radii of 5.8 m and 5.5 m,
minor radii of 2.2 m and 1.8 m, respectively, and a large operational flexibility in
the physics phase is ensured. In this section the results of the study on the initial
engineering study point are summarized and the application of this concept to the
reference device is discussed.

V.3.1. Flexibility of reactor concept

The reference and the alternative ITER configurations, as they are presented
in Chapter VI, ensure the achievement of the flexibility required for the phased oper-
ational scenario. In fact, since the beginning of the definition phase of ITER, a con-
cept has been developed on the basis of the initial engineering study point, having
in mind the objective of a certain operational flexibility. For this reason, ITER has
been conceived as the assembly of two main systems:

(1) The basic machine whose main systems, the TF and PF coils and the vacuum
vessel, are semi-permanent and should not be changed during the life of the
plant.

(2) The removable in-vessel components, i.e. the first wall, the inboard and out-
board blanket segments, and the divertor area which are, the interface between
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FIG. V-l. Basic plasma configuration in technology phase (a) and in physics phase (b).

the basic machine and the plasma and are segmented for a relatively easy
replacement through appropriate penetrations in the vacuum vessel.

Initially the main reason for conceiving the in-vessel components as removable
was to be able to replace their short life-time components, but it is clear that this pos-
sibility can be directly used to change the shape, dimension, and divertor configura-
tion of the plasma chamber between phases and of ITER operation. For this reason,
flexibility can be ensured, simply by changing the configuration of the in-vessel com-
ponents, provided that the PF coil layout, as indicated in the following section, in
capable to achieve the dit'ferent plasma configurations.

The exercise of verifying this approach has also been carried out for (1) the
reference device having a plasma configuration with an inductive plasma current
capability of 18 MA, in total 240 VS, a major radius of 5.5 m and a minor radius
of 1.8 m in the technology phase (Fig. V-l(a)), and (2) a higher plasma current and
a larger plasma size in order to enhance the confinement capability in the physics
phase (Fig. V-l(b)), namely a minor radius of about 2.2 m, aspect ratio of about 2.6,
elongation of about 1.9 and plasma current of 22 MA in the same vacuum vessel with
thinner shield. The toroidal field ripple of 1.5% is acceptable at the lower aspect
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ratio and the small number of full ignition and steady-state pulses allows a higher
heat flux onto the first wall due to a higher ripple. The reduced thickness of the
inboard shield leads to a higher neutron flux and heat load in the magnet. Only a
part of the inboard shield, near the midplane, is reduced in thickness but the nuclear
heating becomes critical and must be carefully studied, including a possibility of
using a high-performance shield. The neutron damage is not serious because of the
very low fluence in the physics phase. The larger size and higher current can be a
standard operation in the physics phase.

Other plasma configurations with DN, SN or semi-DN divertor, large aspect
ratio, higher elongation, etc., can also be realized in the basic device with or without
changing the in-vessel components.

Two options for the removal and replacement of the in-vessel components have
been developed and are described in detail in Chapter VI (options Al and A2). One
concept is based on the removal of all the in-vessel components from the outside of
the plasma chamber, including the divertor modules and the guard limiters (one per
sector in the inboard region); all the supply lines can be disconnected outside the
plasma chamber and the in-vessel components can be held from outside through their
outer extensions for withdrawal and substitution.

Another concept is that of removing the divertor systems from inside the
plasma chamber by means of appropriate manipulators.

In the first option, taken as an example, the divertor modules are cassettes
(3 pieces per sector) and can be removed at the top and at the bottom of the plasma
chamber.

The guard limiter and the first wall and blanket segments constitute also an
assembly of three pieces per sector in both the inboard and outboard regions. They
are removed from the top through the upper vertical penetrations (after an horizontal
transfer for the lateral segments). All the in-vessel components can be properly
guided and fixed inside the vacuum vessel for facilitating the movements during
removal and for supporting the electromagnetic loads induced during operation.

The proposed configuration allows appropriate penetrations around the
equatorial plane for the foreseen auxiliary heating and current drive systems (NB,
LH, IC and EC), satisfying the specific requirements. By properly varying the allo-
cation of the sectors to the different systems, it is possible to use the three scenarios
as foreseen in ITER for current-drive/heating, based on the use of NBI, ECW, ICW
and LHW, respectively.

In summary, only a small additional effort is needed to ensure a considerable
flexibility of the basic device.

V.3.2. Flexibility of poloidal field system

Proper design of the poloidal field system is a key to realizing operational flexi-
bility. The performance of a few coils must be enhanced with respect to the baseline
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18 MA design values, but these additional enhancement must be small for the flexi-
bility to be practicable. This summer, typical operational flexibilities, i.e. baseline
plasma, high current with large plasma, single null divertor configuration, large-R
and small-a configuration and a reduced plasma size with a reduced current, were
studied with the initial engineering study parameters, i.e. plasma current of 20 MA,
major radius of 5.8 m, minor radius of 2 m, elongation of 2 and safety factor of 3.1
at the 95% flux surface and toroidal field ripple of 1.4%. The result shows that a
small additional effort permits the designed flexibility in the device and is easily
applied to the reference design and summarized in Table V-l and Fig. V-2.

V.3.2.1. High current and large size plasma

An equilibrium configuration of extended plasma size and current with minor
radius of 2.4 m, plasma current of 30 MA and aspect ratio of 2.4 is shown in
Fig. V-2(b). Relative distance between the plasma and the coils, as well as aspect
ratio, decreases due to enlarged plasma size, so that the required increase of the coil
current is small in spite of large increase of plasma current by a factor of 1.5. This
small increase can be accepted by increasing cross-sections of PF2-coil by a factor
of 7% and PF6-coil by a factor of 2. The current of PF6-coil is still lower than that
of PF5-coil and this modification induces little affect on the device.

The total V-s slightly increases, i.e. from about 280 V-s to 290 V-s because
of the favourable configurations. Saving several tens V-s with a non-inductive
scheme, a plasma current of 30 MA can be obtained. Another important point is to
increase plasma current as increasing poloidal beta from 20 MA to 30 MA in order
to minimize the power supply system of the poloidal coils.

V.3.2.2. Single null divertor configuration

A single null divertor configuration with 20 MA plasma can be provided by
the enhancement of only PF6-coil by a factor of 2. This enhancement is required in
the 30 MA operation as discussed in the previous sub-section; virtually no additional
enhancement is necessary to achieve this single null divertor configuration. In this
case low beta operation is also possible without changing the poloidal field system.
The equilibrium configuration is shown in Fig. V-2(c).

V. 3.2.3. Small minor radius and large major radius

A plasma configuration with small minor radius and large major radius, e.g.
major radius of 6.1 m, minor radius of 1.7 m and plasma current of IS MA, can
be obtained by moving the plasma to outboard and increasing slightly elongation as
shown in Fig. V-2(d). In this case, no enhancement of coil currents from the basic
parameters is required.



TABLE V-l. REQUIRED COIL CURRENTS FOR DIFFERENT CONFIGURATIONS (UNITS MAT)

Operation mode

Plasma flux (V-s)

Condition Ip (MA)

Poloidal beta

PF 1

P F 2

Coil
number PF 3

P F 4

P F 5

P F 6

Initial
change-up

100

0

—

30

19.5

30

5

1

0

Basic
20 MA

-90

20

0.1

-18.4

-2.1

9.1

18.0

-13.7

0.3

-150

20

1.0

-26.5

-10.5

1.0

12.0

-8.0

-5.1

Extended
30 MA

-100

30

0.1

-8.0

-10.8

1.8

19.6

-7.8

-5.2

-190

30

1.0

-20.0

-21.0

-6.8

15.0

-4.2

-10.0

Smallsize

-75

15

0.1

-18.0

0

14.0

21.5

-17.5

3.0

-125

15

1.0

-26.0

-8.5

6.0

15.0

-11.0

-2.5

High aspect
radio plasma

-75

15

0.1

-21.2

3.8

8.2

18.1

-7.0

-2.7

-125

15

1.0

-28.6

-4.9

2.7

12.0

-2.7

-6.4

Single

90

20

0.1

-19.6
(-19.6)

3.0
(1-0)

4.0
(7.8)

7.8
(15.8)

-7.2
(-8.8)

-2.0
(-4.0)

mil

150

20

1.0

-28.0
(-26.8)

-5.4
(-8.2)

0
(0)

3.2
(10.0)

-4.9
(-2.0)

-5.0
(-10.0)

Bold numbers: higher current than basic values with high beta, italic numbers: low beta, numbers in brackets ( ) : down side.

Configurations are shown in Fig. V-2.
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FIG. V-2. Various configurations and required coil current at burn start in the initial
engineering study device: (a) basic configuration, (b) extended configuration, (c) single null
configuration and (d) large R and small a configuration.
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4.5M»T

10CJ)
(K1/135HAT)

F/G. C-i. Various configurations and required coil currents in MAT and total stored energy
in GJ of the poloidal field system at low beta/high beta phases: (a) reference configuration
in the technology phase; (b) 28 MA extended operation in the physics phase; (c) large R and
small a operation with 25 MAT. Required coil currents at breakdown phase and coil numbers
are also shown in (a).
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V.3.2.4. Reduced plasma current with reduced size

Two plasma configurations with a reduced plasma current, e.g. 15 MA are
examined for the technology phase. The plasma current is simply reduced while
keeping the standard plasma size and configuration, i.e. minor radius of 2 m and
major radius of 5.8 m. This plasma operation is naturally possible within the basic
capability of the PF system. The other configuration examined is a small plasma with
the same safety factor as the basic one, i.e. major radius of 5.5 m, minor radius of
1.7 m. The aspect radio and distance between the plasma and coils increase in this
case. Consequently, coil currents cannot be reduced from the basic parameters and
careful operation from low beta to high beta is also required as shown i;i Table V-l.

V.3.2.5. Preliminary study in the reference concept

Preliminary study has been done for the reference plasma configurations and
the flexible plasma operation is also expected as shown in Fig. V-3. A detailed study
will be performed during the design phase.

V.3.3. Engineering consideration of operation range

V.3.3.1. Plasma facing components

The limits of the operational range of the plasma facing components (PFC) are
mainly come from fatigue, peak heat flux onto the divertor plates, erosion of the
divertor plates and disruption effects. In this sub-section, fatigue of the first wall and
peak heat flux onto the divertor plates were investigated in order to estimate con-
straints on the acceptable range of neutron wall loads for different plasma scenarios
at a current of 20 MA assuming ignition or driven operation at Q = 5-10. The tenta-
tive PFC design and analysis are described in Chapter VI. 3.3 including the prelimi-
nary evaluation of the allowed heat fluxes on the first wall (FW) and divertor plates
(DP) during the technology phase. The allowed limit of the heat flux are shown in
Fig. V-4 depending on the neutron wall load:

(i) For the FW in water cooled austenitic steel with conductivity cooled carbon
armour tiles, the allowed average heat flux is primarily limited by thermal
fatigue and is given here for typically 104 and 10s pulses. With radiation
cooled tiles significantly higher FW, heat fluxes of up to 0.8 MW/m2 would
be allowed at carbon temperatures up to 1800°C.

(ii) For the DP with carbon armour tiles brazed onto a water cooled heat sink in
Cu- or Mo-alloy, the allowed peak heat flux is limited primarily by: peak
armour temperatures, hence armour thickness and erosion life, and thermal
fatigue of the heat sink and brazing joint. These allowed DP heat fluxes are
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FIG. V-4. Nominal peak heat flux on divertor plate assuming 18 MA, 20° inclination and
scaling of (power to divertor)'5/(density)08 for scrape-off width and estimated operation
limits for the first wall. Fatigue limits are given by Ace. Rcc-MRfor 3 mm 316 L steel with
15 mm conductive C-tiles. ignited plasma, Q — 5 plasma.

at present only roughly estimated assuming a contingency factor 1.5-2 for
plasma edge modelling uncertainties, up-down double null (DN) asymmetry
and geometrical misalignment and following values are employed: 5 MW/m2

peak heat flux for an ideal DN plasma with a static separatrix and 10 MW/m2

with the maximum sweeping of the separatrix permitted by AC-losses in the
coil system.

In R g . V-4 the above discussed limits for the FW are compared with the
required heat fluxes depending on the neutron wall load, the fraction of alpha and
heating power radiated to the FW, and the plasma scenarios. As explained in VI. 1.2,
the peak divertor heat flux is estimated for plasma edge assumptions in between L-

and H-mode and is scaled with (total divertor power)1 ̂ /(density)08 assuming in
cases with non-inductive current drive a density of 60% of the value for ignited
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TABLE V-2. LIMITS FOR THE AVERAGE NEUTRON FLUX

129

Limit
feature

Divertor

Heat flux

First wall

Heat flux

Condition

10 MW/m2

5 MW/m2

104 cycles

105 cycles

Radiation

Q=<

1.1

0.7

2.5

1.8

20%

» 10

0.7

0.4

2.2

1.6

rate

5

0.4

0.2

2.0

1.4

Radiation
40%

Q=oo 10

1.5 0.9

0.9 0.5

2.0 1.7

1.4 1.2

rate

5

0.5

0.3

1.4

1.0

Radiation

Q=oo

2.2

1.4

1.7

1.2

60%

10

1.3

0.8

1.4

1.0

rate

5

0.7

0.4

1.1

0.8

Heat flux of 10 MW/m2 is assumed with separatrix swing and 5 MW/m2 without swing. An
ideal double null configuration with 20; inclination of divertor plate and separatrix is assumed.
The acceptable heat flux is scaled with (total divertor power)''/(density)0'8 based on a fluid
model. Limit of first wall heat flux is based on Fig. V-3 .

plasmas. Table V-2 summarizes the resulting limits of the neutron wall load with
different conditions.

These results suggest that the average neutron wall load mainly during the tech-
nology phase is more limited by the divertor than the first wall. The limit is sensitive
to the assumption of radiation cooling fraction in the main plasma and scrape-off
layer model. The allowable average neutron wall load W (MW/m2) is given
by the function of peak heat load q (MW/m2), half width d (m) of heat flux
on the divertor plate, radiation cooling fraction f and fusion Q-value as follows:
W = 0.5qd/(l - f)/(l + 5/Q) with the reference configuration. For example,
1 MW/m2 can be accepted with Q = 10 if d = 15 cm, f = 0.5, Q = 10 and
q = 10 MW/m2. Therefore it is very important to increase the Q-value, radiation
cooling rate, scrape-off layer width and effective area of the divertor plate.

During the physics phase with short integral operation time and less emphasis
on the lifetime of the components, the permitted DP heat loads and hence the neutron
wall load could be somewhat higher than the values in Table V-2. The allowable heat
flux onto the plasma-facing components is higher than the normal value for a limited
number of pulses but the issue has to be carefully analyzed.

The other important issues are erosion especially on the divertor plates and
impurity contamination, and disruption effect. From the first point of view, a low
density plasma for the steady state operation is unfavourable and the divertor includ-
ing the semi-closed divertor will be optimized for the technology phase. Concerning
the disruption, the disruption frequency must be significantly reduced by optimizing
the plasma operation and might be reduced in the driven mode. Further studies are
needed on both issues.
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V.3.3.2. Magnet

From the magnet design point of view, there are operating limits on the
mechanical, electrical and nuclear design as described in VI.2.3.2. A critical limit
of the normal operation is mainly related to the mechanical design considerations
such as fatigue characteristics of the structure and superconductor of the PF magnets,
and shear transmission due to the out-of-plane forces. The stress level in the nominal
operation is close to the allowable stress. Accordingly, the operating range in the
extended condition has to be considered in the limited loading conditions with a
limited number of cycles which should be carefully analyzed in the design phase.

As regards the PF magnets, the extended plasmas are larger and have the
higher plasma current, which is partially offset by an easier equilibrium requirement.
The central solenoid works at its allowable limits in both physics and technology
phases and is not influenced by the extended plasma. Some extra current capacity
in the outer magnets can be included as discussed in the previous sub-section.

A critical issue is the allowable heat flux on the TF magnets due to the nuclear
flux. This is extended to lie between 1 mW/cm3 (20 kW total heat) and 5 mW/cm3

(100 kW total heat). A more detailed assessment of the actual heat distribution, and
other heat sources and the pumping losses is required before the limit is fixed. At
present, 1-2 mW/cm3 is the preferred upper limit.

The other mechanical structures have similar characteristics as the magnet.

V.4. FLEXIBILITY IN THE PHYSICS PHASE

The necessity of flexibility, directly related to the physics uncertainties, will
serve to develop reliable operation scenarios during the physics phase for the follow-
ing technology phase. Therefore the machine must have various modes of operation
with respect to plasma size, plasma current, plasma configurations (elongation, trian-
gurality, aspect ratio, different divertor configurations, limiter configuration, etc.),
operation range (beta, safety factor, profiles, etc.), and operation scenarios (purely
inductive mode, steady-state mode, hybrid mode etc.). These modes are discussed
in this section.

V.4.1. Plasma parameter range

The basic ITER device allows various configurations and modes of operation
in the physics phase. This flexibility is not only necessary to cope with the uncertain-
ties in the plasma physics predictions, but also to allow optimizing the plasma perfor-
mance of the device itself during the physics phase. This will have to be done both
for ignited burn conditions and for burn in a driven regime where the plasma current
is partly or fully maintained by external power. Reaching sufficiently good energy
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TABLE V-3. OPERATION PARAMETERS FOR IGNITION IN THE REFER-

ENCE DEVICE

Ip (MA)

R(m)

a (m)

A

K 95%

q "

g

Pf (MW)

Pn *2 (MW/m2)

ne (1020 m"3)

T (keV)

r E (s )* 3

H,

HRL

Ho

HTio

Basic
operation

22

5.8

2.2

2.64

1.88

3.29

1.76

1000

1.05

1.0

10

3.06

1.73

0.79

1.85

1.89

High

25

5.8

2.25

2.58

2.0

2.84

1.45

1000

0.89

0.96

10

3.25

1.67

0.69

1.69

1.79

Extended operation

current

28

5.8

2.25

2.58

2.0

2.53

1.29

8000

0.89

0.96

10

3.25

1.63

0.63

1.5

1.68

Large R

22

6.0

2.0

3.0

2.0

2.18

1.7

1000

1.07

1.08

10

2.82

1.76

0.76

1.59

1.86

small a

25

6.0

2.0

3.0

2.1

2.66

1.44

1000

1.03

1.04

10

2.94

1.69

0.68

1.35

1.75

High
fusion power

22

5.8

2.2

2.64

1.88

3.29

2.5

2176

2.30

1.49

10

1.98

1.29

0.54

1.77

1.67

BT = 5.0 P at R = 5.8 m, Zeff = 1.8

5a2 /8t 1.17 - 0.65* 1 + K2 (1 + 252 - 1.2S3)
h, =

RIO (1 -

*2 at plasma surface
*3 required confinement time

Bold numbers: actual constraints
Italic numbers: important features

confinement as well as active control of the confinement properties of the plasma,
optimizing the working conditions of the plasma-facing components, and reducing
the frequency of disruptions to a minimum are major issues here. Examples of
plasma operation parameters that are possible are given in Table V-3.
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Some of the options for the plasma configuration that are available can be real-
ized for the same first wall geometry, others may require a somewhat different
choice of the in-vessel components. To which extent flexibility of the plasma config-
uration can be obtained for an optimized first wall geometry (including that of the
divertor plates and the pumping ports) will have to be further analyzed. However,
it is expected that for a suitably chosen geometry a wide range of plasma configuia-
tions can be achieved. This includes variations in elongation, triangularity and aspect
ratio of the plasma column, the generation of double and single null divertor configu-
rations as well as the transition between them ("semi-double null" configurations),
and changes of the distance between the null point of the separatrix and the divertor
plates as well as of the width of the scrape-off layer.

At the same time it should be possible to cover various plasma operating
regimes. Important quantities in this context are the plasma density and temperature,
as well as the safety factor, including their profiles. Also the plasma conditions in
the scrape-off layer (density, power flux) belong to this category. Changing the latter
will require the possibility of the active control of the fuelling characteristics, essen-
tially of the particle deposition profile, and of the power exhaust by radiation.
However, also varying the parameters of the core plasma will affect the plasma edge
conditions in an important way: high-density/low temperature operation will ease the
power and particle exhaust conditions while operating at low density/high tempera-
ture as preferable for optimizing noninductive current drive (see Sect. 4.2), is very
demanding.

An important limitation of the accessible parameter space is given by the fusion
power that is allowable. A reasonable limit for long burn pulses, is 1 GW. For a
short time, typically up to 10 s, about 2 GW may be acceptable. Under such condi-
tions, a fusion power density approaching the values anticipated for power reactors
can be obtained.

As a basic configuration for the physics phase, a plasma having a major radius
of 5.8 m, a minor radius of 2.2 m, and an elongation of 1.9 was selected. For a cur-
rent of 22 MA the safety factor at 95% of the magnetic flux is q (95%) = 3.2 and
purely inductive operation with burn pulses of a few hundred seconds should be pos-
sible (see Section 4.2). Within the constraint q (95%) > 3 the current can be raised
to 23.5 MA; a further increase, beyond 25 MA, is possible if q (95%) < 3 is
allowed. For a current of 22 MA and a fusion power of 1 GW the enhancement fac-
tors above the predictions of the JAERI, Goldston and T-10 confinement scalings,
needed to reach ignition, are between 1.7 and 1.9, while when using the Rebut-Lallia
scaling in a global form ignition is predicted to be reached with some margin.
Increasing the current up to 28 MA would enhance this margin and reduce the
required enhancement factors for the Goldston and T-10 scalings to about 1.5, but
whether such a gain can actually be obtained depends on the possibility, uncertain
at the moment, of controlling sawteeth efficiently under these conditions. Operating
at higher fusion power, although possible only for a short time, would be strongly
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beneficial for the JAERI and Rebut-Lallia scalings and somewhat improve the situa-
tion for the T-10 scaling: for the 2 GW the enhancement factor required, e.g. for
the JAERI scaling reduces to 1.3 and the global Rebut-Lallia scaling would indicate
an ignition margin of about 2.

Reaching higher currents with a smaller decrease in the safety factor than in
the basic configuration would be possible in a configuration with larger minor radius,
a = 2.25 m, and elongation, K = 2. In this case, however, there is less flexibility
to optimize the power and particle exhaust conditions. In particular, the distance
between the null point and the divertor plate will have to be comparatively short.

Of course, high-current operation requiring the provision of more voltseconds
for a purely inductive mode will have to rely on noninductive current rampup assist
(to save up to 50 V-s) for ignition studies (see Section 4.2).

As some confinement scalings, in particular Goldston , favour large aspect
ratio, it is also of interest to be able to operate with a large plasma having an aspect
ratio of about 3. This is possible by increasing the plasma major radius to 6 m and
reducing the minor radius to 2 m in the same device. The enhancement factors
required for ignition with respect to the Goldston scaling in this case are 1.6 and 1.35
for a current of 22 MA and 25 MA, respectively.

In conclusion, the basic ITER device provides considerable flexibility with
respect to the plasma operation conditions. As far as the confinement properties of
the ITER plasma are concerned, in the basic configuration ignition will be reached
with a current of 22 MA if the confinement is a factor of 2 better than moderately
cautious predictions for the L-mode. Variants may allow ignition even if this
enhancement is only in the range of 1.5 to 1.6. Operation scenarios for studies of
burn with noninductive current sustainment will have to be devised.

V.4.2. Plasma operation scenarios

V.4.2.1. Ignition mode

Purely inductive current drive is the baseline mode of operation for ignition
studies. It is based on solid experimental data base. Several possible ways to enhance
the confinement capability are discussed in the previous sub-section and shown in
Table V-3. If operation at a high plasma current is needed to reach ignition, saving
volt seconds by reducing the resistive electric field and by current rampup assist with
non-inductive methods will be required. The plasma control requirements will
change. Therefore, it is essential to have a flexible poloidal field system and plasma
facing-components able to work in various regimes. Detailed operation scenarios for
enhanced plasma current and size will have to be developed.
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V.4.2.2. Steady state mode

For steady-state operation in the technology phase, important design con-
straints are the neutron wall load requirement for nuclear tests (the minimum value
being taken to be 0.8 MW/m2), the value Q(= PfiIsion/Pcurrem drive) which should be
about S or larger, and the maximum allowable current drive power which is assumed
to be about 100 MW. Finally, the heat load on the divertor plates and the first wall
must be manageable; the total fusion power must to be less than about 1 GW so that
the sum of the alpha-particle and current drive power does not exceed 300 MW.

The results are sensitive to plasma profiles, the bootstrap current contribution,
and the current drive scheme. The following rather optimistic assumptions are made:
T = 1 - r \ n = (1 - r 2 ) 0 5 , Ibootsirap = 0-3 Ipiasma. maximum Troyon fac-
tor = 3.0, and current drive by 1 MeV neutral beams. Therefore, the following
results are probably optimistic.

The required enhancement factor of energy confinement for steady-state opera-
tion with additional high heating power is similar to that for ignited operation
because the plasma parameters are optimized not only for confinement but also for
non-inductive current drive. The design space is mainly bound by the minimum wall
load and the maximum allowable current drive power because the fusion power is
low in a high temperature plasma with good current drive efficiency or the current
drive power is high in a low temperature plasma with a high fusion power. The mini-
mum plasma major radius is about 5 m with a plasma current of about IS MA and
an aspect ratio of about 3. But in this case, in ignited operation, the required enhance-
ment factor of the energy confinement time is more than two both for Shimomura-
Odajima and Goldston scalings while in steady-state operation the enhancement fac-
tor is 1.8 and 1.5, respectively. The Q-value is about 6, and the acceptable operation
space is strongly limited. Therefore, this small device is not suitable for ignition nor
the steady-state operation at high Q. Another typical design point is a high aspect-
ratio device with, e.g. a major radius of 6.3 m, an aspect ratio of 4.5 and a plasma
current of 12 MA. In this case, the required enhancement factor for the Goldston
scaling for both steady-state and ignited operation is about 1.3, and very long burn
pulses, typically 3000 s, are possible with purely inductive current drive because of
the large center solenoid possible in this device. However, the machine size is very
large because the permissible toroidal field ripple is very low at this high aspect ratio.
The required enhancement factor of the energy confinement time for the Shimomura-
Odajima scaling is higher than two even for the steady-state operation, the Q-value
again is about 6. A more detailed analysis is given in Chapter IV. Conversely, over
a wide parameter range the initial engineering study point with plasma current of
20 MA, major radius of 5.8 m and minor radius of 2.0 m, was found suitable for
steady state operation.

Figure V-5(a) shows a steady-state operation space in the T-I plane (plasma
temperature-current plane) for the initial engineering study point. The Troyon factor
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FIG. V-5. Operation space of steady state mode. Flat density profile gives (A) for neutron
flux of 0.8 MW/m2.

is kept constant, g = 3, and the plasma current is changed by increasing or decreas-
ing the safety factor. Neutral-beam current drive is again assumed, and 30% of the
current is taken to be driven by the boot-strap current. If the maximum current drive
power is assumed to be 100 MW and the minimum wall load to be 0.8 MW/m2, the
operation space is restricted to a narrow band in the T-I plane. Figure V-5(b) shows
contours of enhancement factors for the JAERI(S-O) and Goldston scalings. If the
enhancement factors are 1.8, the operation space is further limited. Typical operation
modes are shown as Mode I and Mode II in Table V-4. A Q-value of 8 to 9 is obtain-
able and reasonable for the condition of plasma-facing components discussed in sub-
section 3.3.1. If enhancement factors of 1.5 are required, the operation point will
move to lower plasma temperature and/or higher plasma current. In this region, a
higher current drive power, e.g. 100 MW, is needed because the current drive effi-
ciency is decreased due to low temperature and high density.

The steady-state operation studies in the physics phase will not always require
a wall load condition. One of important purposes is to demonstrate feasibility of
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TABLE V-4. STEADY STATE OPERATION MODES FOR INITIAL

ENGINEERING STUDY POINT

R(m)

a (m)

G

q

IP (MA)

Idrive (MA)

IBS (MA)

ne 1020 (m3)

T (keV)

Pf (MW)

Palpha (MW)

PCD (MW)

Pal + PCD (MW)

Pb (MW)

Psyn (MW)

Pn (MW/m2)

Q

Required confinement

rE(s)

HjAERI

Hcoldslon

Option I

5.8

2.0

3.0

4.0

15

10.0

4.5

0.63

16

730

146

90

236

12

29

0.8

8

2.15

1.6

1.9

Option II

5.8

2.0

3.0

3.0

20

14.0

6.0

0.63

20

966

193

107

300

13

45

1.0

9

2.17

1.6

1.6

Option III

5.8

2.0

1.2

4.0

15

17.0

3.0

0.4

12.0

185

37

100

137

4

13

0.2

2

1.66

1.1

0.9

Bold numbers: important features

steady-state operation of a tokamak reactor. For this study, it is desirable to minimize
the uncertainty in the energy confinement properties, that (is, steady-state operations
should be possible even with an L-mode plasma. Such a operation is shown as
Mode III in Table V-4. The plasma thermal energy is reduced by decreasing the total
beta, but 100 MW of the external current drive power are injected, corresponding
to Q = 2.



PERFORMANCE FLEXIBILITY

TABLE V-5. HYBRID OPERATION SCENARIOS
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Operation scenarios

[Operation mode]

Purely inductive rampup

Partial non-inductive rampup

Pure non-inductive rampup

Full transformer recharging

Partial transformer recharging

Pure inductive burn

Partial inductive burn

[Merits/demerits]

Burn time

More than 1000 s

Less than 1000 s

Divertor plasma

Moderate temperature

Low temperature

Fatigue

Reduced mechanical fatigue

Reduced thermal fatigue

Q

Q > 10

Q < 10

Dwell time

t > a few 100 s

t < a few 100 s

Control of
Plasma current profile

No control during burn

To some extent control
during burn

OS1

Rampup

burn

v

i s

OS2

ts

>s

>s

IS

0S3

IS

IS

0S4

is

is

Recharging

v'

OSS

IS

<s

IS

IS

•S

<s

OS6

V*

>s

>s
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V.4.2.3. Hybrid operation scenarios for ITER

In this subsection, possible hybrid operation scenarios are discussed, especially
with respect to their general characteristics. In Subsection 5.2, some examples are
discussed in detail.

While purely inductive ignited operation has a good experimental and theoreti-
cal foundation, it has several potential problems, e.g. the uncertainty about the
necessary inductive transformer flux, vulnerability to disruptions, non-optimum (and
time-evolving) plasma profiles, pulsed operation and fatigue as well as limited burn
times and, consequently, rather low end-of-life fluences. In contrast, purely non-
inductive, steady state current drive offers, in principle, an attractive reactor operat-
ing scenario, but also has several potential problems which could undermine its via-
bility: e.g., low efficiency, low Q operation, high injected power requirements,
possible shortfalls in the bootstrap current, driven plasma instabilities, high divertor
heat load and high divertor plasma temperature for low density operation conditions,
and hardware development requirements (for example, 1 MeV neutral beams at
power levels of many tens of MW).

Between the above two extreme scenarios, various hybrid operation scenarios
can be envisaged, which will expand the flexibility of plasma operation and could
solve to some extent problems existing in the purely inductive and the non-inductive
steady state operation scenarios. Such hybrid scenarios make use of combinations of
pure or partially non-inductive current rampup, partial or full transformer recharg-
ing, and partial non-inductive drive current drive during burn, in addition to purely
inductive current rampup. Fundamentally these hybrid operation scenarios could
provide longer burn times, compared with purely inductive operation, by better use
of the available transformer capability. The representative operation scenarios are
listed in Table V-S, together with potential advantages and disadvantages, using the
numbering of the following subsections.

OS1 Purely non-inductive rampup and purely inductive burn
This is a simple and familiar operation scenario and has been analysed exten-

sively. The main advantage is that large part of the transformer capability provided
can be used for ignited burn and, hence a quite long burn time can be obtained. On
the other hand, major disadvantages are the long time required for current rampup,
the presence of potentially high temperature plasmas near the divertor plates during
current rampup and of a time evolution of plasma current profile during burn times
longer than the skin time. Especially, the long current rampup time will be unsuitable
to some of the specific ITER testing objectives, which might limit the dwell time
between burns to less than a few hundred seconds. Therefore the operation scenario
using the pure inductive current rampup is not helpful to ITER.
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OS2 Non-inductive current rampup assist and purely inductive burn
In this scenario, part of inductive flux can be saved and the purely inductive

burn time can be extended. If approximately the same current rampup rate and same
plasma density as for purely inductive rampup are to be used, crude estimations show
that somewhat more than the resistive loss of transformer flux, e.g., about 50 V-s,
might be saved. Thus comparatively short off-burn times (about 200 s) and a low
plasma temperature near the divertor can be combined with a limited transformer
flux saving. The purely inductive burn time may be comparable with or somewhat
longer than the plasma skin time.

OS3 Non-inductive current rampup assist and non-inductively assisted burn
To further prolong the burn time of the above OS2 scenario, in this scenario

during bum the current is partially sustained. The burn time will normally exceed
the plasma skin time. In addition, non-inductive current drive can be used for plasma
current profile tailoring, which may be indispensable for the long burn operation.
Some details of this scenario will be discussed in the Section 5.2.

OS4 Non-inductive transformer recharging with inductive rampup and burn
This well known scenario allows to lengthen the burn time, establishing a

recovery of most of the transformer capability by transformer recharging. The major
advantage, in addition to the long burn time, is the reduction of fatigue problems.
In adjusting the plasma current during the transformer reset, the variation of forces
on the coils can be significantly reduced and the problem of mechanical fatigue can
be drastically reduced. Furthermore, by selecting appropriate plasma parameters
during recharging, the thermal output of the plasma can be kept almost the same dur-
ing transformer recharging as during burn, which also mitigates the thermal fatigue
problem. The major disadvantage of the scenario is the very long time required for
transformer reset and a relatively high temperature of the divertor plasma. There-
fore, for the special testing needing the short dwell time this type of scenario is not
suitable to such a testing objective.

OSS Partial transformer recharging with inductive current rampup and burn
There might be a possibility to reduce the off-burn time, using a partial trans-

former reset, i.e., generating non-inductively a small part of the transformer flux
enough to sustain the plasma current for a few hundred seconds, which might meet
the requirement of the short dwell time for the special testing. The advantages
described above are still workable. There may also be a way to decrease the divertor
plasma temperature during transformer recharging. This scenario is worthwhile to
be investigated further.
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OS6 Partial transformer recharging with purely inductive rampup and non-
inductively assisted burn

The scenario OSS can be further improved by using non-inductively assisted
burn, to lengthen the burn time. Furthermore the current profile in the burn phase
can be tailored to some extent.

In summary, given the weaknesses of purely inductive operation and the
present uncertainties with respect to fully non-inductive current drive, it is important
that hybrid operation modes are fully investigated for ITER. They may do much to
enhance the overall flexibility and attractiveness of the machine.

V.5. FLEXIBILITY IN THE TECHNOLOGY PHASE

In the technology phase, the ITER machine will be optimized for engineering
tests and one or a few selected operating modes which provide reliable operation.
These modes will be developed in the physics phase. Therefore, flexibility of the
plasma operation will not be needed in the technology phase. Possible scenarios for
the technology phase are listed as options in Subsection 2.2. Some of them are ana-
lysed in the following subsection for the reference configuration, i.e. R = 5.5 m,
a = 1.8 m, Ip = 18 MA and plasma elongation of 2.0. A reasonable wall load
(about 1 MW/m2), long-pulse or steady-state operation and sufficient fluence (1 to
3 MW-a/m2) are required for nuclear testing.

V.5.1. Inductive operation

Plasma operation will be optimized during D/T experiments in the physics
phase. If the plasma ignites in the physics phase with H-mode-like confinement
properties, requiring enhancement factors of about 2 for the SO and Goldston scal-
ings, the baseline plasma anticipated for the technology phase will also ignite
(Table V-6). Then fully inductive current ramp-up and maintenance can be applied.
Since the plasma current is reduced to 18 MA, about 30 volt-seconds of inductive
flux, depending on the equilibrium and PF coil system, are saved and are available
for plasma burn. With these volt-seconds, an additional burn time of about
300 seconds can be achieved.

If H-mode like confinement is not realized, the plasma in the testing phase must
be operated in a driven mode. Table V-6 shows some examples. If auxiliary power
is applied just for plasma heating, the driven plasmas with reasonable Q-values are
obtained. Enhancement factors of 1.4-1.5 for Goldston, SO, and T-10 scalings are
appropriate if a heating power of 67 MW is applied. A wall load of 0.87 MW/m2,
enough for testing, is obtained with a reasonable fusion power of 848 MW although
the total heating power, summing up the alpha particle power and the auxiliary
power, is constrained to 200 MW. This heat load is equivalent to the 1 GW fusion
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TABLE V-6. EXAMPLE OF OPERATION PARAMETERS OF THE
TECHNOLOGY PHASE IN THE REFERENCE DEVICE
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V-s saving from 22 MA
basic operation (V-s)

Additional burn time (s)

Ip (MA)

ICD (MA)

Pf (MW)

P* (MW/m2)

ne (1020 m3)

T (keV)

PCD + PHT (MW)

P + PCD + PHT (MW)

Required confinement

TE(S)

Hj

HRL

HCp

H T 1 0

Ignition

- 20

~ 300

18

0

848

1.1

1.4

10

0

120

2.71

2.01

0.98

1.82

1.97

Sub-ignition
Q = 10

~ 20

~ 300

18

0

670

0.87

1.01

10

67

200

1.90

1.51

0.72

1.39

1.45

Hybrid Q

medium ne

-100

~ 3000

18

6

670

0.87

0.74

14

67'3

200

1.97

1.71

0.91

1.72

1.68

= 10

high ne

- 700

- 2000

18

3.2

664

0.86

1.00

10

66

199

1.90

1.58

0.85

1.66

1.63

R = 5.5 m, a = 1.8 m, K95 = 2, BT = 5.3 T, Zclt = 1.8

* at plasma surface

Numbers in bold: actual constraints

Numbers in italics: important features

power of an ignited plasma. If some volt-seconds are saved by non-inductive current
ramp-up, e.g. 50 volt-seconds, as discussed in the previous sub-section, the total sav-
ing is as large as 80 volt-seconds and an additional burn time of over 1000 s may
be obtained.
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TA3LE V-7. EXAMPLE OF STEADY STATE OPERATIONS OF
TECHNOLOGY PHASE IN THE REFERENCE DEVICE

I (MA)

"Troyon

Pf (MW)

P* (MW/m2)

ne(1020m-3)

Te (keV)

Tj (keV)

PNB (MW)

PLH (MW)

Q

Required
containment

TE(S)

H,

HRL

HG

HG = 1.8

18

3.0

893

1.16

0.654

23.2

21.8

54.3

20.9

11.9

2.26

2.04

1.04

1.84

1.74

HG = 1.5

18

2.7

897

1.16

0.765

18.6

16.4

70.1

33.6

8.6

1.8

1.63

0.79

1.50

1.46

R = 5.5 m, a = 1,8 m, R,5% =

Zeff = 2.2, Ibs = 0.3 Ip

* at plasma surface

Italic numbers: important features

2, BT = 5.3 T

V.5.2. Hybrid operation scenarios

Hybrid operation, that is an approach which utilizes both inductive and non-
inductive means for current drive, is more relevant to the technology phase. A sub-
stantial amount of an inductive flux is saved if some fraction of plasma current is
driven non-inductively by means of neutral beams or rf techniques, or a combination
of the two. As shown in Table V-6, for example, about 50 volt-seconds are saved
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if the plasma current decreases from 22 MA to 15 MA, and another about 50 volt-
seconds could be saved in the ramp-up phase by non-inductive methods. During
burn, a 6 MA non-inductively driven current is expected at T = 14 keV, applying
a current drive power of 67 MW. The subsequent reduction in loop voltage is a fac-
tor of 2.8. From these volt second saving, about 3000 seconds of additional plasma
burn time is obtained. The minimum requirement of neutron wall loading
(0.8 MW/m2) and a Q-value of 10 are also achieved with a favourable small fusion
power of 670 MW. The required enhancement factor for this operation is about 1.7
for SO, Goldston, and T-10 scalings. Hybrid operation has also other advantage. A
relatively high plasma density is used so that the divertor operation conditions are
improved, e.g. a long burn is possible with the mean plasma density of 1020 m"3.
Current profile control, necessary for long burn, is provided by the non-inductively
driven current.

If non-inductive current drive is applied continuously during all operation
phases to save further volt-seconds and to achieve a very long pulse, e.g. 5000 s or
longer, the current ramp-up time tends to become longer than that needed for induc-
tive driven or the above mentioned case.

V.5.3. Steady state operation

Steady-state operation is thought to be most attractive for nuclear testing.
Table V-7 shows the current drive performance and sensitivity to confinement
assumptions. A combination of NB and LH current drive is employed and Q-values
are optimized with fixing the wall load to 1.0 MW/m2 and the enhancement factor
for Goldston scaling. If H-mode like confinement is realized, a steady-state plasma
can be operated with a comfortable Q-value about 12. If an enhancement factor of
1.5 is required, a Q-value is 8.6 and absorbed powers of 104 MW is needed. Hence,
even with a considerable uncertainty on confinement, reasonable steady-state opera-
tion is obtained. There are, however, uncertainties also with respect the current drive
efficiency, density and temperature profiles and the beta limit in current driven
plasmas. More detailed analysis will have to be done in the design phase.

One serious problem in steady-state operation is the working conditions of the
divertor. As seen in Table V-7, the average electron density is about 0.7 x 1020m'3

and the total heating power is over 250 MW. The divertor heat load and erosion
under these conditions are very demanding. This problem must be analyzed and
resolved by developing new operation schemes, e.g. radiation cooling
of the main plasma and of the divertor plasma.
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ITER CONCEPT

VI. 1. PHYSICS

In the following sections the physics guidelines developed for ITER are
presented and discussed. This set of rules describes the physics concept of ITER as
developed during the Definition Phase. While all areas are covered to some extent,
the guidelines will be further developed, extended and refined during conceptual
design. Also new results provided by the ongoing fusion programme in the World
and by research on the ITER-related R and D tasks (see Chapter IX, Sect.l) will
impact on the evolution of the ITER physics concept.

The present guidelines are, as far as possible, based on the physics data base
as assessed during the Definition Phase (see Chapter III, Sect.l). Extrapolation,
where needed, is made in the most cautious way consistent with engineering con-
straints and performance goals. In the cases where a working assumption had to be
introduced which is insufficiently supported by the present data base, it is explicitly
stated.

VI. 1.1. Confinement and operational limits

Projections for the plasma performance of ITER require a determination of
both the parameters necessary for adequate energy and alpha particle confinement
and the operational constraints such as those imposed by MHD stability limits and
the density limit.

VI. 1.1.1. Energy confinement

Energy confinement is one of the most important major issues for ITER
because without an adequate level of energy confinement, ITER will not achieve the
required level of plasma performance. The level of plasma current required for ade-
quate energy confinement is one of the major factors that determine the size of the
device.

As stated in Section III. 1.1.1, two general regimes of confinement with intense
heating (the appropriate regime for ITER) have been observed: L-mode with signifi-
cantly degraded confinement compared to ohmic confinement, and H-mode with
improved energy confinement compared to L-mode. No reliable theory has yet been
validated for the prediction of confinement. A number of empirical scalings have
been used to fit the present L-mode confinement data, but it is difficult to choose
one empirical scaling from among the many candidates on the basis of the present
data [1]. The differences in the parameter dependence of the various scalings make
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it difficult to predict, let alone optimize in detail, energy confinement in ITER. With
some scalings, increasing the aspect ratio with a constant current strongly improves
the confinement [2]. For other scalings, the plasma current is much more important
than aspect ratio. Hence, the scaling of confinement with respect to aspect ratio is
an uncertain element of the present experimental data and cannot be used as a design
criterion.

While there has not been a convincing scaling developed for energy confine-
ment with the H-mode, comparison of H-mode data with L-mode scalings indicates
that a rough, global fit can be obtained by using a constant multiplier of about 2 times
the L-mode scalings[l]. While the H-mode has improved confinement with respect
to the L-mode, it also has significant potential disadvantages. H-mode operation in
present experiments is often accompanied by increased particle confinement, espe-
cially for impurities, resulting in a radiative collapse of the discharge. In addition,
the scrape-off layer width is very short. H-mode operation is also often accompanied
by MHD oscillations in the outer plasma layers (ELMs). While large amplitude
ELMs can destroy the good confinement of the H-mode, small amplitude ELMs, in
some conditions, lead to only a limited degradation of the energy and particle con-
finement allowing steady-state H-mode operation.

In addition to H-mode operation, other techniques have been used to improve
the confinement in a number of experiments. These include the use of divertors
(JET, DIII-D), control of the density profile (TFTR, Alcator-C, etc.), and the use
of plasma heating techniques which deposit the heating power in the plasma center
(JET, TFTR, etc.).

As a result of a general assessment of the present status of energy confinement
in tokamaks, it is thus recommended that the energy confinement time in ITER be
estimated by the prescription of TE = H X rE (L-mode), where H ~ 2 for the H-
mode and H ~ 1.5 for "enhanced" L-mode confinement, if "traditional" L-mode
scalings (Goldston, JAERI, T-10, etc.) are considered. The enhancement factors
should be at least 50% lower (1.5 to 1.25) for "favorable" L-mode scalings (such
as Rebut-Lallia). For the baseline of ITER, achievement of H-mode-like confinement
is an appropriate working assumption. However, provision must be made to provide
enough flexibility for the device that ignition and steady-state operation with Q > 5
can be reached with enhancement factors with respect to traditional L-mode scalings
of about 1.5.

REFERENCES
[1] S. KAYE, "Survey of Energy Confinement Scaling Expressions", report presented at

ITER Confinement Workshop, May 23-27, 1988, Garching.
[2] N.A. UCKAN, "Plasma Performance, Confinement Capability, Figures of Merit",

report presented at ITER confinement workshop, May 23-27, 1988, Garching; also
N.A. UCKAN, "Tokamak Plasma Performance Goals: Current vs. Aspect Ratio",
ORNL/TM-10854 (to be published).
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VI. 1.1.2. Fast ion and a-panicle confinement

Good confinement of fast ions must be ensured. This includes the confinement
of fusion a-particles and of fast ions generated during heating and current drive
(e.g., by neutral injection or minority heating). No guideline has been formulated
yet for this latter case. In the following the conditions to be fulfilled for satisfactory
confinement of fusion a-particles are described.

VI. 1.1.2.1. a-particle losses

The upper limit for the allowable a-particle power loss fraction has been tenta-
tively chosen to be Fa < 5% .

This value is derived from the allowable a-particle load on the first wall which
is strongly localized. If we take as an upper limit of the peak heat load for radiative
tiles [see Sect. 3.1] Wmax = 1.1 -0 .15 Wn, and write the or-particle peak heat
load, Wa = 0.25 Wn Fa P, as a function of the neutron wall load, Wn, and the
peaking factor, P, we obtain

Fa < 4( l . l /W n -0 .15) /P (1)

Thus, provided that the neutron wall load is less than 1.5 MW/m2, and the poking
factor is less than 50, a loss fraction up to 5% is allowable. If F a < 1, the mean
a-particle heat load is always much less than the mean thermal heat load. From the
viewpoint of the power balance equation, an a-particle energy loss fraction of 5%
is negligible and can be easily compensated by an external power of 10 MW.

VI. 1.1.2.2. Toroidal field ripple limit

The main channel of a-particie losses is expected to be due to the toroidal field
ripple. The issue therefore has a direct impact on the toroidal coil and the first wall
design as well as the choice of plasma parameters.

In order to ensure that the a-particle energy loss fraction Fa in ITER is less
than 5%, the ripple value at the outboard plasma edge has been set to be less than
1.5% for low aspect ratio plasmas (A < 3) and q^e < 4. An increase of q^e and
of the aspect ratio strongly enhance the ripple losses. The ripple at the inboard edge
must not exceed half of the outboard value.

This choice of the ripple limit was made on the basis of a preliminary estima-
tion of the a-particle first wall load. Fig. VI-1 shows the first wall configuration and
the plasma magnetic surfaces calculated for an ITER study point, the Engineering
Basic Device (EBD), presented in Table IV-2. The line ' W marks the boundary of
local magnetic wells for N = 16 toroidal field coils with the ripple value at the
plasma outboard boundary being equal to 1.3%. Local magnetic wells exist only
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W

FIG. VI-1 Plasma equilibrium magnetic surfaces (dotted lines) and collisionless stochastic
banana diffusion region (shadowed) in EBD. Ripple magnetic wells exist below solid line
marked by 'W.

below this curve and the fraction of ripple-trapped particles leaving the plasma
would be insignificant. In this case the ripple induced a-particle losses are deter-
mined primarily by collisional [1] and collisionless stochastic banana diffusion [2].
The collisionless diffusion occurs only in the stochastic region near the plasma
boundary, with large ripple and large q values. This region was calculated for

q = Qo + (q«ige - qoXr/a)4 w i * q<> = I and qedge = 3.2; it is shadowed in
Fig. VI-1. If, in accordance with [3], one assumes that only those particles born with
banana tip positions inside the stochastic region are lost, one obtains Fa = 0.5%
for ne = n0 (1 - (r/a)2)0-5 and T = To (1 - (r/a)2). But the loss fraction is very
sensitive to the profiles of the plasma density and temperature, to the ripple profile,
and to the q profile. In order to provide low a-particle ripple losses, F a < 5%, the
safety factor, q, must be kept less than 4. Also the collisional ripple induced diffusion
strongly depends on the q-prcfile. Preliminary numerical calculations of collinonal
diffusion performed for a small aspect ratio device (see Sec. Ill-1.1.2) show that
Fo < 5% can be achieved for a quite wide range of plasma parameters if the ripple
at the outboard edge, 50,is less than 1.5% and qedge ~ 3.

The peaking factor of the a-particle wall load depends only on the a-particle
diffusion coefficient near the plasma edge and the shape of the first wall. An estimate
made for EBD parameters indicates that the peaking factor for the poloidal distribu-
tion of the a-particle flux is roughly Pp * 6-10. The toroidal distribution of the
stochastic a-particle flux, in first approximation, does not depend on the plasma
parameters and ripple value. The half width of the distribution in the toroidal angle
$ is approximately equal to T/4N and the maximum is shifted from the centre of the
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outer leg of the toroidal field coils by the same angle. This distribution has a toroidal
peaking factor P, = 4 . The total peaking factor, P = 25-40, is in agreement with
the results obtained in numerical calculations [4].

VI. 1.1.2.3. Other channels of a-particle losses

A number of other channels of alpha-particle losses have been theoretically
predicted. Some of them (such as "ripple" losses induced by large amplitude MHD
modes, fishbone instabilities, and so on) could produce a significant deterioration of
alpha-particle confinement. These channels will have to be studied in detail for ITER
parameters; ways for keeping these losses in acceptable limits must be devised.
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VI. 1.1.3. Density limit

On the basis of the physical concept described in Section 1.1.3 of Chapter III
the following tentative guideline for the density limit in ITER is adopted:

Ensure that the power Prad q<2 radiated from within the q = 2 magnetic sur-
face (in most practical cases effectively equal to that radiated from within the
separatrix) satisfies

Prad,q<2 < 0.7Ptot (1)

where Ptol is the total plasma heating power, and that the distance of the q = 2
magnetic surface from the separatrix, at the outboard side, is

Arq = 2 > 0 . 1 m (2)

The latter condition is added to exclude synergistic effects with the q-limit; it
is probably fulfilled if qMHD (95%) > 3.
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This guideline implies that effectively no a priori density limit is to be imposed.
In fact, condition (1) is expected to be easily fulfilled under normal operation condi-
tions, if the plasma can be kept reasonably clean. However, it will limit the
parameter space accessible during start-up and shut-down. Under ohmic conditions,
a Murakami-Hugill or Greenwald scaling is an appropriate starting point.

Reference densities calculated according to the Murakami-Hugill and Green-
wald rules will serve as points of comparison. Noting that for typical profiles the
volume-averaged density is by about 20% lower than the line-averaged one and tak-
ing some credit for the effect of the high heating power available in ITER, a suitable
value of the (volume-averaged) Murakami-Hugill density is

ne, MH (1020 m"3) = 2 - ^ - (3)
R(m) q,

, k 2 a(m) 2 B T (T)
where q[ = 5 R(m) p

and k = | dl/2ira

and the line integral being performed over the cross-section of the 95% flux surface.
The (volume-averaged) Greenwald density is

In the longer term, more detailed models for the plasma edge that test the ther-
mal stability of the edge plasma and the stability of the 2/1 tearing mode will have
to be developed. In this context, also the presence of the divertor plasma and the
specific requirements for H-mode operation will have to be considered.

VI. 1.1.4. MHD stability limits

In ITER, to some extent different MHD stability limits have to be adopted for
ignition studies and for steady-state operation. This is mainly due to the fact that,
during steady-state operation with non-inductive current drive, current profile con-
trol is possible which should allow improved performance.

For the safety factor q, in all regimes of operation, q^ (95%) > 3.0 was
chosen as a constraint for performance predictions. Here q^ (95%) refers to the
magnetic surface embracing 95% of the magnetic flux. This condition is suggested
by considerations on the beta limit and also by the fact that low-q operation tends
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to impair confinement as the extension of the volume, where q < 1 holds, grows.
Effectively, it will be important to control sawteeth to the extent necessary to ensure
good energy confinement and a small temporal variation of the fusion/a-particle
heating power, but which at the same time is consistent with avoiding central impu-
rity accumulation. It is anticipated that adopting a moderately high q will ease this
task. Conversely, operation at a q^ appreciably larger than 3 would strongly impair
ripple-induced a-particle losses and, therefore, must also be avoided. From a techni-
cal point of view, to provide flexibility in the physics operation, a current-carrying
capability such that q^ (95%) = 2.1 can be reached is desirable.

The parameter dependence of the limit to the plasma beta suggests to provide
an elongation of the plasma column of K = b/a « 2 (referred to the 95% flux
surface). In fact, for still higher elongation the additional gain in beta is anticipated
to be small. There is an optimum triangularity, 6, from the point of view of
maximizing beta, for each elongation, which is 5 (95%) = 0.25/0.4/0.6 for
K (95%) = 1.6/2.0/2.5. Reference equilibria in ITER will have to be consistent with
this correlation.

For K < 2, the beta limit globally follows the Troyon scaling [1]

= g IP (MA)/a(m) B(T)

For ITER, adopting g s 2.5 is considered appropriate for performance predictions
under ignited conditions with purely inductive current drive. If noninductive current
drive is applied to the extent necessary for ensuring a close to optimum current pro-
file, which in particular should be possible in steady-state operation, then g < 3.0
is to be adopted for performance prediction. The technical capability of operating,
respectively, up to g = 3.0 (ignition studies) and g = 3.3 (steady-state operation)
would be desirable for ITER, although this will only be possible in conditions of
reduced performance because of the limit imposed on the total fusion power.

The optimum profiles of the plasma current and pressure which allow obtain-
ing the highest values of beta are not yet definitely known. Preliminary results
suggest that for q^ (95%) = 3 the current profile should be moderately peaked.
The optimum pressure profile depends on the current profile: e.g., if q0 is limited
from below to a value close to 1 and a low-shear region develops in the plasma core,
a sizeable pressure gradient cannot be sustained in this region. Globally, a pressure
profile p# ~ (1 — ¥)0-7 where ¥ is the normalized magnetic flux (i.e.
¥(edge) - 1) can be considered being close to optimum. Anyway, strongly peaked
pressure profiles must be avoided when high-beta conditions are to be reached. For
ITER this is of particular importance in the case of steady-state operation with nonin-
ductive current drive at high temperature and/or low current such that q^ (95%) is
larger than 3. Note that this effectively implies that flat density profiles, at least in
the plasma core, are imperative in this case.
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As far as the impact of fusion a-particles on the MHD stability properties is
concerned, a particularly important issue is the possibility of a temperature limit
being imposed by the stability of the fishbone mode. While a definite quantification
is not yet possible, for ITER a limit on the value of the partial beta due to fusion
a-particles of 4% must be tentatively adopted. This corresponds to a temperature
limit of Te(0) < 30 keV for <n e > ~ 1020 m~3 which could increase somewhat
for lower densities. However, it cannot be excluded that the actual stability limit is
lower and, hence, the central electron temperature must be kept at a lower level. This
fact must be kept in mind when evaluating the potential of high-temperature opera-
tion for reaching steady-state conditions at high Q with noninductive current drive.

VI. 1.1.5. Plasma performance

Setting the criteria for successful achievement of ignited burn and steady state
operation requires estimating the energy and alpha particle confinement including the
constraints imposed by MHD stability and density limits. To establish trade-offs
between plasma size (L = a, R), field (B), current (I), and aspect ratio (A) and to
optimize the confinement capability of ITER, "figure of merit" parameters such as
Tn TE ~ f(L By) ~ f(l A°7RX) have been developed for fixed q and k with the
density limit determined by the beta limit (Table VI-1) [2]. The exponents
a — 1 ± 0.5 and x ~ 0-0.5 (y ~ 1-2) depend on the confinement assumptions
and operational limits. For Golds ton, the scaling is IA137 which indicates that the
aspect ratio dependence is stronger than the dependence with plasma current.
However, with Odajima-Shimomura (JAERI), the figure of merit is IA°5 , a much
weaker dependence on the aspect ratio. Hence, the Goldston scaling would favour
high aspect ratio machines while the Odajima-Shimomura (JAERI) scaling favors
low aspect ratio and high current machines. Using these empirical scalings, the igni-
tion requirements of potential ITER design points for different aspect ratios and
plasma currents have been evaluated (Fig. VI-2). The parameter studies indicate
that, while the different empirical scalings vary widely, the requirements for plasma
current required for ignition (with an aspect ratio - 3 ) generally fall into the range:

17-22 MA H-mode
22-27 MA "enhanced" L-mode
30 MA L-mode

Since ITER will operate with high levels of heating power and is designed with
a divertor, H-mode operation will be difficult to avoid. However, the H-mode may
not be suitable for achieving ignition due to problems with impurity retention and
other effects. Therefore, while for the baseline ITER, a current of 18 to 22 MA is
judged to be appropriate, provision must be made to provide operational flexibility
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TABLE VI-1. CURRENT, SIZE, AND ASPECT RATIO SCALING OF
CONFINEMENT CAPABILITY [2]
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TnTE ~ / ( IA a /R*)
Confinement scaling

Neo-Alcator

Goldston

Kaye-Goldston

Kaye (AU-5/88)

Kaye (Big-5/88)

T-10

Merezhkin-Mukhovatov

Odajima-Shimomura

Rebut-Lallia

ASDEX-H

Mirnov

Shimomura-H

at nc limit

(IA1 5 /R0 5)2

(,A1.37/RO.12)2

( I A 1.32 / R 0. 5 5 ) 3

(IAl.2/RO.68)2.5

(IAO.8/RO.56)2.5

(IA'-5/R0-5)2-53

( IAI.87 /RO.5)2

(IA°/R°)
(,AO.5/RO.25)2

(IA/R0-55)2

(IAO.5/RO.5)2

( I A . . 5 / R 0 .5)2

at 0 limit

( I A , .25/R0.25)4

(IA I 3 7 /R0 1 2)2

(IA 1 3 /R 0 5) 3 2

(^1.2^0.63)2.7

(IA082/R0.52)2.7

(IA1.44/R0.44)2.87

( IA1.44/R0.25)4

(IA°-5/R0)2

(IAO.67/RO.17)3

(IA/R033)3

( IA0.67/R0.33)3

( I A , .33/R0.33)3

at n and /3 limits

( I A . .33/R0.33)3

( I A1.37 / R0.12)2

(IA'-38/R0-63)2-5

( I A . .2 / R0.68)2.5

(IA0.8/R0.56)2.5

(1A..44/R0.44)2.87

( ,A1.7/R0.4)2.5

(IA05/R0)2

( I A0.67 / R0. .7)3

(IA/R033)3

(,A0.67 /R0.33)3

( IA1.33/R0.33)3

"Simple Average"

[<a> - 1.1; <x) ~ 0.38]

(IA...5 /R0.47)2.. (IA'-'/R0-33)2-96 (IA1I2/R0-37)

to raise the plasma current to at least 25-27 MA if this should prove necessary to
reach ignition (Fig. VI-2).

With the plasma current required to be in the 18-22 MA range or greater, the
plasma volume will be large, and operation at the beta limit at 10-15 keV will result
in a very large fusion power. Heat exhaust considerations dictate that the ignited
plasma will thus have to be operated well below the beta limit, e.g. by reducing the
density. The beta limit is, however, an important constraint for steady state operation
with noninductive current drive, since the current drive power can be reduced by
operating at higher temperatures and lower densities than optimum for ignition.
Operation below the beta limit does not affect the current requirements significantly.
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FIG. Vl-2. Confinement requirements expressed in terms of the I (A/3)" (MA) needed for ignition with 1, 1.5, and 2 times several commonly used
L-mode scalings for energy confinement. I is the plasma current, A is the aspect ratio, and a is 1.25 for neo-Alcator, 1.37 for Goldston, 0.67for
Rebut-Lallia, 0.5 for JAERI, and 0.82 for Kaye-Big. Three ITER operating phases are also shown; the technology phase with R = 5.5 m
(I (A/3)a ~ 18 MA) and two physics phases, one with a low aspect ratio at R = 5.8 m (18.5 < I (A/3)a < 26 MA) and one with a higher aspect
ratio at R = 6 m (22 < I (AI3)" < 25 MA).
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VI. 1.2. Power and particle control

VI. 1.2.1. Guideline for the conceptual design

The conclusions gained from assessment of the data base lead to the following
guidelines for the conceptual design of an open-throated, poloidal divertor for ITER:

A double-null configuration offers the advantage of high elongation of the main
plasma, approximately equal widths of the inner and outer power scrape-off layers,
possibly lower peak power loads and also the potential for helium exhaust from both
the top and bottom targets. There is however concern that debris released from the
top divertor can fall into the plasma and initiate a disruption. However, in contrast
to the single-null (SN) configuration, there is only a sparce base of experimental data
for open throated double-null (DN) divertors in high power tokamaks. In the case
of the single-null, the H-mode appears to be easier to attain but the SN configuration
has an intrinsically lower elongation and its inner scrape-off layer is about 3 times
wider than its outer. Future work on JET and ASDEX-U could elucidate the relative
merits of SN and DN divertors, but, due to the present lack of more positive informa-
tion, it is recommended that ITER be capable of operation with both configurations.

In order to reduce the peaking of both power loading and erosion, inclination
of the plates at about 20° (to the magnetic surfaces) appears to be practicable. An
additional, time averaged, reduction could be attained by sweeping the null-point.

The optimum distance of closest approach of the plate to the null-point can not
yet be assessed with confidence. It is presently recommended that the design should
accommodate spacings in the range 0.3 to 0.5 m.

It is recommended, at least for initial operation, that the divertor plates and
first wall protection be graphite or some carbon based composite material in order
that the risk of plasma contamination can be minimized over a wide range of divertor
operating conditions. It is, however, envisaged that development and testing of
plasma facing components (probably including high-Z materials) will have to be car-
ried out during the physics phase. The coverage required for first wall protection
should also be determined; a useful guideline is to minimize the use of carbon



156 CHAPTER VI

because of difficulties expected due to erosion, neutron damage and the effects of
co-deposition, i.e. an enhanced tritium inventory and outgassing during start-up.

VI. 1.2.2. Trends in divertor performance

The ITER plasma has a relatively large volume and hence an inherently high
fusion power and so, in order to operate at a neutron wall load of about 1 MW/m2,
it is necessary to derate the fusion power. The approach that has been adopted is to
reduce the volume averaged plasma density e.g. ne = 1 X 1020/m3

(for Ti » 10 keV). Moreover, the density can be further reduced, e.g.
ne = 0.7 x 1020/m3 (for Tj = 15 keV) in order to minimize the power required
for non-inductive current drive. Unfortunately, operation at low density is likely to
pose severe problems for impurity control and exhaust as can be seen from the fol-
lowing analytical analysis in which only those terms pertinent to the immediate dis-
cussion are retained. The power load at the plate of a DN high recycling divertor
can be expressed as

w K (WnFn)14/9 (X6')2/9

' p (Ane)
7'9 Xx7/9

and the corresponding plasma temperature at the plate as

(WnFn)20 '9 (Xg)2/9

p (Ane)
28/9 X x

l 0 / 9

Here A = (ns/ne) describes the radial profile of plasma density, the subscript s
refers to the separatrix at the mid-plane, Wn is the neutron wall load and

Fn « (l - f) [1 + <iyPJ]

where f is the fraction of alpha-particle power (Pa) that is radiated to the first wall
and Pi is the current drive power; XQ and X x are respectively the coefficients for
parallel and transverse transport of energy. It is evident that the decrease in the edge
density (ns) causes a strongly disproportionate increase in the plasma temperature,
Tp, even if present day modelling over-emphasizes the sensitivity to ns. A similar
but less dramatic increase in Tp will occur if H-mode operation is attained because
the thinner scrape-off layers observed in experiments imply that X x is reduced by
about a factor of 4 relative to L-mode operation. This thinner scrape-off also causes
an increase in plate power load. The high values of Tp that are presently predicted
for ITER imply that there is a high risk of plasma contamination associated with the
use of high-Z materials for the divertor plates because of the strongly non-linear
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increase of their physical sputtering yields with Tp. The increase in the physical
sputtering yield is much less in the case of carbon, nevertheless, in some circum-
stances, the sublimation yield induced by recycling carbon, and also the self-
sputtering yield at grazing incidence can exceed unity. Chemical erosion of carbon
by D/T ions decreases with increasing Tp due to the commensurate reduction in the
specific flux of D/T ions to the plate, e.g.

Another important consequence of decreasing ns is that the required pumping
efficiency for helium gas, which can be approximately expressed as

€He " (Aig28/9 (x , ) 1 0 ' 9

is strongly increased. Here CHe is the fraction of helium ions in the flux of D/T ions
to the plate.

The preceding discussion also shows that an increase in radiation losses to the
first wall (i.e. increase in f) is beneficial in respect to reducing Tp but that the addi-
tional power required for current drive is detrimental.

VI. 1.2.3. Performance of the ITER divertor

Parameters which characterize the performance of the outer scrape-off layer
and divertor regions of the PHYSICS BASELINE variant of ITER (see Chapter V,
Table VI-3) have been determined by analytical modelling and are shown in
Fig. VI-3 as functions of the peak value of the temperature Tp at the plate. The neu-
tron wall load is 1.1 MW/m2, i^ = 1.03 x 1020/m3, X x = 4 m2/s (which cor-
responds to L-mode conditions), radiation losses from the main plasma of 40% of
Pa are taken as typical (additional radiation losses within the divertor region are
determined by the model), the plate is inclined at 20° and its surface is carbon. The
plate to null-point spacing is 0.3 m. The scrape-off plasma parameters (Ts and A at
the mid-plane) are plotted in Fig. VI-3(a). The operating value of Tp is determined
by the density profile factor, if A(max) « 0.3 is taken as a maximum allowable
value, then TP * 70 eV. The peak power load on th*; plate (including 40% of the
divertor radiation) and also the gross weight of carbon released from the plate (i.e.
neglecting redeposition) are shown in Fig. l(b). The operating power load (at
TP * 70 eV) is about 7 MW/m2 and about 40 ton/burn-year of carbon is released
into the divertor plasma.
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200

FIG. VI-3(a) The plasma temperature, Ts, at the separatrix in the stagnation zone of the
scrape-off layer and the density profile factor A = (ns/nj.

100

FIG. VI-3(b) The peak power load, Wp, at the plate and the weight of carbon released
during an integrated burn-time of one year.

Due to the radial profile of the surface temperature of the plate there will in
general be three peaks in the erosion profile across the plate. One is due to physical
and self sputtering and, displaced each side of this, are the other two due to chemical
erosion by D/T. (Any radiation enhanced sublimation will contribute to the sputter-
ing peak and so will chemical erosion due to oxygen except at high values of Tp

when oxygen gives rise to a fourth peak). In Fig. VI-3(c) are shown the peak values
of gross chemical erosion by D/T ions and also of combined gross erosion due to
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FIG. VI-3(c) Peak values of the gross rates of erosion due to chemical erosion and to physical
plus self-sputtering. In the case of sputtering, normal incidence is assumed and the contribu-
tion due to chemical sputtering by 0.5% oxygen is included.
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FIG. VI-3(d) The acceptable probability, ea, that eroded material can penetrate into the
core plasma and the ratio (ed/ej. Here ed is the flow back probability that ions of eroded
material can back-flow into the scrape-off layer.

physical sputtering by D/T, self sputtering by C3+ ions and chemical erosion due
to 0.5% oxygen. These values are of comparable magnitude (=1.5 m/burn-year) at
TP = 70 eV, but it is worth noting that D/T chemical erosion increases substan-
tially at lower temperatures. Erosion due to sputtering is quoted for ions incident nor-
mally to the plate and the effects of sputtenng by charge exchange neutrals and
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contributions from particle induced sublimation have been neglected. The combined
effects of neutrals and recycling carbon ions are uncertain; they could typically
increase, or decrease the sputtering erosion by factors of about 3. Erosion would be
significantly increased, due to particle induced sublimation, if the surface tempera-
ture of the plate exceeds 1200°C.

It is probable that the net erosion will be very much less than the preceding
estimates of gross erosion due to the redeposition of recycling carbon. Quantification
of the reduction arising from redeposition is at present very uncertain because of its
sensitivity to topography and to the details of plasma transport, surface interactions
(including the effects of surface temperature, e.g. sweeping) and also atomic
processes. Nevertheless, the indications from 2-D modelling are that a factor of
about 20 may be appropriate. This would imply erosion depths of less than
0.1 m/burn-year.

It is necessary to shield the core plasma from released carbon. This shielding
requirement can be expressed in terms of the acceptable probability ea of the ingress
of impurity ions into the main plasma (of volume V and impurity ion confinement
time Timp), namely

ea = *~imp n e * 'Mmp T\mp

where Cimp is the impurity concentration for carbon and r imp is the rate of impurity
release from the plates. The dependence of ea on TP for Timp = 5 s and
Cimp = 2.5 X 10~2 is shown in Fig. VI-3(d) together with the ratio (ea/ed) where
ed is the likely probability of carbon escape from the divertor, which is calculated
using the criterion

ed = exp {- (LbT/U)}

Here L^T and LJ. are respectively the ionization ranges of Frank Condon D/T
atoms and of 4.5 eV sputtered carbon atoms. Within the uncertainties of the model,
the criterion for adequate retention of impurities appears to be only partially satisfied
at TP = 70 eV but this becomes increasingly less likely at reduced TP.

Comparisons between L-mode (Xx = 4 m2/s) and H-mode (X± = 1 m2/s)
operation of the PHYSICS BASELINE is illustrated in Fig. VI-4 by the dashed
(L-mode) and full (H-mode) curves. In the case of H-mode operation, the peak
power load on the inclined plate is about 17 MW which might be marginally
acceptable if the X-point is swept. However, for A(max) a 0.3, the operating TP

would be around 150 eV. Such a high temperature raises concern in respect to
unipolar arcing on the plate and also the enhanced risk of excessive self-sputtering
and induced sublimation due to the recycling carbon ions.

The influence of current drive at reduced ne is illustrated, for L-mode opera-
tion, in Fig. VI-5 where the PHYSICS BASELINE (dashed line) is compared with
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FIG. VI-4 Comparison of L-mode (dashed curves) and H-mode (fidl curves) conditions in the
PHYSICS BASELINE variant of ITER.
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FIG. VI-5 Comparison of the L-mode conditions in the PHYSICS BASELINE (dashed curves)
and the TECHNOLOGY, HYBRID, Q = 10 variants of ITER (see Table Vl-2 for details).

the (double-null configuration) TECHNOLOGICAL HYBRID, Q = 10 variant of
ITER (Wn = 0.87 MW/m2, ii,, = 0.74 and ( iyp a ) = 0.56). The operating value
of TP for this Q = 10 HYBRID is about 140 eV, the plate power loading is about
10 MW/m2. The release rate of carbon atoms is the same as for the PHYSICS
BASELINE, but in conjunction with the lower i^ in the core plasma of the
HYBRID, the risk of plasma contamination is about doubled.



TABLE VI-2. PHYSICS SPECIFICATIONS FOR THE OUTER DIVERTOR AND SCRAPE-OFF LAYER OF ITER
(DOUBLE-NULL CONFIGURATION)
Assumptions — 40% of Pa is lost from inside the separatrix by radiation

— 80% of non-radiated power flows to outer scrape-off
— Plate-null point spacing = 0.3 m, plate inclined at 20° to magnetic surfaces

Main plasma

Ro(m)
IP (MA)
Pfus(MW)
PCD (MW)
Wn (MW/m2)
ne (1020/m3)

Scrape-off-layer

n5
(1) (1020/m3)

Ts (eV)

Width (mid-plane) (10 ~3m)

Xx (m2/s)

Physics phase

BASELINE (ignited)

L-mode H-mode

5.8
22
1042
0
1.1
1.03

0.36

152

3.1

4

0.37

234

1.3

1

Technology phase

(Ignited)

L-mode

848
0
1.1
1.14

0.39
143
3.3
4

(Sub-ign)
Q = 10: L-mode

5.5
18
670
67
0.87
1.01

0.35
172
2.8
4

Hybrid
Q = 10: L-mode

670
67
0.87
0.74

0.25
210
2.5
4

n
>



Divertor (Top or bottom)

Power to plate (MW)
Power radiated (MW)
Peak thermal load(2) (MW/m2)
Effective width of load (m)
Peak Tp (eV)
Peak energy of D/T ions (eV)
Density at plate(3) (102°/m3)
Flux of D/T ions (1023/s)
Specific flux of D/T ions'3' (1023/m2 s)
Peak-gross physical sputtering'4'6' (m/a)
Peak-gross chemical erosion'5' (m/a)
Total release rate-C atoms'6' (1022/s)
Weight of released-C atoms'6' (103 kg/a)
Required retention efficiency'7'
Likely retention efficiency
Required He pumping efficiency'81 (10~2)

19.8
3.5
7.2
0.23
68.0
250
0.56
2.7
1.3
1.4
1.5
6.5
38.0
0.986
0.982
1.4

49.8
2.0
17.5
0.09
155
500
0.39
1.6
1.4
1.4
1.6
5.6
36.0
0.995
0.983
2.3

38.7
3.1
6.6
0.21
54
170
0.74
2.3
1.5
1.0
1.7
5.3
33.0
0.996
0.981
1.3

47.7
2.9
9.3
0.18
92
350
0.46
2.1
1.2
1.5
1.4
5.9
37.0
0.997
0.983
1.1

47.7
1.9
10.2
0.16
137
450
0.28
1.7
0.9
1.5
1.4
5.2
36.0
0.998
0.983
1.4

'" for profile factor A = 0.3:
<2> includes 40% of radiation loss within divertor
(3) at the separatrix/plate strike point:
<4) redeposition may reduce by factor — 20
<5) both chemical and physical erosion can be reduced by X-point sweeping
(6) include chemical erosion due to 0.5% oxygen
(7) assumes 2.5% concentration of C ions in main plasma and residence time = 5 s
(8) assumes 1 % of He ions in D/T flu*: to plate and only bottom divertor is pumped.

ft
O
ft
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Exhaust of helium ash from ITER poses potentially severe problems. The
required pumping efficiency can be expressed as

rD T)

where TDT is the flux of D/T to the plate and

rHe = 3.6 x 1017 Pfas [MW]

is the required exhaust rate of helium gas. For the BASELINE PHYSICS variant
TDT * 2.7 x 1024/s and for a typical helium fraction (CHe « 1 %) the required
pumping efficiency is about 3 x 10 ~2. (This is more than twice the requirement for
INTOR). Furthermore there is considerable uncertainty in this estimation because
2-D modelling of impurity transport indicates that CHe may be appreciably less than
the assumed value of 1%. In view of the uncertainty in the pumping requirement,
it is recommended that the conductance of the pumping penetrations be kept as large
as is practicable to avoid throttling at the vessel walls.

VI. 1.2.4. Conclusions

It is conceivable that uncertainties in present day models of the edge plasma,
and particularly in the model used here, may result in over-estimation of the plasma
temperature Tp. Nevertheless the present results indicate that there are substantial
problems and emphasise the urgent need for improved understanding and quantifica-
tion of the issues involved.

It should be noted that, for metallic plates such as tungsten, there would be a
very substantial reduction in erosion (and probably in the shielding requirements) if
the estimated values of Tp are too high or if Tp could be reduced either by operating
at higher density (ns * 5 to 6 x 1019/m3) or by enhancing the fraction of radiation
lost to the first wall. Furthermore, these operating conditions would probably reduce
the helium exhaust requirements. However, in the case of carbon plates, reduction
in Tp causes an increase in chemical erosion but a decrease in physical sputtering,
so that the total release rate is rather insensitive to Tp: see Fig. VI-3b. Therefore
the only route for reduction of the erosion rates and shielding requirements for car-
bon seems to be via the development of carbon based composite materials with low
yields for chemical erosion.

Physics specifications for divertor and scrape-off plasma conditions for a
number of ITER variants c; i be seen in Table VI-2.
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VI.1.3. Disruptions

VI. 1.3.1. Introductory remark

On the basis of the analysis of Chapter HI, Sect. 1.5., a specification of disrup-
tions was developed. This is given in the following subsection. Because of the lack
of detailed knowledge, the specification must be considered tentative. Where
appropriate, explanatory comments are added as footnotes; these also display the
uncertainties present in the specification.

The plasma thermal (W,h) and poloidal magnetic field (WJ energies to be used
vary with the operation condition and scenario adopted.

Typical values are:

Physics phase (ignition studies):

R = 5.8/6.0 m

IP = 22 MA; Pfus - 1 GW

IP = 22 MA; Pfus - 2 GW

IP = 25 MA; Pfus - 1 GW

IP = 28 MA; P ^ - 1 GW

Wlh (MJ)

600

900

600

600

Wm (MJ)

600

600

800

1000

Physics phase (steady-state
operation studies):
R = 5.8/6.0 m

IP * 18 MA

Wth (MJ)

600

Wm (MJ)

400

Technology phase
R = 5.5 m

IP * 18 MA

Wth (MJ)

600

Wm (MJ)

400
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VI. 1.3.2. Specification of plasma disruptions

VI. 1.3.2.1. Plasma characteristics and number of discharges

(i) Physics phase (ignition studies):

plasma thermal energy Wth ]
plasm? poloidal magnetic field energy Wmi
energy in fast ions WfI = 0.1 WIh>i
number of discharges 104

(ii) Physics phase (steady-state operation studies):

plasma thermal energy W,|,iSS

plasma poloidal magnetic field energy Wmss

energy in fast ions Wfss = 0.3 W^ ss

number of discharges 5 X 103

(iii) Technology phase (steady-state operation):

plasma thermal energy Wth TE

plasma poloidal magnetic field energy WmTE

energy in fast ions Wf TE = 0.3 W,hTE

number of discharges 2 x 104

VI. 1.3.2.2. Major disruption

VI. 1.3.2.2.1. Number a)l b):

(i) Physics phase (ignition studies):

a) thermal and current quench at
nominal parameters: 500

b) thermal quench at reduced parameters
OV,*h,i = 0.3 W,h-!), current quench at
nominal parameters: 1000

"' Specifying the number of major disruptions cannot be done just starting from present
experience, but must also take into account technical constraints. These show that disruptions,
in ITER, must be avoided as far as ever possible. The present working assumption is that
during the physics phase only a partially reliable disruption control technique is at hand while
in the technology phase a control technique is available which is able to reduce the number
of disruptions strongly below the present level.

w The ITER structure should be able to take the mechanical load caused by current
quench (see Section 1.3.2.2.3) for 3 x 10* discharges.
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(ii) Physics phase (steady-state operation studies):

thermal and current quench at nominal parameters:

(iii) Technology phase:

167

500

10/300 c)

VI. 1.3.2.2.2. Thermal quench

Time (ms)
Total energy:

Energy deposition6':
— first wall:

= the thermal energy (0.4 W,h*)
is deposited partly by particles
and partly by radiation with a
peaking factor:

= the fast ion energy (1/2 Wf)
is deposited as such
with a peaking factor:

— divertor plates:
mainly in the form of particles
with an enlarged
scrape-off layer width:

0.1-3d>

0.8 Wu, + Wf

0.8 Wlh* + Wf

in case (i),b) of 1.3.2.2.1

0.4 W,,,* + 1/2 Wf

5 (or more)

0.4 W,h* + 1/2

times 3 with respect to normal
conditions g>

c> The two numbers characterize different projections with respect to the reliability of
disruption control in the technology phase.

* The time can vary within this range: design for both extremes.
e) The distribution of energy deposition is very uncertain.
0 Particularly uncertain (no observations available).
!> Particularly uncertain (database insufficient): design for W^* + Wf.
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VI. 1.3.2.2.3. Current quench

Current decay rate (109 A/s) h):

Energy deposition e):

— first wall
= mainly as radiation:

with a peaking factor:
= as fast (runaway) electrons-"':

with an energy (MeV)
and a peaking factor:

— divertor plates:
Plasma horizontal motion:

for preliminary estimates

0.2 W,,, + 0.6 Wm

0.2 Wa,* + 0.6 Wm

incase (i),b) of 1.3.2.2.1
2
o.i wm
up to 100
TBD
see footnote k>

R(t) = R(0) - [a + R(0)] [1 -

can be used; here R(0) = - 0 . 1 to - 0 . 2 m;
a = horizontal minor radius; Ip = plasma current;
t = time, with current quench starting at t = 0

Plasma vertical motion1':
for preliminary estimates

Z(t) = Z(0) + [b - Z(0)] [1 - Ip(t)/Ip(O)]

can be used; here Z(0) = 0 to 0.6 m, a = 0.5 to 2;
q(edge) > 2 must apply; b = vertical minor radius

h) The plasma current quench is determined by the evolution of the plasma parameters
after energy quench, taking account of the electromagnetic coupling to surrounding conduct-
ing structures; it depends on the effectiveness of plasma position control. The quench rate
given is a typical value, probably at the upper end of the anticipated range, not based on any
modelling of the phenomenon. Such a modelling will have to be done, but its reliability will
depend on better information to be obtained on the plasma properties at the beginning and dur-
ing current quench.

0 With very large scatter: larger values (typically up to 3) must be considered.
J) The fast electron production depends sensitively on the plasma conditions and the

current quench rate. Fast electrons are not produced if the current quench rate is kept low.
The numbers given are tentative.

k> If the plasma moves vertically the divertor plates may be hit; hence, loads as typi-
cal for the first wall should be considered in the design.

" May be accompanied by anomalous current flow patterns which may allow poloidal
currents to flow in the conducting structures surrounding the plasma.
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VI. 1.3.2.3. Minor disruptions

TBD (probably relevant only for steady-state operation Q = 5).

VI. 1.4. Current drive and heating

Five tasks have been identified for the ITER current drive and heating system:

(1) Plasma formation and current initiation to reduce the loop voltage required
during start-up. The ITER vacuum vessel must be thick enough to withstand the large
forces expected in plasma disruptions. As a result the conductivity of the vacuum
vessel is high enough to limit the loop voltage available from the poloidal field sys-
tem during start-up to 0.3 V-m"1. Routine start-up of ITER at these low electric
fields must be assured, even in poor vacuum conditions that may be expected in the
first discharges after a shut-down or after a disruption.

(2) Non-inductive current ramp-up and/or current ramp-up assist to save Volt-
seconds during current ramp-up and thereby cover uncertainties about Volt-seconds
needed for inductive current ramp-up, allow longer ignited plasma burn, and/or
higher current.

(3) Heating. During start-up, it will be necessary to take ITER from an Chmic
plasma at 4-5 keV, n,. — 5 x 1019 m"3 to an ignited (or high-Q) regime.

(4) Current profile control. There are two important issues in current profile
control. The first is maintaining a current profile that is consistent with MHD
equilibrium and stability. This mainly involves gross features of the current profile,
such as the characteristic width (which determines the internal inductance). Chang-
ing such gross features of the plasma current profile requires substantial power, and
is best done with the main current drive systems. The second issues is the production
of local changes in the current profile to eliminate or control internal disruptions
(sawtooth oscillations) and major disruptions. This can be accomplished with rela-
tively small amounts of auxiliary power if the changes in the current profile are suffi-
ciently localized.

(5) Bulk current drive to extend the burn phase of plasma operation with a goal
of steady-state operation (i.e., up to a two week nominal pulse length). This will
allow high neutron faiences in the technology phase, and study of reactor-relevant
regimes with respect to plasma operation and tritium breeding.

Steady state current drive is clearly the most demanding requirement, and it
is this requirement that drives the choice of current drive and heating systems.
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We have considered four methods of non-inductive current drive for ITER: lower
hybrid slow waves (LH), neutral beams (NB), electron cyclotron waves (EC), and
ion cyclotron waves (IC). In addition, we consider the neo-classical bootstrap effect,
which may supply as much as 30-40% of the total plasma current.

We expect a Q of no more than 8 to 12. It will require about 100 MW of aux-
iliary power to support a plasma current of around 18 MA (about 13 MA driven non-
inductively and the remaining 5 MA as bootstrap current). The optimum steady-state
operating points are at densities somewhat below those envisioned for ignited
operation (0.5-1.0 x 1020/m3), and at higher temperatures (typically
<T) ~ 20 keV).

LH waves have the most extensive data base for non-inductive current
drive/1/. In addition to steady state current drive, LH should prove useful for start-up
assist, current ramp-up and profile control. However, given the current ITER design
and the projected steady-state operating points, we do not expect that LH can be used
to drive current in the plasma core. The wave accessibility constraint forces the
choice of N t. Electron Landau damping then causes the wave to be absorbed before
it reaches the plasma core. Hence, LH is most useful for driving current on the outer
flux surfaces. Some other method must be used to drive current noninductively in
the plasma core.

For the ITER baseline we are led to consider three scenarios for driving the
current in the plasma core: using either NB, EC or IC. In each case LH would be
used to drive current on outer flux surfaces, and neo-classical bootstrap effects would
be taken into account when computing the non-inductive current drive requirements.
A typical scenario would have about 50% of the current driven by NB, EC, or IC
in the plasma core, with the remaining current supplied by a combination of LH and
the neoclassical bootstrap effect.

NB also has a good data base for non-inductive current drive. Hence, it must
be considered the primary option for driving current in the plasma core. NB is well
suited for driving current in the plasma core because the NB current drive efficiency
increases with plasma temperature, while penetration of the neutral beams to the
plasma core can be achieved if we are able to develop neutral beams with energies
in the range 0.7-2.0 MeV. The major issues for NB current drive in ITER are the
development of these high energy beams and the possibility of kinetic instabilities
associated with the injection of beam ions at velocities greater than the local Alfve'n
velocity.

Recent theoretical studies have indicated that EC at upshifted frequencies is
capable of driving current in the core of reactor grade plasmas with figures of merit,
{n^I R/P ~ 0.2-0.25 x 1020 A W ^ m " 2 . While this is roughly a factor of 2
lower than NB, LH, or IC, it is still high enough to yield interesting steady state EC
current drive scenarios. The major issue for EC current drive is the improvement
of the weak EC current drive data base between now and the end of the ITER design
period. In addition, RF sources with power levels of the order of 1 MW/tube and
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frequencies of 180-200 GHz must be developed. EC will also be useful in ITER for
break-down, start-up assist, and for current profile control. Hence, we would include
an EC system with a power level in the range 10-20 MW in the event that EC is
not chosen to drive current in the core of the ITER plasma. This smaller EC system
might operate at lower frequencies where RF sources are easier to develop.

IC has a good data base for plasma heating. Theory predicts that the current
drive efficiency will increase with the plasma temperature. It may be comparable to
that of NBs for ITER parameters, while the technology for IC power generation
already exists. Frequencies in the range w = WCD - 2.5wcD (f ~ 40-100 MHz) are
currently being considered. Bulk heating would employ w = 2«cT, while a some-
what higher frequency would be used for current drive to allow interaction with elec-
trons. IC fast waves excited near the plasma boundary propagate freely to the plasma
center even for the large, hot, and dense plasmas envisioned in the ITER baseline.
The propagation of IC waves to plasma core has been demonstrated in IC heating
experiments. However, the IC current drive data base is restricted, and must be
improved before the end of the ITER design period. The development of an IC
antenna that can survive in a reactor environment and couple effectively to the
plasma is another major issue.

VI. 1.4.1. Neutral beams

VI. 1.4.1.1. Current drive efficiency

The current drive efficiency is a key figure of merit for evaluating the applica-
bility of current drive systems to ITER. For neutral beam (NB) current drive, this
efficiency, as well as the needed beam energy, depends on the enhancement of a
beam stopping cross section due to multi-step ionization [1]. However, the impact
on the current drive efficiency in ITER is minor. Also the change in the current pro-
file is small if the beam aiming is changed to compensate for the enhancement in the
beam stopping cross section. A peaked current profile can be obtained even for a
beam energy less than 0.5 MeV.

Conversely, the overall current drive efficiency depends strongly upon the
aiming of the beam, i.e., upon the distance R^g of closest approach of the beam to
the center of the torus. The results show that for high-beta plasmas the optimum
drive efficiency appears at R u g > RQ. However, proper beam penetration at larger
values of R^g tends to require higher beam energy. The current drive efficiency is
also dependent upon the temperature profile. A flat temperature profile increases the
current drive efficiency.

VI. 1.4.1.2. Beam energy required for ITER

In evaluati ng the beam energy for NB current drive for ITER, an overall judge-
ment is necessay, considering both physics and engineering issues. The following
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constraints are important for the selection of the beam energy: (1) Steady state opera-
tion of ITER requires Q > 5. (2) Flexible current profile control must be possible.
(3) The constraints for the beta value and the current drive efficiency are essential
when maximizing Q with NB current drive for ITER. (4) The shinethrough power
has to be limited. (5) The spatial profile of beam power is strongly correlated with
the enhancement of the current drive efficiency, the flexibility of current profile con-
trol, and the shinethrough. (6) The technological requirements of NB are strongly
effected by the beam energy to be used. (7) Alfveii instabilities may reduce the NB
current drive efficiency at high beam energy.

Several analyses of the Q value for steady-state operation have been performed
[2-5]. These analyses show that the Q value is quite sensitive to the assumptions used
in the analysis. The steady-state performance can be optimized by operating at high
temperature (volume average of 20 keV or more) and low density
(0.5-1.0 x 1020/m3). The reactivity of the plasma is somewhat reduced at these
high temperatures. Increasing the fusion power leads to operation near the Troyon
beta limit. Hence, in steady-state operation the predicted Q increases as the maxi-
mum allowed Troyon coefficient is increased. For a fixed pressure profile, operation
with a peaked density profile and flat temperature profile tends to increase Q, in part
because this increases the fusion power at fixed volume averaged beta, and in part
because this increases the bootstrap current and, hence, reduces the current that
needs to be driven with NB (or RF) power. Assuming a peaked pressure profile also
yields higher values of Q, but when MHD equilibrium and stability constraints are
taken into account, the allowed peaking in the pressure is limited.

Detailed studies of steady-state operation for the baseline ITER design must
still be performed. However, experience from previous studies [2-5] suggests that
Q will be greater than 5, and that Q in excess of 10 might be achieved.

The steady state operation has been also studied using 0-D system codes with
a NB energy of I MeV (see Chap. V). Although these codes are zero-dimensional,
they have been benchmarked against detailed neutral beam deposition and Fokker-
Planck calculations. Using the profiles and operational parameters recommended in
Table VIII-1, the codes predict Q ~ 10 for steady-state ITER operation.

Based on these calculations it has been tentatively concluded that the ITER
requirements (steady-state operation with Q > 5) can be realized assuming that the
density profile is sufficiently peaked that the bootstrap effect provides about of 30%
of the plasma current [this requires an ~ 0.5, where n(r) ~ no(l - r2/a2)™"] and
a Troyon coefficient of 3.0, and that the beam energy is in the range

-0 .3
E = 1.0 MeV

<- +1.0

-0 .3 MeV

MeV
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VI. 1.4.1.3. Profile control flexibility

Current profile control requires the control of beam power deposition. It will
be attained by adjusting the power profile of an array of beams which aim at different
magnetic surfaces of a plasma.

The current profile control with NB was studied with several codes [2, 5, 6].
These studies showed that NB injection can provide considerable flexibility in gener-
ating various current profiles, from peaked to hollow ones. A vertical array of the
beams, which may be both parallel and inclined to the horizontal plane, and a
horizontal array of the beams are being considered. Variable beam energy also
makes profile control more flexible.

VI. 1.4.1.4. Current rampup and transformer recharging by neutral beam current
drive

While the ultimate goal of ITER is steady state operation, alternative ways of
operating using non-inductive current ramp-up, partial use of non-inductive current
drive, or transformer recharging, must also be considered (see V.4.2.3).

The potential of non-inductive current ramp-up by NB injection was inves-
tigated for an ITER-like device[6]. The model takes beta limits into account.
Parameter optimization makes it possible to ramp-up a plasma current from 2 MA
to 8M A in 500 s with a moderate NB power of about 25-30 MW.

Current ramp-up was also investigated by using a power balance calculation
together with equations for the tokamak circuit [7]. There is an optimum input power
at which the rate of current ramp-up reaches a maximum. If the power is too high,
the plasma temperature and hence the resistive skin time increases, leading to an
increase in the ramp-up time. The estimate obtained for the ramp-up time of the
plasma current from about ~ 0 MA to 15 MA is quite long, viz., 0.5 ~ 1.0 hours.

Plasma current rampup (or transformer recharging) using NB might be feasible
on ITER. To reduce the required the ramp-up time it is necessary to increase the
effective ion charge and to deteriorate the confinement time in order to reduce the
plasma conductivity. The constraints on the poloidal and toroida! '.-etas are severe
during the initial phase of current rampup. The present analyses suggest that at least
80 s/MA is needed. Further optimization is necessary.
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VI. 1.4.2. Lower hybrid waves

Lower hybrid (LH) waves will be used in all five tasks proposed for the ITER
current drive (CD) and heating system.

(1) Plasma and current initiation. While the data base here is still sparse, the use
of a relatively small amount of LH power to supplement EC may help reduce the
required breakdown voltage and improve start-up reliability.
(2) Current ramp-up assist. LH is presently the method of choice for non-inductive
current ramp-up, especially in combination with partial Ohmic drive, which
enhances the CD efficiency and should permit reasonably short ramp-up times. The
range of plasma parameters envisioned in ITER is convenient for central current
drive during ramp-up, and LH is the only method demonstrated for non-inductive
current ramp-up assist.
(3) Heating to the operating point. LH will provide electron heating with central
power deposition until the product of the central temperature and density reaches
values in the range 15-20 x 1020 keV/m3.
(4) Profile control by control of the wave spectrum and power level. This will
allow decoupling of the temperature and current density profiles. Sawtooth stabiliza-
tion may be achieved this way.
(5) Steady-state current drive in the outer parts of the plasma. In the range of
parameters envisaged for ITER in steady-state, LH is not expected to penetrate to
the plasma center due to strong absorption of LH waves at the high temperatures and
densities encountered before reaching the plasma core. However, good absorption
and high current drive efficiency in the outer region of die plasma is expected with
LH, justifying its systematic use as a complement to other central CD methods.

Wave penetration, current drive efficiency, and the choice of the frequency are
the three main issues for defining the ITER concept.
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VI. 1.4.2.1. Penetration to the plasma core

Due to strong wave absorption, the LH waves are not expected to penetrate
to plasma regions in which the electron temperature exceeds T ^ [keV] =
K/N| min, where K is a constant (estimated to lie between SO and 80), and N| min
is the lowest parallel refractive index of the wave spectrum. N t min is bounded
from below by the accessibility condition. For ITER steady-state parameters
Nw min depends only on the ratio ne/Bo- From these considerations, and from
detailed code simulations [3] it can be concluded that LH will penetrate to a minor
radius r ^ such that i^ ( r^) Te (r^^B2 . = 0.6-0.8 x 1020 keV/m3 T2. For the
technology phase of ITER (Bo = 5.3 T) this yields r^ (r^) x Te (r^,,) =
20 x 1020keV/m3. With standard profiles, penetration of LH to mid-radius should
be assured when the product of the central density and temperature does not exceed
31 x 1020 keV/m3, which is the range considered in ITER.

VI. 1.4.2.2. Current drive efficiency

The current drive figure of merit of LH is roughly given by

ne (rpen) Idriven ° _
p
'absorbed

0.8 [31/ln A] [4/5 + Zefr] [f(Te, N,)/N|2] x 1020 [ A - m ^ W " 1 ]

The factor of 0.8 accounts for the restricted wave directivity. The temperature
enhancement factor, f(Te, N|) can be approximated by

f(Te, N,) - 1 + 1.8 x 10- 3 exp [1.5 N l a c ] Te ( r ^ ) " 3

where Te (r^n) is in keV. This numerical fit is valid for 0 < Te < 52 keV and
N, < 2.25.

Efficiencies of the order of 0.5-0.6 X 1020 A-m~ 2 -W~' can be envisaged in
steady-state operation, with penetration to mid-radius. Note that this estimate takes
account of the theoretical enhancement of the efficiency with temperature, here of
order 50%. This effect has not yet been checked experimentally since it is marked
only at about 10 keV. The total LH power to be installed, and the sharing between
LH and the method used to drive the central current, has yet to be determined.
Detailed calculations in which current profiles compatible with MHD constraints are
obtained by combining both methods with possible bootstrap contributions must be
performed. A reasonable expectation is roughly equal power sharing in the absence
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of a bootstrap current. If there is a significant bootstrap current, the required LH
power would be reduced.

VI. 1.4.2.3. Frequency selection

The selection of the frequency for steady-state CD is dominated by physical
and technical constraints. The main physical constraints are the necessity to avoid
absorption of the wave power by fast ions (alpha particles and beam ions), and to
effectively couple wave power to the plasma. High frequency (about 8 GHz) would
avoid coupling to fast ions up to high density (>2 x 1020/m3) and allow broad
spectra (N| > 2). The present estimates, accounting for the actual conditions of
LHCD in ITER show that a frequency below 5 GHz could suffice. Effective
coupling constrains the plasma density at the grill (about 1018/m3 at 8 GHz). This
density scales approximately as the square of the frequency. Hence, the erosion of
the grill will be reduced at reduced frequency. Many technical constraints (discussed
in Section 2.6), including grill technology and electrical efficiency, favor the use of
lower frequencies. The extension of present-day RF power sources towards ITER
requirements would be faster if a frequency of either 4 or 8 GHz were selected.

VI. 1.4.2.4. Spectral broadening

The broadening of the LH wave spectrum observed in experiments needs
clarification. This is a critical issue for correctly designing the LH system for ITER.

VI. 1.4.3. Electron cyclotron current drive and heating

An electron cyclotron system will be required for plasma formation. This sys-
tem would also be used for assisting with plasma heating in the operational scenarios
for ignited plasmas, and also for current profile control in both ignited and steady-
state operation.

Electron cyclotron power is being considered as an option for driving the cur-
rent in the core of ITER during steady-state operation. If EC is used for current drive
in steady-state operation, then the EC current drive system would also be used for
heating the ITER plasma to ignition. The current drive system would be designed
with the flexibility to provide control of the current profile. It may be possible to
use the same EC system for plasma initiation as well if EC is chosen as the central
current driver. This possibility requires further investigation.
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VI. 1.4.3.1. Plasma formation

Plasma formation and current initiation at reduced loop voltage [1] has been
demonstrated with EC. Theoretical analysis of EC plasma initiation and the subse-
quent current ramp-up were presented at the ITER Specialists' Meeting on Current
Drive and Heating [2]. While a detailed comparison between this theoretical work
and experiments in large tokamaks is still necessary, this analysis suggests that on
the order of 10 MW of EC power will be necessary for plasma initiation in ITER.
This power can be launched in the O-mode from the low field side of the torus.

VI. 1.4.3.2. Local current profile control

Electron cyclotron waves can be launched in well defined beams due to their
short wavelength. This allows localized absorption of the electron cyclotron power,
and hence local control of current profile. Hence, EC is well adapted for local
changes in the current profile to eliminate or control internal disruptions (sawtooth
oscillations) and major disruptions. Theoretical analysis shows that such localized
changes in the current profile are possible with EC current drive [3]. The possibility
of controlling major and/or internal disruptions in ITER with localized current pro-
file control using EC power will have to be carefully evaluated.

VI. 1.4.3.3. Heating

Electron cyclotron power has been shown to be an effective means of heating
tokamak plasmas. It allows control of the power deposition profile, including local-
ized central heating. ITER may require H-mode like confinement for ignition, and
H-mode plasmas have been produced with electron cyclotron heating [4]. In ITER
we wish to use the same system for both current drive and heating. Theoretical
studies [5] indicate that oblique injection at angles as large as 30° to the perpendicu-
lar will be useful for heating plasmas to ignition. These relatively large injection
angles are desirable because they are consistent with current drive at upshifted fre-
quencies. However, most ITER relevant experiments on EC heating to date have
launched the EC power from the outside of the plasma at an angle of about 15° to
the perpendicular. Flexibility in the ITER design, to accommodate near perpendicu-
lar injection of the EC power for bulk heating, must be maintained until experiments
verify that the oblique injection will provide useful heating.

VI. 1.4.3.4. Current drive

Studies of EC current drive scenarios for ITER [6] have shown that the highest
cunent drive efficiencies are obtained by launching the O-mode from the outside of
the torus at frequencies upshifted by 30-50% relative to the on-axis electron cyclo-
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tron frequency. For current ITER parameters this would require RF power at

180 GHz (for a 30% upshift in the physics phase) to 220 GHz (for a 50% upshift

in the technology phase). There is some flexibility in the magnitude of the upshift

so that it is probable that a common frequency in the neighborhood of 200 GHz can

be employed for both the physics and technology phases. The current drive figure

of merit obtained for these upshifted scenarios is (ne) IR/P = 0.2-0.3 x

1020 A-m~ 2 'W" 1 . The optimum current drive scenarios require launching the EC

power at angles of 30-35% to the perpendicular from the outside of the torus.

Current profile control is best achieved by using a vertical array of EC beams (rather

than launching all beams from the midplane of the torus) as this minimizes the para-

sitic absorption of EC power on higher harmonic resonances.
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VI. 1.4.4. 1CRF current drive and heating

Steady state current drive with IC waves will be accomplished by putting the
a> = 2-o>cT resonance inside the plasma, inboard of magnetic axis, to permit com-
plete wave absorption by electrons. This low frequency wave is negligibly damped
by suprathermal alpha particles at the long parallel wavelengths needed for efficient
current drive. Losses on ftiel ions are also very small since harmonic resonances can
be avoided even at small aspect ratio [4, 8, 2]. Plasma heating will be achieved
through coupling to the second harmonic ion cyclotron resonance of tritium. The IC
waves will be radiated from either an array of waveguides or current loops [M2].

VI. 1.4.4.1. Choice of the best heating scheme

The IC heating scheme must be adapted to the ITER operational phases. These
include 1) hydrogen operation at reduced magnetic field during low fluence testing
(in this phase it will be possible to model a D-T plasma by the mixture H-3He),
2) D-D operation and 3) D-T operation. The frequency range wcD <w< 2.5 wcD

has been chosen as optimal for current drive and heating. As a baseline heating
scenario, u> = 2 o>cT, was selected using the following criteria: applicability to pure
H operation, experimental tests, heating of one fuel species, insensitivity to traces
of H and alpha particles, good single pass absorption, and large fraction of the
energy going to ions. Scenarios for fast wave heating include: a) f = fcT (in D-T,
f = 23 MHz at BQ = 5 T), b) f = fcD (38 MHz), c) f = 2 fcT = fc3He in D-T, or
H-3He, or D [3He] or D-T [3He] (50 MHz, minority in brackets), d) f = 2 f3He in
H-3He (=100 MHz) for operation in H plasma (this also models a D-T plasma),
e) f = 2 fcD = 3 fcT in D-T or D (75 MHz), f) two component operation in T(D)
plasma (38 MHz). However, several of these scenarios would suffer from the
presence of traces of alpha particles and H, or do not have strong single pass absorp-
tion [3, 2, 6].

VI. 1.4.4.2. Choice of fast wave CD scheme

For fast wave current drive we have chosen the scheme with
2 wcT < w < 2 «cDT, putting the cold resonance &> = 2 a>cD = 2 «ca outside the
plasma and keeping the resonance o> = 2 coeT close to inner plasma boundary. In
this scenario the antenna is located on the low field side of the plasma near the
equatorial plane. Before reaching the « = 2 cocT zone, the fast wave (f = 60 MHZ)
will be almost entirely absorbed by electrons [8,4]. Fast wave CD during ITER
hydrogen plasma experiments must be accomplished at w > wcH in order to model
D-T plasmas with the scenario <w < acD. The optimum fast wave current drive
scenario uses a narrow antenna spectrum with phase velocities in the range
vpta«/vTe = 2.5-3. Numerical self-consistent antenna-plasma Fokker-Planck
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calculations have shown that the current drive figure of merit
7 = 0.1 Tc (keV)/(Zefr 4- 2), giving y = 0.5 for Te = 20 keV and Zefr = 2.1.

VI. 1.4.4.3. Antenna requirements and optimization (see also VI.2.6.4.)

The ICRF antenna must be designed to: 1) couple effectively with divertor
plasmas (lower values of Nj are preferable here), 2) provide spectral shaping for
power deposition control (the width of cyclotron absorption layer is AR = Rk||VTi/w
during bulk heating), and 3) current drive with good wave directivity and current
profile control [4, 9]. Modelling calculations have shown [4, 3] that the toroidal and
poloidal sizes lz = 1.6-1.8 m, lp = 3-3.2 m are sufficient for the bulk heating
scenarios with power capability 25-30 MW/antenna. However, it is necessary to
combine the antennae in pairs in adjacent ports to obtain good wave directivity in
the CD scenario, with many elements (12-16) per toroidal wave length[9]. Coupling
to an H-mode plasma should not be a problem for the ITER CD/H antenna due to
the low N| values (N| ~ 2-4) with a moderately thick divertor layer (up to
d < 10-15 cm for a loop antenna and probably greater for a waveguide antenna).

The antenna will be located in a special recess of the first wall/blanket. While
the antenna must be more than 20 cm thick, much of this volume is occupied by
vacuum, and hence, is transparent to neutrons. The electrostatic screen should be
aligned with the total magnetic field and covered by low Z tiles (similar to the first
wall). The waveguide antenna option is especially interesting for a large scale high
frequency reactor application, and possesses some advantages: 1) no high voltage
current carrying elements, 2) no ceramic supports for central conductors (no such
conductors), 3) mechanically the launching elements are stronger, and finally, 4) the
developed radiating surface with a reduced specific power flux ( = 0 . 5 kW/cm2 for
ITER design) may diminish the role of possible nonlinear effects near the plasma
boundary [4, 12].
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VI. 1.5. Plasma operating scenario

The basic operational scenario of ITER, in the physics phase, is several
hundreds seconds of ignited burn with inductive current drive and, in the technology
phase as a final goal, steady-state operation with non-inductive current drive. Opera-
tional flexibility, however, is one of the most important features of ITER; therefore
it must cover a variety of operational scenarios both in the physics and technology
phases. Especially, in the physics phase, operation with various plasma configura-
tions, current drive schemes and operation parameters must be available to cope with
the physics uncertainties as well as to optimize the operational regime for ignition
studies and for operation in the technology phase. This includes various elongations,
aspect ratios, variation of the divertor configuration (double, single and semi-double
null), partial and full non-inductive current drive both in the current ramp-up and
burn phases and variation of the operation parameters, e.g., plasma density and tem-
perature. Details of this flexibility are described in Chapter V. Here, the basic
20 MA plasma operational scenario in the physics phase, developed to elucidate the
issues involved with such a high level of current, is described with emphasis on the
related physics issues, and steady-state operation in the technology phase is briefly
discussed.

VI. 1.5.1. Inductive operation in the physics phase

Figure VI-6 shows the overall operation sequence of a baseline 20 MA plasma.
The major phases are (i) start-up, (ii) burn, (iii) shut-down and (iv) dwell. During
the whole pulse, the plasma current is driven inductively; non-inductive and/or boot-
strap assist can be introduced in variants of this operation scenario.

(i) Start-up:

During this phase, the plasma is formed and the current is initiated and subse-
quently ramped-up with the appropriate ramp-up rate to the flat top state. The break-
down loop voltage is as low as * 10 V (E * 0.3 V/m) and plasma formation and
preheating is assisted by electron cyclotron waves. In addition, to be able to initiate
the plasma current routinely with this low electric field, careful design of the PF coil
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system is needed to provide a large area with low poloidal field near the equatorial
plane in the vessel. However, the dominant poloidal fields are expected to be caused
by the eddy currents induced in the structure surrounding the plasma. In fact, this
field is anticipated to reach up to « 50 G, so that active compensation by a proper
adjustment of the current pattern of the PF coils is necessary to achieve wide operat-
ing range. There is some concern, just after a breakdown, in respect to the low cur-
rent ramp-up rate of only £ 1 MA/s which is inductively possible with a loop voltage
of 10 V, since the low current plasma is vulnerable to both vertical and radial posi-
tional instability and impurity contamination (as shown in JET [1}, JT-60 [2] and
TFTR, where 2-5 MA/s or more is usually employed in this phase). Note that the
loop voltage of 10 V was selected to cope with the engineering difficulties related,
e.g., to disruption effects on the vacuum vessel, and to limit ft on the supercon-
ducting coils.
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After this first phase, the current ramp-up rate must be substantially decreased
to avoid a hollow current profile and formation of locked modes, which results in
plasma disruption. An exact specification of a safe ramp-up rate for ITER is difficult,
but it should not exceed 0.5 MA/s. This specification is based on present-day large
tokamak experiments such as TFTR [3] where the ramp-up rate effectively is rather
large (1 MA/s is routinely achieved); JT-60 [2] where 0.7-0.8 MA/s is achieved up
to q^ = 3; and JET [1] where 0.5 MA/s is a typical ramp-up rate; and on the con-
sideration that current penetration tends to be slower in an ITER class device. The
current ramp-up rate specified requires at least 40 s to ramp-up a 20 MA current.
This ramp-up time is consistent with the coil design constraints. The resistive volt-
second consumption during this phase is roughly estimated to be at least 20-40 V • s.
It is an urgent task to improve this estimate.

During the current ramp-up phase, the plasma initially has contact with a
limiter. At a plasma current of 10-15 MA, the divertor configuration is formed to
avoid excessive heat loads on the start-up limiter. A more detailed analysis of the
formation of the final magnetic configuration in an optimum way, e.g. reaching a
double-null divertor configuration via a single-null configuration, will have to be
done.

To avoid a fast change of PF coil current, the plasma beta is increased gradu-
ally, which requires a rather long heating time of «40 s. Note that from a physics
view point, the heating time could be much shorter. During this phase, the resistive
volt-second consumption is estimated to be = 10 V-s. The inductive volt-second
required to reach this state are 180-200 V-s depending on the current profile.

(ii) Burn:

A burn phase of a duration of 200-300 s is to be stably maintained using an
appropriate burn control scheme. For this, several candidate methods have been pro-
posed, but details cannot yet be specified. The resistive voltage in this phase for a
plasma temperature of 10 keV is estimated to be «0.1 V; hence «20-30 V-s are
needed for the burn phase. If there is a neoclassical bootstrap current, another
= 10-15 V-s will be available for the burn phase.

(iii) Shutdown:

Shut-down is, in principle, the time reverse of start-up. It consists of burn
termination, cooling of the plasma to the Ohmic regime and rampingdown the plasma
current. Burn termination is expected to be done with the same technique as burn
temperature control. Some control scheme for smoothing the cooling down to the
Ohmic regime, e.g., applying auxiliary heating, must be implemented, since, other-
wise, disruptions may occur shortly after the quench of alpha-particle heating.
Moreover, uncontrolled fast cooling of the plasma will cause too fast a change in
pressure and current, which results in a large increase of the capacity of the PF
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system. Several minor modifications of the scenario can be envisaged, e.g.,
ramping-down of the plasma current simultaneously with the plasma beta to reduce
too large requirements for coil currents in this phase.

(iv) Dwell:

During the dwell phase, the next shot is prepared (pumping down of the
vacuum chamber, precharging of the PF coil system etc.). In the physics phase, there
is no strong motivation to keep the dwell time short. For the technology phase, a
constraint could come from the nuclear testing requirements. However, there is a
lower limit to the off-burn time in ITER, which is imposed by both physics and
magnet engineering considerations. Even in a fully inductive operation scenario, in
which the off-burn time is shortest, this minimum cannot be less than =200 s.

VI. 1.5.2. Steady state operation in the technology phase

The steady state operational scenario for the technology phase is similar to the
ignited operational scenario described above. These operational scenarios differ in
that the plasma current in the technology phase is somewhat lower (18 MA), the
poloidal beta is somewhat higher (j3p = 1.3 for steady state operation, while
j8p < 1.0 for ignited operation), and no V-s will be consumed during the burn.
Instead, the plasma current will be driven non-inductively so that the length of the
burn is not limited by the V-s capacity of the poloidal field coil system. It would
be desirable to extend the burn phase up to two weeks with non-inductive current
drive for tritium breeding tests. Further discussion of the steady state operation is
presented in Chap. V.4.2.2.
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VI. 1.6. Diagnostics

VI. 1.6.1. Introduction

ITER will possibly be the only device with the mission both of broad physics
and engineering studies of controlled D/T burn and of steady-state high-Q driven
operation. Therefore, ITER has to be equipped v/ith as complete a set of diagnostics
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as is necessary to provide the full information required during each phase of its
operation.

ITER is planned to operate in two main phases: a physics phase (with extended
plasma size due to the absence of breeding blankets) and a technology phase which
could yield useful results for many years (10 to 20 years). The physics phase
(= 6 years) can be subdivided further into (i) the zero activation phase (operation
with hydrogen as a working gas), (ii) a low activation phase (operation with deu-
terium and 3He) and (iii) a high activation phase (D/T operation).

Plasma diagnostics for ITER are required to serve several different functions.
In order to produce plasmas in ITER it will be necessary to have a set of diagnostics
whose primary objective is to provide feedback for the control of various operating
sub-systems, such as gas injection, vacuum pumping, magnetic field coil currents,
etc. The long pulse nature of ITER gives rise to some unique diagnostic require-
ments, particularly for the diagnostics used for feedback control. It is also necessary
to provide sufficient diagnostic information to thoroughly characterize the behaviour
of H/D and burning D/T plasmas, in particular the heat and particle transport.
Clearly, new ideas for optimizing plasma performance will arise during ITER opera-
tion, including the technology phase, which will demand a mature set of diagnostics
to test them.

For H/D/3He phases, extrapolation of existing diagnostic techniques will be
possible. Diagnostics for D/T operation will either have to be radiation resistant and
capable of withstanding high heat flux or they will have to be shielded [1, 2]. For
this reason, come traditional diagnostics (such as soft X-ray detector arrays) can not
be used and others should be strongly modified to fulfill D/T operation requirements.
New diagnostics will be necessary. A diagnostics set for the D/T phase must achieve
a reliability far beyond that which is presently achievable in large tokamaks.

During the H operation phase there will be relatively good access for diagnos-
tics, allowing for hands-on maintenance. The D/3He phase will permit a limited
amount of hands-on access, after a sufficient period of cooling. Several D/T shots
will cause such a strong activation of structures,that all subsequent maintenance and
repair will have to be performed remotely. The problems of electronic drift, detector
failures, or other component breakage will have to be treated very seriously during
D/T phase.

There are three large horizontal ports which are planned to be used for the
diagnostic purposes for all ITER phases and two extra ports which can be occupied
by diagnostics tentatively during the physics phase. The sketches of the access ports
are shown in Fig. VI-7.

VI. 1.6.2. Diagnostic R and D program requirements

ITER will require diagnostic development in the following areas: 1) reliability,
2) new diagnostics, 3) radiation hardness effects, 4) radiation shielding design, and
5) tritium system qualification.
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VI. 1.6.2.1. Reliability

The primary goal of ITER diagnostic development should center around the
enormous improvement in reliability which will be required for steady-state opera-
tion in such a hostile environment. Remote maintenance techniques will have to be
developed for virtually every component of the diagnostic set, including wiring, con-
nectors, detectors, alignment fixtures, and so forth. The experience of the diagnostic
sets of JET, T-15, TFTR, JT-60, ASDEX, TORE-SUPRA, and CIT regarding oper-
ational downtime, defect analysis, interaction with tokarr;.k operations, calibrations,
etc. will be very useful in planning the development c higher reliability components.

VI. 1.6.2.2. New diagnostics

ITER has a need for new diagnostic development in several areas. The mag-
netic measurement of current, loop voltage, and so forth for extremely long-pulse
steady state operation is quite unlike anything which will have preceded it. This will
require the development of extremely stable amplifiers and electronics which are
capable of operating in the ITER environment. Many of the coil components will be
mounted on or inside the vacuum vessel wall. It may also be necessary to develop
magnetic diagnostics which are sensitive tothe value of the magnetic field, rather
than the magnetic field time derivative. Means of protecting these components from
the extremely aggressivecharged and neutral particle fluxes, including neutrons,
gamma rays, and X-rays will have to be sought. Designs to accommodate remote
maintenance and replacement of both diagnostic components and the armor material
itself will require substantial development effort.

New means of measuring the profile of the helium content of the plasma,
including nascent alpha particles, thermalizing alphas, and thermalized ash must be
developed. Escaping alpha detectors, mounted on the interior of the wall, will again
be a difficult development item. As yet, gyrotron scattering, ion-cyclotron emission,
and other means of observing the velocity profile of alphas are in early development.
Further work will be required before any of these could be installed on ITER.

Among the more usual diagnostics there is still substantial development work
remaining. Further development efforts are required in neutron diagnostics
(spectroscopy and neutron collimator design). Second harmonic ECE is not suffi-
ciently established for ITER purposes. We do not have a reliable, real-time means
of monitoring the erosion and redeposition of interior components. Low charge state
impurities in the edge are presently difficult to diagnose. Theedge plasma density
profile, critical to understanding the performance of high-confinement operation,
will require development of reflectcmetry, Thomson scattering, sad perhaps particle
probe (Li beam) diagnostics suitable for ITER. Detection and control of major dis-
ruptions requires an urgent R and D program as well.
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VI. 1.6.2.3. Radiation effects

The radiation environment for components of measurement equipment close to
the vacuum vessel for ITER is unique. Some of the systems will have to be designed
so that totally reliable operation can be guaranteed for the life of the tokamak since
they are involved in the real-time control of the plasma. Components must be
selected and analyzed for survivability and low induced noise signals. The design
may have to incorporate a capability for regular replacement if good performance
cannot be guaranteed at the full-life neutron fluence level of ~ 1023 n/cm2 and
associated gammas.

The performance requirements during the technology phase enter new ground
for plasma diagnostics for operation after experiencing such a high total fluence
level. The pre-technology phase with pulses with 200 s of controlled burning are
important too, because of the greater number of diagnostic measurements with
greater access to the plasma. The very high fluences in ITER merit intense study of
materials used in magnetic diagnostics and in optical components close to the plasma.
Long term changes in mechanical properties and dimensions and in electrical and
thermal conductivity are clearly critical issues.

The principal elements of the R & D program will be as follows:

(a) Assessment of the Materials Study Requirements

This assessment should occur in FY 89 and will constitute a thorough analysis
of probable diagnostics component requirements, material performance data, and a
proposal for a study program. This work should be done in parallel with assessments
for other ITER radiation effect programs and with CIT initial studies. The assess-
ment will be done by materials experts, with support from diagnostics personnel.

(b) Materials Research and Development

This program will be the result of the materials-study assessment. It is antici-
pated that many ceramic, insulating and optical samples will have to be tested and
there is a strong possibility that some material development will be required. The
high temperature environment in ITER must also be incorporated into this test pro-
gram. Long radiation exposures will be necessary to characterize the fluence levels
adequately.

(c) Radiation Effects on Data-Base Development

It is extremely important that a data-base for radiation effects of diagnostic
components be developed beyond those prepared for TFTR and JET. This program
requires a concerted international effort, collecting data from a variety of sources
predominantly outside the fusion community. Note that significant additions to the
data base could be done using the high neutron fluxes of ignited operation on CIT.
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(d) Radiation Effects on Optical Components

For ITER an expected significant problem for optical systems mounted close
to the plasma is the effect of the high fluences in distorting components and modify-
ing their optical properties. These physical changes must be characterized to deter-
mine design parameters for the diagnostics. The fibers qualified for CIT will be
suitable for most of the equivalent ITER applications from the flux point of view.
From the point of view of the high fluence and for specific applications to be consid-
ered, a short study program will be necessary.

VI. 1.6.2.4. Radiation shielding design

There will be extensive experience from previous tokamaks in designing and
implementing shielding for D/T operation. This data base will make it easier to
develop shielding, from existing materials, optimized for remote handling and main-
tenance in the ITER experiment. Some development and testing will be required for
specific configurations which will arise, but itis expected that part-way through the
operation of CIT neutronic shielding design codes will be good enough for a priori
design of most ITER shielding requirements. R and D in this area may focus on
material development.attempting to find newer forms of "lightweight" material
suitable for neutron and gamma shielding.

VI. 1.6.2.5. Tritium systems

Tritium system qualification will be necessary for all externally pumped diag-
nostics on ITER. Appropriate surface treatments to minimize retained tritium on
some diagnostic components, particularly charged particle detectors, may require
some development. The development of new charged particle detectors which are
insensitive to the cumulative effects of tritium is also possible. Monitors for tritium
in diagnostic systems will need to be designed or developed.
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VI.1.7. ITER physics guidelines

The main physics issues have been assessed by the ITER physics group on the
basis of data from present tokamak experiments. The following set of physics design
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guidelines and specifications were developed from extrapolations of this data base
and guidance of tokamak theory. These guidelines are subject to change and will be
updated, as needed, when additional work in several areas is completed during the
design concept phase of ITER.
Note: Where appropriate, two rules may apply: X|Y

X refers to "baseline performance" to be used for performance predictions,
and
Y refers to "extended performance", which, as far as possible, should be
covered by the technical capability of ITER

Units: mks, MA, MW, with K 5 at 95% flux and
n20 = { ng/lO20 m~3) volume-average electron density
Ti0 = ( T/10 keV ) density-weighted average temperature
(Te - T, » T)

Profiles: n,T ~ (1 - r2/a2)a»T, with an == 0.5, aT = 1.0 as nominal values.

1. Beta limit:

/3max (%) = g I/aB Troyon-type scaling
ftot = Ah + fra + GSbeam) ^Ana*

1.1. g-value [= 0max (%)/(I/aB)] (Troyon coefficient)

For K = b/a < 2
g s 2.5 | 3.0 for ignition studies
g = 3.0 | 3.3 for steady-state operation

For K = b/a ~ 2 to 2.5

/3max (« > 2) = 0^ (K = 2)

1.2. Fast ce-particle contribution: there is an empirical fit:

&«/& « 0.29 (nDT/ne)
2 (TI0 - 0.37) for (T) ~ 7 to 20 keV

2. Safety factor, q̂  (95%):

2.1. q^ values

For K = b/a < 2

q^ (95%) > 3.0 | 2.1
For K = b/a - 2 to 2.5

q^ (95%) > 3.0 | 3.0
Note: Confinement tends to deteriorate with low-q operation.
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2.2. The distance of the q = 2 surface from the separatrix should be
\ = 2 > 0.1 m.

2.3. Empirical fit for approximate (within a couple of percent) modeling

q. = (5 a2 B/Rol) [1 + K2 (1 + 2 52 - 1.2 53)]/2 cylindrical equivalent q
f(e) * (1.17 - 0.65 e)/(l - e2)2 geometry factor (e = a/R)

3. Configuration

High K will accompany high 5;
e.g. K (95%) = 1.6-2.0-2.5 - 5 (95%) = 0.25-0.4-0.6

Empirical relationships: X-point and 95%
K (X-point) = 1.12 K (95%)
6 (X-point) ~ 1.5 5(95%)

4. Density limit

A "weak" limit, implying that no a priori density limit is to be imposed
(except as the beta limit and the radiation power limit determine the density limit).

Burn phase, normal operating conditions:
Prad (within q = 2 surface) < 0.7P,ot

PIot = total plasma heating power
For comparison: the Murakami-Hugill and Greenwald limit

< n20 >MH *= 2 B/Roq* Murakami-Hugill
< n20 >GR = 0-2 I/a2 Greenwald

5. Temperature limit

Possible limitations on temperature (or temperature gradient) could come from
confinement (anomalous transport induced by drift-wave-type instabilities or
temperature gradient effects), destabiiization of fishbones by trapped fast alpha
particles, synchrotron radiation, etc. For example, consideration of fishbones

(0) s 1 to 4%] yields

Te (0) s 30 keV
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6. Zeff: impurity and thermal a-particle fractions

na/ne = 10% | 5% thermal or-particles
nc/ne =1 .5% carbon
no/ne = 0.5% oxygen
nFe/ne = 0.05% iron

Specific values consistent with these specifications:

Zen-= 2.26 | 2.16
nDT /ne = 0.66 | 0.76
ni/ne = 0.78 | 0.83

7. Confinement

TE ~ H x rE (L-mode) H = L-mode enhancement factor

Power law and conservative offset-linear forms (e.g., Goldston, Kaye, T-10,
Odajima-Shimomura/JAERI)

TE = (1.5 to 2) x rE (L-mode)
Favorable offset-linear forms (e.g., Rebut-Lallia)

TE « (1 to 1.5) x TE (L-mode)
Restrictions (to be refined)
1. TE = min [TE (neo-Alcator); rE (H x L)]
2. (rE)-2 = [T E (NA)]" 2 [rE(H X L)]"2

[Note: typically 1 is employed with offset linear scalings (Rebut-
Lallia,Odajima-Shimomura, etc) and 2 is employed with power laws (Gold-
ston, etc.)]
Figures of merit that measure the confinement capability corresponding to
widely used scaling expressions are of the form:

TnTE - /UAa/Rx) with a -0 -1 .5 , x - 0-0.5
All scalings: { a ) ~ 1.1, { x ) ~ 0.3
Power laws (Goldston, Kaye, T-10, etc.): a - 0.8-1.5; x ~ 0.1-0.5
Offset-linear forms (Rebut-Lallia, Odajima-Shimomura,etc):

a - 0-2/3; x - 0-0.2
(Scaling of confinement with aspect ratio is one of the most uncertain elements
of the present experimental database.)
Performance

For ITER-like devices (R ~ 5-6 m, K ~ 2, 6 ~ 0.4, q^ - 3) with A - 3,
the plasma current requirements for ignition, for a wide range of scalings, are
typically:
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H-mode ~ 17-22 MA
"Enhanced" L-mode ~ 20-25 MA
L-mode > 30 MA

8. Fusion power density

For reference profiles (o;n « 0.5, a? * 1.0)

Pfus (MW/ra3) * 1.9 0DT
2 B4 for { T ) = 7.5 to 15 keV

* 1.65 /3DT
2 B4 (2/T10)05 for ( T > = 15 to 22 keV

9. Alpha particle confinement and losses

9.1. Toroidal field ripple (peak-to-average):

5TF(r, q) = (Bmax - Bmin)/(Bmx + Bmin)

A low ripple is needed in the center, and the ripple, q, and a-particle birth
profiles are important.
Specific example: For A ~ 3; a ~ 2 m, q^ (95%) ~ 3

60U1 < 1.5% outboard (r = a, 0 = 0)
8in s 0.75% (= 0.5 6^) inboard (r = a, B = ±x)

Fractional power loss = /(profiles, 60Ut, 6in, q^, ...) ~ 2-3%
Peaking factor - 30
Detailed assessments are needed for specific designs.

9.2. Fishbones

0fa (0) < 1 to 4% T(0)£ 35 to 40 keV

10. Internal inductance lf

0.7 < lj s 1.0 forq^ ~ 3

0.8 < lj s 1.1 for q^ - 4
li = lj (K, 8, A, q^, ...) general form: to

be determined

11. Loop voltage

Resistive loop voltage, for reference profiles (an * 0.5, aT * 1.0,
aj * 1.5)

U (volt) * 2.15 x 10"3 Zeff {gNC) (Ro/« a2) I/(T10)15
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Neoclassical (average) resistivity enhancement factor: an empirical fit
) 4.3 - 0.6 A for A = R/a ~ 2.5 to 4

12. Current drive and heating (NB and RF)

Current drive scenarios:
Central current drive: NB, EC, or IC
Current drive in outer portion of the plasma: LH
Bootstrap current: up to 30% of total plasma current
Current drive figure of merit (efficiency):

gco = n20 ICD RO/PCD 'n 1020 m"2-MA/MW

13. Fueling and exhaust

Methods for fueling:
Gas puffing to be used as the main method of fueling
Pellet injection to be considered as a means of profile control, especially during den-
sity ramp-up
Exhaust demands will be specified during the design concept phase of ITER

VI.2. BASIC DEVICE ENGINEERING

VI.2.1. Reactor configuration and containment structure

Vl.2.1.1. Introduction and scope

During the concept definition phase, the configuration development studies
were aimed at deriving a reactor concept that integrated the results of several
concurrent efforts. Information derived from the efforts of other ITER groups with
specific system responsibilities, mainly the TF coil, PF system, plasma facing com-
ponents, and nuclear component groups, was combined with efforts within the main-
tenance and containment structures groups to arrive at the proposed configuration.
Specifically the working group addressed issues including: (1) The evolution of
mainenance schemes for selected key components, (2) The design of integrated
vacuum vessel/bulk shield and its interface to the blankets, and (3) Initial concept
and layout of the principal reactor buildings in generating the ITER configuration.

The design tasks were initially based on parameters assumed by the basic
device engineering group and subsequently up-dated with the final reference
parameters contained in Table VI-3.
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TABLE VI-3. MAIN ITER PARAMETERS RELEVANT TO THE
CONFIGURATION DESIGN

T . . . Final
Initial , _. . .

Technology Physicis
(tentative) . /

phase phase

Major radius

Minor radius

Elongation (95%)

Plasma current

Outer radius of central solenoid

Thickness of TF coils inner legs

Thickness inboard VV/shield/blanket/FW

Thickness inboard scrape off layer

Thickness of TF coils outer legs

Outer radius of TF coil outer leg

Number of TF coils

5.8 m

2.0 m

2

20 MA

2m

0.75 m

0.85 m

0.15 m

1.1 m

11.2m

16

5.5 m

1.8 m

2

18 MA

0.85 m

1.9 m

0.75 m

0.15 m

1.1 m

11.1 m

16

5.8 m

2.2 m

1.88

22 MA

0.75 m

The reference ITER configuration, based on the final required basic machine
parameters and the results of die design efforts to-date, is shown in Fig. VI-7, A2,
for the technology phase plasma. The required flexibility for die physics phase
plasmas is obtained by the substitution of different thickness blanket segments inside
the semi-permanent shielding vacuum vessel.

Four reactor configurations, with many variants, have been considered for the
definition phase. All die solutions investigated have some common requirements:

— the basic machine is the semi-permanent part of the reactor and it is designed
for the lifetime of the plant; it must have high reliability. It consists of the sup-
porting system, which allows the separate assembly of all major components,
the cryostat, the TF and PF coils system and the vacuum vessel/shield structure

— the internal (or in-vessel) components, which include the plasma facing compo-
nents, are located inside the vacuum vessel and are renewable; they have
necessarily lower reliability and shorter life-time and must be substituted
because of the end of life, or accident, or for experimental purposes during the
various operational phases
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— appropriate access penetrations through cryostat coils, and vacuum vessel are
provided for maintenance and substitution of the internal components and for
auxiliary purposes (exhausting, heating, refuelling, etc.)

— the cryostat vacuum containment is surrounded by the biological shield, which
allows hands-on access to many of the auxiliary systems

— all the main coils are superconducting and the PF coils, outside the TF coils,
can be disassembled with the torus assembly (vacuum vessel and TF coils sys-
tem) in position

— the coils and the associated supports, contained in the cryostat vacuum, are
completely surrounded by a liquid-nitrogen-cooled shield to reduce radiation
heat losses

— the vacuum vessel and shield is a tight structure which seperates the plasma
vacuum from the cryostat vacuum, providing the primary containment of acti-
vated materials; it provides also the radiation shielding to protect the TF coils

— the initial layout of the reactor hall, auxiliary systems and adjoining spaces has
been developed with the following criteria as guidelines

— design for full remote maintenance of the torus with hands-on backup wherever
possible

— enable transport of major components into/out of the reactor spaces during
construction, and after neutron activation

— locate torus support systems in optimal locations for installation, operation,
maintenance and safety

— keep overall dimensions as small as possible without unduly constraining con-
struction, operation, safety and maintenance.

The intent of examining possible ITER torus building layouts at this time is to
highlight design tradeoffs/impacts of torus configuration on overall building size and
cost. It is apparent that some torus configuration concepts have major effects on
building design, which should therefore be considered when ranking of design
options takes place.

There are many possible variations to the layout of the ITER torus building,
which are somewhat design dependent, and which should be considered as design
options. However, since there are several features which should be incorporated
regardless of the specifics of the torus configuration, a preliminary layout is pro-
posed which is judged to meet the above criteria at this point in time.

VI.2.1.2. General reactor configuration

The range of basic configuration options considered is represented in
Fig. VI-7.

Two configurations (solutions Al and A2) are based on the vertical removal
of the blanket segments and have been developed for the 16 TF coils case.
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— Solution Al has been that developed initially and studied in detail, with the
divertor removed from outside. It is assumed presently as the alternative solu-
tion to the reference configuration (solution A2)

— Solution A2 incorporates in-vessel divertor removal. Because of the potential
benefits in simplifying the ITER design, this configuration has been assumed
as the reference configuraton at this time. Although there is a technical risk
in the requirement for appropriate in-vessel manipulation.

Other configurations investigated are represented in Fig. VI-7; they are:

— An in-vessel option for divertor removal, for the 14 TF coils case
— A horizontal option (with the horizontal removal of the outboard blanket)
— A horizontal/oblique option with symmetric configuration.

Based on INTOR work that showed that the vertical option for blanket removal
is preferable for plasma elongation greater than 2, this was adopted for development
as the reference.

Some preliminary results of the studies were already presented for comment
at the specialists meeting held in July. The results, conclusions and recommendations
of this meeting are contained in the accompanying technical document on assembly,
maintenance and reactor configuration. As can be seen in the figures, a dominating
feature of the differences in the options is the method of divertor maintenance.

It is generally recognized that the divertors will require frequent replace-
ment/repair. Due to their location relative to the other nuclear components, it is
recognized by all participants that a good maintenance scheme for divertors is an
essential feature of a good overall configuration. However, except for the location
and size of the required poris, the basic vacuum vessel design is not affected by these
differences. The local effects of the outboard midplane ports and resulting discon-
tinuities in the shield and blanket caused by the required access holes were taken into
account in evaluating the candidate assembly schemes.

All the configurations considered have the following common features:

— The machine is assembled on the basement floor, inside a cylindrical cryostat
containment and a biological shield.

— The assembly of the magnetic system is represented in Fig. VI-8. The 16 sup-
port legs of the coils, thermally isolated from the basement, support each one
a TF coil.

— The PF coils, constituted of the central solenoid and of 3 sets of ring coils, are
supported by the TF coil.

— Appropriate intercoil structures are mechanically connected between the adja-
cent TF coils at the top, at the bottom and in the outboard region, below and
above the penetrations on the equatorial plane.

— The assembly of the vacuum vessel and shield is represented in Fig. VI-9. The
support legs of the vessel are independent and located between those of the
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FIG. VI-8. Assembly of the magnetic system.

FIG. VI-9. Assembly of the vacuum vessel and shield.
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coils. The vacuum vessel consists of 32 adjacent segments mechanically con-
nected and tightly welded together. The 32 segments are subdivided in
16 segments located inside the TF coils (called VV parallel segments) and
16 segments located between the adjacent coils (called VV wedge shaped seg-
ments). The parallel segments include the one turn resistance sections; they
could also include in the outboard region, ferromagnetic inserts for ripple
reduction. The wedge shaped segments include the access penetrations for
maintenance and auxiliary purposes. These penetrations include rigid walls
tightly connected to the outer cryostat containment through appropriate strain
compliant structures. The thickness of the vacuum vessel/shield structure is
completed by additional semi-permanent shielding segments, attached inside
the vessel, between the parallel segments, one in the inboard region and two
in the outboard region.

— Inside the vacuum vessel/shield structure to control the plasma equilibrium,
are located, one at the top and one at the bottom of the outboard region, two
single turn copper coils, the active control coils (ACC). They are segmented
and electrically connected outside the plasma chamber.

— The internal components are segmented and mechanically attached and guided
inside the vessel, from whicti they can be removed for substitution.

Some characteristic aspects of the solutions which have been investigated are
given in the next sections.

VI.2.1.2.1. Vertical configuration with divertor removal from outside
(Solution Al)

This configuration (Solution Al) has been the most developed and studied in
detail.

It is based on the use of 16 TF coils, which seems appropriate for minimizing
dimensions and cost of the reactor. It has the divertor regions removable from out-
side, in shape of cassettes or modules, three per sector.

Solution Al , as it is represented in Fig. Vl-7, foresees the possibility of sub-
stituting from the top, in each sector independently from the other components, an
inboard guard limiter, introduced between the two lateral blanket segments of the
inboard region. In the same Figure, the divertor cassettes of the lower region are
removed in an oblique direction, for allowing a better intercoil structure below the
equatorial plane. In the case that it should be possible to reduce the intercoil struc-
ture, the horizontal removal of the divertor cassettes at bottom would be preferable
for maintenance.

Moreover, in the case of eliminating the independent guard limiters of the
inboard region, the inboard side of the upper access port could be vertical, so allow-
ing a more extended intercoil structure in this region.
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The vacuum vessel (VV) has various access ports and penetrations, located in
the wedge shaped segments of the vessel:

— 16 lower penetrations are used for pumping the exhausts and for the substitu-
tion of the divertor cassettes (3 pieces per sector), which include the first part
of the exhaust duct. The removal of one lateral module requires first the
removal of the central one.

— 16 horizontal penetrations around the equatorial plane, are used for installing
the test modules, the plugs of the auxiliary equipments, and the articulated
booms and manipulators for the horizontal maintenance of the protective tiles,
for the inspections and "in-situ" repairs.

— 16 upper vertical penetrations, are used for the substitution of the inboard
guard limiters, the upper divertor modules (3 pieces per sector) and also the
first wall and blanket segments.

Guard limiters and divertor modules are independently removable, without dis-
turbing the other components.

First wall and blanket segments can be removed by opening the main access
door, after removal of the divertor modules.

The blanket segments of the inboard region constitute three segments per
sector.

The inboard blanket segments can be removed independently from the out-
board blanket, by moving them horizontally outward and transferring them below
the upper port before the vertical extraction.

The first wall and blanket segments of the outboard region are split in three
segments per sector. The central one brings the removable section of the upper active
control coil and can be removed by means of a simple vertical motion, followi' g ver-
tical guides in the vacuum vessel, after opening the upper access door and disconnec-
tion of the supply lines inside the secondary vacuum of the connection box. The two
lateral segments must be transferred horizontally in the central position of the port
before the vertical extraction.

In the case that the thickness of the outboard blanket segments inside the ves-
sel/shield structure results excessive, these segments can be split in two sections: a
renewable section of reduced thickness toward the plasma and the remaining section
behind, connected for structural reasons. The latter can be left in place or removed
for maintenance,, but re-used in the refurbishing cells, so reducing the rad-waste
problems.

Copper or aluminium saddle loops are integrated inside the outboard segments,
and it is not excluded that electrical connections could be provided in order to
improve the passive control of plasma stability.

In this solution all the internal components are hold for withdrawal through
their outer extensions inside the secondary vacuum of the connections box, where
the supply lines are disconnected too, without the need of operating inside the plasma
chamber.



ITER CONCEPT 201

The upper active control coil (ACC) is segmented in 32 sections. Those
obstruding the upper access ports are removed with the central outboard blanket seg-
ments as part of the normal maintenance procedure. Those underneath the TF coil
can be removed from inside the vessel after removal of the blanket segments of the
corresponding sectors.

The 32 sections are electrically connected outside the primary vacuum, inside
the secondary vacuum of the connection box.

The lower ACC is also segmented, e.g. in 16 sections which are connected out-
side through the lower penetrations of the divertor cassettes.

VI.2.1.2.2. Vertical configuration with in-vessel divertor removal (Solution A2)

Solution A2 is represented in Fig. VI-7. It constitutes the last development of
the configuration concept where both the inboard and outboard blanket segments

FIG. Vl-10. Cross-section in the equatorial plane.
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are removed from the top in a vertical direction. It has been developed for simplify-
ing the design, the maintenance operations and the building layout: in this solution
the divertor plates (two or three pieces per section) can be independently removed
from the inside of the plasma chamber. It is the preferred solution, provided that the
removal of the divertor plates by holding them with a manipulator inside the plasma
chamber should be verified. The main difference with solution Al concerns the
removal of the divertor plates, which is carried out from the inside of the plasma
chamber.

The divertor plates (two or three pieces per sector) can be independently
removed from the inside of the plasma chamber, after disconnection of the cooling
pipes from outside or inside, by using appropriate manipulators through the four
maintenance ports on the equatorial plane.

In this solution, the 16 lower penetrations are no more used for the substitution
of the divertor cassettes, but only for pumping the exhaust. The possiblity of remov-
ing through these penetrations, as single pieces, the first part of the exhaust ducts
must be left open, in order to ensure the protection of the semi-permanent vessel by
means of removable ducts liners.

Also in this case, the lower penetrations can be horizontal, ensuring a better
conductance, provided that a reduced intercoil structure could support the out-of-
plane loads on the TF coils.

The inboard and outboard blankets can be segmented as indicated for solution
Al , in 2 segments per sector for the inboard region, and in 3 segments per sector
for the outboard region.

In solution A2, a removable key-plug located at the top inside the upper verti-
cal penetration, allows the independent removal of the inboard blanket segments
without disturbing the outboard blanket and is used for supporting the upper divertor
plates. This plug can be also used for incorporating the removable sections of the
upper active control coil. The other features of solution A2 are similar to those previ-
ously described for solution Al . Fig. VI-10 is the cross-section in the equatorial
plane of the reference configuration.

VI.2.1.2.3. Other configuration options considered

Three other alternative configurations considered during the definition phase
are described in the following.

(B) Configuration option for in-vessel divertor removal with 14 TF coils
(Solution B)

The reference configuration, with 16 TF coils, limits the width of the penetra-
tions for auxiliary equipments and exhausting and does not allow removal of the
divertor plates as single pieces per sector, thus making the maintenance operations
more time consuming. For this reason, an alternative configuration B with reduced
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number of coils (14) and increased dimensions, which ensures wider access penetra-
tions and the removal of single pieces divertor modules, has been investigated in
parallel, in order to establish the impact that the requirements of a better accessibility
and a simplified maintenance have on the dimensions and cost of the reactor.

Solution B, which is also represented in Fig. VI-7, is similar to the reference
solution A2, with the following differences:

— The reduced number of coils and a general better accessiblity.
— The lower penetrations at the bottom of the plasma chamber are exclusively

horizontal (while ir -olution A2 the two alternatives of oblique and horizontal
penetrations are both considered).

This guarantees increased dimensions and/ conductances of the exhaust ducts
and the removal of single piece divertor cassettes

— the use of single pieces per sector, upper divertor plates, which can be removed
from the inside of the plasma chamber.

This configuration allows two options for the removal of the divertor modules,
one similar to that described for the reference solution A2, where the divertor
modules of both upper and lower regions are removed through the maintenance ports
on the equational plane, and another where the bottom cassette is withdrawn horizon-
tally, by providing also the access path for the removal of the upper divertor plates.

(C) Configuration option for horizontal removal of outboard blanket
(Solution C)

This solution has been investigated with the main aim of having a magnetic sys-
tem sufficiently rigid (TF coils and intercoils structures) to ensure the support of the
out-of-plane loads, which are calculated to be particularly high in ITER.

This is obtained by avoiding large access penetrations for the removal of the
blanket segments in the upper region of the reactor. Easiness in maintenance is con-
centrated on the components having a short life-time, with vertical removal of
inboard guard limiters and with horizontal removal of upper and lower divertor cas-
settes.

Problems can arise for the complete substitution of the outboard blankets,
which must be split in both toroidal and poloidal directions to allow their removal
through the penetrations on the equatorial plane.

But from the other side, solution C can allow a wider access on the equatorial
plane for the insertion of test modules, RF plugs, NBI and manipulators.

It is represented in Fig. VI-7, for the case of 16 TF coils.
The main differences with the reference configuration concern the maintenance

of the in-vessel components and the number and shape of the access penetrations:

— Besides the 16 lower horizontal penetrations for pumping the exhausts and for
the horizontal removal of divertor cassettes (3 pieces per sector), there are
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other 16 upper horizontal penetrations, symmetrically located, for the horizon-
tal removal of the upper divertor modules (3 pieces per sector).

— The 16 horizontal penetrations around the equatorial plane are not only used
for the auxiliary equipments and test modules, but also for the substitution of
the first wall and blanket segments of the outboard region.

— 16 vertical penetrations of limited dimensions, at the top of the vacuum vessel,
are used for the removal of the inboard guard limiters and the first wall and
blanket segments of the inboard region.

— 16 minor oblique pe»"f»*'ons at the top are used, for substitution of the supply
lines of the inboard blanket segments.

The guard limiters, one per sector, are independently removable, without
opening the upper access door of the vertical penetrations and without disturbing the
blanket segments.

The inboard blanket segments can be removed from the top after removal of
the guard limiters. They are split in three segments per sector; the central one brings
the guard limiter and can slide on a retaining guide of the vacuum vessel which fol-
lows its circular profile, after un-locking from the two lateral segments. The two
lateral inboard blanket segments are directly fed inside the vacuum vessel by means
of supply lines which must be remotely cut, by using a manipulator from the inside
of the plasma chamber, after removal of the upper divertor cassettes.

The supply lines can also be removed and substituted with new ones, in order
to avoid the rewelding of parts which have been submitted to high radiation doses
in a Tritium environment.

The outboard blankets are removed through the horizontal penetration around
the equatorial plane. They are split in nine segments per sector, three located at the
level of the horizontal penetrations, three above and three below.

The removal operations are complicated for the upper and lower blanket seg-
ments, which have only the supply lines passing through the penetrations and which
must be supported inside the vacuum vessel.

For their removal as cantilevered loads, appropriate handling equipment must
be introduced through the horizontal penetration, after removal of the segments on
the equatorial plane. The high segmentation of the outboard region can pose
problems for the passive control of the vertical plasma stability, and, in any case,
provisions must be taken for electrically connecting segments of the same sector
inside the plasma chamber.

The two active control coils can be located just below the upper divertor cas-
settes and above the lower divertor cassettes, respectively.

(D) Symmetric configuration option

The alternative solution D has been investigated with the intent of producing,
for a DN symmetric plasma, a fully symmetric reactor configuration, with the advan-
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tage of symmetric eddy currents distribution and mechanical stresses and deforma-
tions inside the torus structure.

The solution D is also represented in Fig. VI-7, for the case of using 16 TF
coils.

In each sector, the vacuum vessel is provided with three penetrations, one
horizontal on the equatorial plane and two oblique, symmetrically located, above and
below the plasma chamber. As in the case of solution C, the outboard blanket must
be split not only in toroidal, but also in poloidal direction; nine blanket segments per
sector can be removed, by holding and disconnecting them from the outside, three
through the horizontal port and the other six through the two oblique ports.

The oblique ports are also used for pumping the exhaust and for removing the
divertor plates (3 pieces per port) and the inboard blanket.

The inboard blanket segments are divided on the equatorial plane and can be
removed, the upper and lower halves, through the upper and lower oblique ports
respectively, by means of relatively simple movements.

Vl.2.1.3. Torus building layout and equipment location

General description

Schematic drawings of the preliminary layout concept are shown in Figs VI-11
and VI-12, along with area numbers which are referenced in the text.

VI.2.1.3.1. Biological shield concepts

There are two basic approaches proposed at the concept phase for incorpora-
tion of a biological shield. The topology is basically the same for both approaches,
so they can reflect the preliminary layout concept. In both approaches, the bioshield
forms a cylinder around the torus. However, in the first approach all the shielding
material is steel-reinforced concrete; with the possible option of incorporating boron
in the matrix in order to reduce overall thickness. The second concept involves the
use of water-filled metallic structures for the vertical part of the shielding cylinder.
This would be assembled, interlocked and filled with water prior to DT operation.
The second option would minimize the generation of activation waste volumes, and
would form more of a semi-permanent structure which could be disassembled for
major machine rehabilitation if required. However, it would be more complex and
could result in unacceptable failure modes. Further study is required to rank these
options.
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FIG. Vi-ll. Building elevation view.

FIG. VI-12. Building plan.

VI.2.1.3.2. Torus equipment location and maintenance considerations

Immediately above the torus is the crane gallery (area 2), which will be used
for initial assebly of the torus, and for removal and replacement of in-vessel compo-
nents. The arrangement allows for movement of new components into the reactor
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spaces, and for transport of contaminated and/or irradiated components out of the
torus pit and transfer to hot cells. Contamination will be minimized via active in-
vessel paniculate cleanup systems, and detritiation systems. Large irradiated compo-
nents lifted out of the vacuum vessel by the overhead crane will require confinement
isolation in order to minimize contamination spread from tritium and activated toka-
mak dust. It is proposed that this be performed via the use of flexible confinement
coverings, which would be mounted onto the lip of the upper VV. After components
have been poitioned, the envelop can be sealed and separated from the VV, and the
component can be transported through suitable isolation locks into decontamination
or storage hot cells.

The lower PF coil cannot be removed via the crane gallery, but can be lowered
remotely onto a transport trolley, and removed horizontally through a slot in the
torus concrete mounting pad (area B).

In the event that major disassembly of the torus is required (e.g. sector
removal) the crane gallery will become contaminated. However, it will be designed
with this pooibility in mind, and in such a fashion that it can be sufficiently decon-
taminated before any personnel entry is envisioned.

Coolant lines into/out of the torus will enter from the top of the vacuum vessel,
where disconnections/reconnections will also take place. The pipe gallery which sur-
rounds the top of the torus (area 3), is located such that all primary coolant lines will
be at a higher elevation than the highest coolant elevation within the torus. Primary
heat exchangers will also be located at this level, with secondary coolant fedding ver-
tically to boiler/heat exchangers. This arrangement allows for passive thermoconvec-
tion cooling of the in-vessel components in the event of loss of flow or loss of power
incidents.

Primary Torus Hall (R/H) surrounds the biological shield at approximately the
equatorial plane of the torus (area 4). It is at this level that eqipment such as in-vessel
manipulators, beam ports, plasma fueller, test modules and diagnostic modules will
be located. The arrangement of equipment as indicated in Figs VI-11 and VI-12 is
tentative, in that it assumes the need for three beam ports, and that adjacent sectors
are allowable for NBI insertion. It assumes four maintenance ports (with associated
in-vessel manipulators and flasks) at 90 degree intervals around the torus. All ports
on the equatorial plane will extenf from the plasma chamber through the bioshield
into the T/H. Four blanket test modules are also planned for insertion on this floor;
with the possible need for removal/replacement systems. Note that all NBI sets are
mot located in the T/H, but are in a separate NBI room adjacent to the T/H. Only
the beam ducts penetrate the T/H.

The floor immediately below the torus hall floor is reserved for test module
services, fuelling system services and diagnostic services (area 5). This floor may
also be the access point for lower divertor access/replacement, although this is not
envisioned as part of the reference concept which assumes in-vessel replacement of
divertor plates.
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Vacuum systems associated with plasma exhaust pumping will be located in the
floor below the test module service floor (area 6). Sizing of this floor is tentative
at this time, since the space required for ducting and pumps is design dependent.

The lowest level of the building (area 7) is allocated to system wiring, cables,
ducting and cryosystem feed, all of which service torus systems. Feeds come up
alongside the central support structure for the torus, but do not interrefer with the
central support structure for the torus which is reserved for TF coil removal.

VI.2.1.3.3. Configuration issues which impact building dimensions

Building height is a direct function of the height of the tallest component in the
torus. Since this component must be installes/removed with vertical clearance above
the torus, plus crane height etc., the height from the torus support structure to the
top of the building will generally be no less than 2.5 times the tallest component.
Building height is also a function of divertor maintenance philosophy. Oblique diver-
tor removal requires more height than horizontal removal; in-vessel replacement is
best in that no provision has to be made for space around the torus soley for divertor
remote flasks/handling.

NBI numbers and position are critical; four in quadrature create the need for
a very wide building (approx. 110 m x 110 m); three in sequence (as in the refer-
ence case) require elongation of the building required to house the torus by an addi-
tional 30 to 35 m.

Major radius scales directly to building size, but does not have the level of
impact as component height. Also, maintenance philosophy (hands-on capability if
required) has an impact due to features such as bioshield requirements; but a shield-
ing igloo would likely still be required in a remote-only scenario due to the need to
reduce the volume of activated decommissioning wastes in the reactor hall structure
and equipment.

Provision of a single-piece guard limiter per sector would require enlargement
of the crane gallery. Since present concepts involve oblique/curved removal from the
top of the torus. A segmented guard limitei would have a much reduced impact on
building dimensions.

Use of large, shielded containment transfer flasks for vertically-removed
radioactive components will necessitate a much larger crane gallery, and a crane
span that may prove uneconomic when impacts on building height/constructability
are accounted. The reference concept assumes that only confinement/contamination
control envelopes are needed, and that building wall shielding will be sufficient to
reduce fields to occupied areas of the facility.
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VI.2.1.4. Vacuum vessel and ports

1. Design requirements
The vacuum vessel, since it forms the primary tritium seal and is used to estab-

lish the required plasma vacuum must be designed to insure reliable performance.
Specific design criteria have been established to help insure that the vessel meets its
functional objective. These requirements include:

(1) An inboard thickness of 85 cm, including the blanket, is required for neutron
shielding.
(2) For the inboard shield, the plasma facing edge should have a 95 % composition
of stainless steel, 5% water; increasing to 50% water content at the outer edge.
(3) The toroidal electrical resistance of the vacuum vessel should be 40 micro-
ohms. This value was chosen as a compromise between requirements to minimize
the eddy current heating of the superconducting coils during plasma discharge (low
resistance preferred) while still contributing to the passive stabilization of the plasma
(low resistance desired) and allowing the penetration of the PF field especially during
plasma initiation (high resistance desired).
(4) The vessel must be able to react the combined loads resulting from atmospheric
pressure, heat loading from the one turn resistance, electromagnetic forces generated
during plasma discharge, and the internal load generated by the coolant pressure.
(5) The vessel must be capable of being baked out at 180°C.
(6) The vessel must support the combined weight of, and be able to react the forces
generated in the shield, blankets, and divertors.
(7) The vessel must contain the vertical and horizontal ports needed for machine
assembly, maintenance, and access to the plasma for heating, fuelling, testing,
vacuum pumping, and diagnostics.
(8) The vessel must be designed for full remote assembly/disassembly considering
that it contains activated material and is itself activated.
(9) The vacuum vessel must be able to contain the plasmas associated with both
phases of operation and be able to structurally support loads generated during the
discharge of either.

2. General configuration
The vacuum vessel provides the boundary between the coil cryostat and plasma

chamber. For better tritium containment and leak detection derations, a double seal
weld is required at welded joints. These joints occur at two places in the assembly,
at sector-to-sector interfaces and at the installation point of the resistive insert. The
vessel is installed in sectors sequentially at and between each TF Coil that, when
joined, form a continuously welded seal to form the required double containment.
Figure VI-7 shows the position of the vacuum vessel assembly relative to the other
reactor components.
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FIG. VI-13. Inboard region of vacuum vessel and shield.
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The vacuum vessel lies outside the main nuclear components, ie. the first wall,
divertor, guard limiter, bulk shielding, and blankets. The vessel has been designed
as a robust structure, being able to support not only the loads generated within it
during disruption but also those on the shield and blanket, which it supports.

3. Segments design
Figures VI-10 and VI-13 show the cross-section of the vacuum vessel. The

combined vessel and shield thickness was set at 60 cm, a value chosen to reduce the
radiation waste of the blanket. The one-turn resistance insert is included in the
middle of each of the parallel segments by preassembly before installation. The
welded seal between the parallel and wedge sectors was intentionally set toward the
center of the vessel thickness in order to remove it from the high radiation zone and
resulting brittleness of the welded material. In order to reduce the number of welded
joints to be executed during assembly in the high radiation zone, the shield of the
parallel segment is part of the vacuum vessel. The protection shield sectors are
placed at assembly in order to protect the welded joints between parallel and wedge
segments, one in the inboard and two in the outboard region.

The inner wall of the vacuum vessel contains the structure necessary for
mounting the in-vessel components. The protection shield is also fixed mechanically
to the vacuum wall in such a way that thermal expansions between the two compo-
nents are allowed.

Some reactor options considered require feromagnetic inserts in front of the
TF Coils in order to reduce field ripple. These can be added as thin plates of mag-
netic steel interlaced with insulation layers to reduce eddy current effects. Designs
for including these inserts on the outboard side of the shield have been considered.

The one-turn resistance on the vacuum vessel determines the amount of current
induced in it during a plasma discharge. Additionally there are eddy currents gener-
ated in the non-uniform elements, such as the ports, resulting in peaking loads in
these areas. The resistance must be large enough to limit the heat generated in these

FIG. VI-14. Cross-sectional view of one-turn resistance.
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areas by these currents. Initial analysis, which did not consider unsymmetrical dis-
charges, resulted in a calculation of 300 MJ with a peaking factor of 4 for a toroidal
resistance of 40 microohms. The extended plasma operational mode will increase
this energy by a factor of 1.6.

To obtain the required resistance steel plates 10.8 mm thick and 1077 nun long
are inserted into each parallel segment. Because of the required length the plates
must be folded twice, as shown in Fig. VI-14. Electrical insulation, ceramic fiber
inserts, are placed between the layers of the steel plates. Flexible joints are required
where these inserts are fixed to the vessel to allow them to expand when they get
hot because of the induced currents. Sintered ceramic insulation is required on the
plasma side of the insert. Cooling channels are included in the corner bends to
remove the eddy current and nuclear volumetric heating of the plates.

The vessel radial surfaces bridged by the resistor plates must be electrically
isolated from each other. The scheme chosen employs ceramic coated stainless steel
plates, approximately lmm thick, inserted between the two surfaces. The mating sur-
faces are stepped for locking them together to resist the vertical and horizontal forces
during discharge.

Bolted joints are usually employed for connections requiring remote main-
tenance. However, due the large forces, a large number of bolts will be required.
As shown in Fig. VI-13, tapered keys, fixed by smaller bolts, are proposed for this
application.

4. Port design
Requirements for three types of ports have been identified for ITER, top ports

for assembly and maintenance, mid plane ports for maintenance and auxiliary sys-
tem, and lower penetrations for exhaust and aid in divertor maintenance. The refer-
ence design also uses the top ports for the piping services to the in vessel
components. Other arrangements in which the services are introduced through the
mid-plane ports are possible if it becomes necessary to reduce the size of the top port
in order to increase the area available for intercoil structure.

The maximum size needed for horizontal mid-plane port is determined by the
neutral beam requirements. At this time there are two NBI systems being considered.
One requires ports 80 to 100 cm wide x 2.4 m high, the width being measured per-
pendicular to a line tangent to the plasma at a radius of 5.7 m. The other NBI system
would require ports 60 to 70 cm wide X 3.4 m high. The initial ITER drawings, and
supporting analysis, assumes the largest dimensions considering both cases. The
available widths are based on providing duct shielding of 65 cm at the inboard edge
of the TF coil, and 40 cm at the outer edge. Pure radial access is limited to 1.1 m
width, and used for the lower hybrid heating ports. This limit is established by the
blanket segmentation scheme since adequate room must be maintained in the center
blanket module for structural continuity and routing of pipes.
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Introduction of ICRH requires ports that span 80 cm in each of the three adja-
cent blanket sectors and are 3.2 m high. The ECRH system requires combined per-
pendicular and tangential access through two adjacent sectors, each 80 cm wide by
3.5 m high. A possible way of obtaining these ports was not identified during the
definition phase and the problem will be addressed in the design phase.

The test nuclear test modules require ports that are 1 m wide x 2 m high.
The preferred maintenance scheme for the divertors utilizes mid-plane ports

for the insertion of remote manipulators. Work to date has assumed that the maxi-
mum port size, as determined by the heating systems, will be used. However, the
port requirements will be better established as the maintenance concept is further
developed. As a design goal, the port size should be sufficient to allow the divertors
to be removed in two or three pieces per machine sector. Other maintenance opera-
tions will also be considered in the final sizing of the port.

Finally, a port is included in the lower sector of the vacuum vessel for vacuum
pumping of the plasma. This port is integrated with the divertor design and extends
downward at an oblique angle through the coil structure. The possibility of incor-
porating a small radial port, to be use for insertion of additional maintenance equip-
ment during divertor change-out.is being preserved. If required.the port size would
be limited by the allowable hole in the TF & PF coil systems.including the coil sup-
port structure.

FIG. VI-15. Model of vacuum vessel.
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FIG. Vl-16. Induced electromagnetic forces.

FIG. VI-17. Induced deformation.
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VI. 2.1.5. Results of structural analysis

A simplified analysis of the ITER vacuum vessel was carried out to ascertain
the stresses in the shell and the forces in the bolts connecting the segments together.
Although the vacuum vessel is a mixture of steel and water layers (for cooling and
shielding reasons) for the analysis a homogeneous steel shell was assumed. Two load
cases were analysed:

load case 1: 1 bar internal pressure
load case 2: Plasma disruption loads (for a 20 MA plasma dis-

ruption after 30 ms)

In both cases the loads were assumed to be quasi-static and the analysis and a linear
elastic analysis was carried out using the general purpose code ANSYS.

The vacuum vessel structure comprising of parallel and wedge segments, was
modelled using shell elements. The connection between the segments was assumed
to be made by M55 bolts at 300 mm pitch, these were represented by beam elements.
Rotational symmetry boundary conditions have been used. The plate thicknesses
assumed are:

Vacuum vessel — 400 mm (outboard flat area 600 mm)
Blanket port — 100 mm
Horizontal port — 100 mm
Pumping duct — 400 mm (sides 100 mm)

Load case 1: The maximum deformation was 1.35 mm which is mainly due
to bending in the horizontal port (Fig. VI-15). The maximum stress reported in the
plates was low (less than 16 MPa). The maximum bolt forces produced were:

Bolt tension — 22 MPa
Shear, vertical — 320 kN
Horizontal — 8 kN

Load case 2: The forces due to the plasma disruption are shown in Fig. VI-16.
It can be seen that the biggest forces occur on the inner leg of the parallel and wedged
segments causing high shear forces in the connecting bolts. The maximum displace-
ment was 1.3 mm caused mainly by the net inwards centering forces on the vacuum
vessel (Fig. VI-17). The maximum Von Mises plate stress in this loadcase was
33 MPa. The maximum bolt forces were:

Bolt tension — 166 MPa
Shear, vertical — 1090 kN
Horizontal - 120 kN

(Note the horizontal shear is underestimated due to the simplified modelling.)
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VI.2.2. Assembly and maintenance

VI.2.2.L Introduction

For assembly and maintenance, all machine components and systems fall into
three categories.

Those in the first category, the semi-permanent components, are assembled
initially and should not removed except in the case of failure. This category includes
the superconducting coils and the vacuum vessel/shield structure, which are the main
components of the basic machine.

The second category comprises in-vessel components, such as the breeding
blanket, which will be removed during the life time of the machine for maintenance
or to permit the staged operations discussed in Chapter VII.

The third category comprises in-vessel components, principally the plasma fac-
ing components, having the short life or frequent damage, such as divertor plate,
guard limiter and first wall protection tile. The most important requirements for the
design of the ITER machine are:

— to have a device that is fully remotely maintainable (with provision for hands
on maintenance everywhere possible),

— to have a device that will operate in staged operation phases with the possibility
of variable blanket and divertor geometry,

— to accomplish the maintenance of components with short life or high failure
rate without moving other components or disturbing the reactor's internal and
external environment.

These requirements influence not only the design of each of the components,
but also their integration into the ITER machine and the assembly procedures
required.

Among these requirements, the necessity of performing all the operations
remotely requires very simple assembly procedures with high reliability. However,
it is not intended that the statement of these requirements eliminate study work on
alternative approaches.

A modular design for semi-permanent and internal components of the machine
aids in meeting these maintenance requirements. The modularity is determined by
the number of TF coils. This means that the assembly procedures are developed only
for one sector, determined by the number of TF coils of the device and can be
repeated until the torus is completed.

The advantage provided by such a modular approach is that, in case of large
repair operations, access to all the components within the sector can be achieved by
dismantling only that sector.

The poloidal field coils are the only components to which such modularity can-
not be applied.
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Therefore, special care has been used to position and to integrate these coils
into the device so that they can be installed and removed without disturbing the TF
coils or other components.

A combination of vertical,horizontal,and oblique access is considered for
maintenance of the internal components.

The high elongation plasma and the layout of the PF coils requires the top load-
ing of some internal components, mainly the inboard blanket segment and guard
limiters. For relatively light components, in-vessel maintenance from equatorial
plane is considered.

Flexibility for phased operation during the physics and technological phases
(operation with reference and extended plasma with double null, semi-double null,
single-null, etc.) is achieved by substituting, in a relatively easy way, not only the
internal components with short life time, such as the divertor plates and guard
limiters, but also the other first wall and blanket segments without changing the basic
machine components (semi-permanent components).

All the maintenance operations on the internal plasma facing components will
take place inside containment equipment, under vacuum or appropriate gas
atmosphere, thus avoiding at the same time contamination of the plasma chamber and
spread of tritium and activated dust outside the reactor.

Finally, it should be emphasized that the global strategies for maintenance are
to minimize waste, minimize contaminated space, and provide simple and rapid
maintenance with minimum number of remote handling equipment with less sophisti-
cated mechanism.

Vl.2.2.2. Assembly scenarios and procedures

The assembly procedures presented in the following for the reference configu-
ration are generally valid for various configuration options considered, with 16 or
14 TF coils.

For all the solutions studied, the basic machine is split in two major parts, con-
ceived with the intent of being remotely assembled and disassembled. Those are the
magnetic system and the vacuum vessel system, independently supported on the reac-
tor basement and contained in a common vacuum chamber (the cryostat contain-
ment).

The following description refers mainly to the assembly procedures of the
basic machine, including the initial construction, which in principle can also be
achieved remotely. In fact, although the initial assembly could be performed by
hands-on procedures in order to reduce time and cost, it must be possible to repeat
almost all the operations remotely in case of failure of a part of the semi-permanent
components. In such a case, the removal and reassembly will be similar to the initial
assembly procedure.
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FIG. VI-18. Assembly from the top.

The assembly sequence of the basic machine is carried out mainly from the top
as indicated in Fig. VI-18.

The main assembly equipment will be the overhead crane, assisted by manipu-
lators introduced inside the biological shield and the vessel. In principle the same
equipment as is used for the initial construction is available for disassembly/reassem-
bly operations of the major components.

VI.2.2.2.1. Start of the assembly

The first step in the assembly is the installation of the TF coils. The coils, each
containing a sector of the vacuum vessel inside their bore, are lowered onto support
legs which extend upwards from the reactor floor. Independent support legs are
provided for the vacuum vessel in order to provide thermal isolation from the coils.

VI.2.2.2.2. Assembly of TF coils, vacuum vessels and shield segments

The TF coils are assembled and can be removed together with the vacuum
vessel. The vacuum vessel fills almost completely the inner bore of the TF coils
without having any contact with them, except through the basement.
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FIG. Vl-19. W parallel segment and TF coil.

The two systems are separated by a refrigerating radiation shield, which sur-
rounds all the cold components. In a possible scheme, the TF coils system and
vacuum vessel, after removal of the outer intercoil structures, constitute an assembly
of 32 modules.

The 16 main assembly units will consist (see Fig. VI-19) of one TF coil, the
corresponding vacuum vessel module inside (called VV parallel segment) and the
associated thermal radiation shielding, bolted together by temporary brackets on one
side of the element.

The 16 vacuum vessel modules inside the TF coils include electrical insulators
tightly bridged by metal bellows or thin plate to provide high one-turn resistence and
are prepared and tested in the workshop; they can also include in the outboard region
possible ferromagnetic inserts.

The other 16 vacuum vessel modules (called VV wedge shaped segments) are
located between the TF coils. They include the access penetrations (see Fig. VI-20).

Before the initial assembly, a temporary structure can be installed in the centre
of the torus (see Fig. VI-18), to support one upper and one lower ring which will
provide the reference surfaces for the assembly of the first components.
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FIG. VI-20. W wedge shaped segment.

One first parallel segment assembly unit (including one TF coil and one VV
parallel segment) is positioned on the previously installed TF coil support leg, taking
the lower and upper rings of the temporary structure as reference for the alignment
of the components. The VV parallel segment inside the coil can be shaped in such
a way that a protruding part on both sides of the inboard region can abut on the two
adjacent vacuum vessel support legs.

The alignment and the adjustment in position of the components on the cor-
responding support legs is done by means of appropriate push-pull equipments
reacting on the central temporary structure, with most of the gravity loads supported
by the overhead crane.

After two parallel segment assemblies have been positioned, the adjacent walls
of the two VV parallel segments can be bolted together in all the inboard region.

Then the VV wedge shaped segment is lowered, inserted between the two VV
parallel segments on the support leg and pushed against the abutment faces of the
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FIG. Vl-21. Cross-section in equatorial plane of vacuum vessel and shield.

parallel segments. The VV wedge shaped segment is mechanically connected by
bolting to the VV parallel segments and the adjacent lips of the "U-joints" between
the adjacent segments are welded together using automatic welding equipment. The
seal can be completed by the welding of a cover plate over the "U"-joint in order
to provide the interspace for leak detection. Provisions must be taken for remotely
cutting these joints in case of disassembly.

The temporary brackets on one side of the parallel sector are then removed and
the next segment installed. This procedure will be repeated for the remaining seg-
ments until the torus is complete. The vacuum vessel will then rest on its 16 support
legs independent of the toroidal field coil structure.

Additional semi-permanent shielding segments can be introduced from the top
inside the vacuum vessel, one in the inboard region and two in the outboard region,
between the parallel segments, completing the required thickness of the semi-
permanent torus. These internal shielding segments, whose functions are to reduce
the thermal loads on the tight "U"-joints and to create, on the inner surface of the
torus, discontinuities which can alleviate the thermal stresses of the vessel, can be
mechanically attached or welded inside the vessel.
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The horizontal cross-section in the equatorial plane of the vacuum vessel and
shield structure is given in Fig. VI-21.

Other possible schemes for the torus assembly can be considered, with a
reduced number of segments (e.g. 16 equal segments, each including one TF coil
and the portion of vessel below the coil together with that between two coils) and
with the tight lips "U"-joints substituted by thick welded joints having also struc-
tural functions. The assembly/disassembly process for the vacuum vessel is very
dependent upon the choice of the welding structure for the vessel; U-type lip seal-
ing,or thick plate welding. A vacuum vessel of the former type would be easily disas-
sembled in sectors by cutting the lip seal. However, the U-type lip seal structure
creates a void in the vacuum vessel and can lead to a reduction of effective shielding
capacity. A vacuum vessel of the latter type can avoid such voids and obtain more
robust structure. However, in this case, the replacement of a failed vacuum vessel
requires the cutting of the thick plates which could lead to the complete replacement
of the entire vacuum vessel. Mechanical analysis of electromagnetic forces resulting
from by a plasma disruption is required in either case.

After the accurate positioning and alignment, the wedged shape of the straight
inner legs of the TF coils forms a continuous vault which will withstand the centering
forces during operation.

Once all 16 coils are installed and connected together in the inboard region,
at top and bottom, the TF coils mechanical structure will be completed by bolting
to the coils the intercoil structure forming a double belt above and below the
equatorial plane. This structure can be pretensioned in order to hold the coils firmly
into the central vault.

The complete assembly of the torus (vacuum vessel/shield structure and TF
coils) is represented in Fig. VI-22).

VI.2.2.2.3. Assembly of the central solenoid and PF ring coils

After the assembly of the torus, the temporary structure, which positioned the
torus segments, can be removed. Once the central bore of the torus is free the central
solenoid can be assembled. It will be positioned and joined to the mechanical struc-
ture through lower and upper supports.

The next step is to position the remaining outer PF coils in the machine. The
inner lower PF coil will be moved under the machine and then lifted into position
through the lower circular opening at the bottom of the pit where the machine is
placed. The five other ring PF coils will be carried into position by the bridge-crane
and bolted onto their supports on the TF coils.

The complete assembly of the basic machine is represented in Fig. VI-23.
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FIG. Vl-22. Assembly of the torus (vacuum vessel/shield structure and TF coils).

FIG. VI-23. Complete assembly of basic machine.
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VI.2.2.2.4. Connections of power supply leads and magnet cooling pipes

The connection to the windings of the power supply leads and of the cooling
pipes is one of the most critical assembly problems.

While it can be done with human assistance during the initial construction, the
possibility of performing these disconnections/connections remotely, in case of a coil
substitution by means of manipulators introduced inside the pit of the biological
shield, must be investigated.

An accurate and detailed design of the connections and of the supporting struc-
tures must be produced, without excluding appropriate protections for ensuring the
possibility of human assistance.

VI.2.2.2.5. Completion of the assembly

The device assembly is completed by the addition of the demountable exten-
sions that join the torus structure to the outer cryostat, installing the thermal insula-
tion, completing the biological shield, and closing the top of the cryostat. The
in-vessel components, specifically the active control coils and the blanket segments,

TABLE VI-4. CLASSIFICATION OF COMPONENTS

„ Frequency
Type , . Components Remarks

of repair

Small Short life Protection tiles In-vessel replacement by mani-

pulator.

(1-2/year) Divertor plate No interference with other
Guard limiter componets, keep SC magnet

cold, maintain vacuum.

Medium Longer life First wall Keep SC magnet cold
Unscheduled Shielding Plasma vacuum to air
= few/life Heating & CD or inert atomosphere.

Blanket May be replaced for
Diagnostics phase operation.

Large Semipermanent SC magnets Warm up SC magnets
Vacuum vessel All vacuum to air
Permanent shield Full remote maintenance as a
Basic goal design goal
structure Major disassembly
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are then added through the access ports, completing the assembly of the reactor. All
the peripherals, auxiliaries, and servicing components are then installed around the
device.

Vl.2.2.3. Maintenance scenarios, procedures and impact on configuration

VI.2.2.3.1. General

As part of the effort to develop general design philosophy for ITER, criteria
were set up for maintenance of items as a function of their life expectancy. The
results of these discussions are given in Table VI-4. Three components were identi-
fied as requiring maintenance with minimum disruption of the overall assembly. In
addition to the divertor these are the guard limiter plate, and the first wall protection
tiles. Consequently the principal efforts were initially directed toward maintenance
schemes for these items.

FIG. VI-24. Cassette type divertor maintenance (removal from outside).
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VI.2.2.3.2. Maintenance of short life items

(1) Divertor maintenance

Three of the proposals considered are similar in that a divertor cassette assem-
bly is the replaceable unit as shown in Fig. VI-24. This assembly consists of the heat
absorbing surfaces, service piping and the section of shielding lying in the desired
extraction path. For the lower cassette a section of the vacuum pumping duct is
included in the assembly. All proposed removal of the cassettes into containment
flasks which would be used for transport to the maintenance area in the building.

One of the principal recommendations of the specialists meeting was that in-
vessel repair techniques for divertor maintenance be considered. This concept rede-
fines the replaceable unit to just the heat absorbing surfaces possibly including a sec-
tion of the first wall in the vicinity of the divertor. As a result of the meeting,
maintenance and configuration schemes based on this concept have been conceived
and preliminarily evaluated.

The preferred solutions,from the assembly and maintenance perspective, for
ITER are based on in-vessel maintenance of divertors. Two options remain for more
in-depth evaluation. These options are shown in Figs VI-25 and VI-26.

FIG. VI-25. Divertor maintenance through center port (in-vessel removal).
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FIG. VI-26. Divertor maintenance through lower port.

FIG. VI-27. Divertor maintenance through upper port.
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Option " A " is the prefered one. It utilizes a centerline port for the introduction
of a remote manipulator for removal and subsequent introduction and attachment of
the required components. Both upper and lower divertors are serviced in this
fashion. A principal concern with this method is the design of the manipulator, which
will have to manoeuver through 180/N degrees toroidally around the vaccum vessel
(where " N " is the number of ports assigned for maintenance) and support the diver-
tor weight while performing the positioning and attaching functions. Option " B "
maintains the bottom cassette, which, when withdrawn, provides an access path for
the removal of the heat absorbing surfaces of the top divertor. In this case the top
divertor is lowered to the machine centerline, rotated 180° lowered into the lower
divertor port and removed radially. This option allows extra freedom in the design
of the remote handling equipment and eliminates the requirement of toroidal motion
of the manipulator. However, the creation of the required horizontal path through
the toroidal field coils necessitates a reevaluation of the out-of-plane structure in this
area.

Both these concepts are compatible with either a vertical or a horizontal main-
tenance scheme for the nuclear components. They are preferred since they simplify
the building/reactor interface, reduce the building height required for the reference,
ease the contamination control problems during divertor change-out, require simpler
motions of the remote maintenance equipment, and, for vertical blanket removal
schemes, allow for a simpler design for the top access port, and eliminates the pos-
sibility of a deformed divertor cassette blocking the access to the other pieces.
Preliminary designs are required to insure that a suitable attachment scheme, capable
of withstanding disruptions loads, can be devised.

Other solutions have been studied and are considered possible but less
desirable. One of the these schemes for the removal the top divertor heat surfaces
is the use of vertical movement through a top port. This technique, shown in
Fig. VI-27 requires the removal of the shielding outboard of the divertor surfaces
(three shield pieces are required), followed by radial and vertical translation of the
divertor segment. As shown in the reference, cassettes utilizing oblique movements
are feasible for both the upper and lower divertor. Top horizontal cassettes have been
shown to be not compatible with a vertical nuclear component access scheme.

(2) Guard limiter maintenance

The option of including a guard limiter in the design of the inboard first wall
is the subject of an on-going study. This study is addressing the trade between includ-
ing an easily maintainable component, i.e. the guard limiter, with more demanding
design criteria, versus the reduction of the peaking factor for heat loads on a uniform
surface. The maintainability requirements for the guard limiter are an important con-
tributor to this study, and moreover it is recognized that, if required, the maintaina-
bility requirements of this component may have a significant effect on the overall
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FIG. Vl-28. Guard limiter maintenance scheme.

maintenance configuration. Consequently, two schemes for the maintenance of guard
limiters have been devised; in one piece through a vertical access port, and in two
pieces through the midplane access port. Details for the design of the maintenance
equipment requirements for the former scheme, shown in Fig. VI-28, were
presented at the specialists' meeting. It is noted that this scheme may have impacts
on the facility size requirements. Removal, in pieces, through a horizontal port
eliminates the facility concern, but necessitates a redesign of the attachment structure
of the guard limiter to the inboard blanket.

(3) First wall tile maintenance

The outboard first wall tiles and inboard first wall tiles, with the exception of
the guard limiter if employed, will be mechanically attached to the inboard wall of
the blanket modules. In-situ inspection and replacement of the tiles by a remote
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manipulator will be required. Since this technique is not new or unique to ITER, it
is felt that results of previous and on-going studies would be adapted to the ITER
application. However, the identification of a reliable, efficient, and maintainable
attachment scheme of the tile to the first wall would be the dominating factor to estab-
lish this concept.

VI.2.2.3.3. Maintenance of medium scale components

The medium life components (see Table VI-4 for a preliminary listing) are
considered to be modular, stand alone assemblies. Consequently it is assumed, pend-
ing detail design, that the maintenance scheme will be the removal of a complete
failed module and replacement with a new one. The sequence, procedure, and equip-
ment used for this replacement will be the same as described for initial assembly,
modified only as required to maintain contamination control.

VI.2.2.3.4. Maintenance of large scale components

The large scale components are considered to be semi-permanent, the failure
of which may require a major disassembly of the basic reactor structure. However
a design goal has been established to place, whenever possible, the component's
parts most likely to fail in regions accessible for in-situ repair (e.g, PF coil at bot-
tom). Good remote handling design, including standard practices, will be applied.

VI.2.2.3.5. Options having a significant impact on maintenance

The TF-PF coil configuration together determines the amount of access avail-
able to the plasma for heating systems, diagnostics, vacuum pumping, and replace-
ment of internal components. The reference ITER configuration has 16 TF coils set
at a radius determined by field ripple constraints. A set of four PF coils are located
in a vertical array immediately outboard of TF coils. This arrangement was chosen
to meet the minimum requirements on heating access and minimize the energy
requirements on the PF coils and the overall reactor external diameter.

However variations of this arrangement would allow greater access for main-
tenance and consequently reduce the complexity and time required to affect change-
out operations of short-life components. The present arrangement necessitates that
the top and bottom divertor cassette be each divided into three pieces toroidally for
removal; one piece in the gap between the TF coil, and one piece under each of the
adjacent coils. Removal of the side components thus requires toroidal movement
prior to radial extraction. A total of 96 divertor pieces are required.

By increasing the radius to the outer leg of the TF coil, a more desirable
divertor scheme is possible and the conductance for vacuum pumping is increased.
A single piece cassette can be obtained which can be removed with a single radial
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motion with a TF coil movement of approximately 1.1 m. If the ripple requirement
is kept constant, the number of required TF coils is reduced to 14, and the total
number of divertor pieces reduces to 28. For this case the increase in PF coil energy
has been approximated at 40%. There are options which should be explored to
reduce this increase. These include the reshaping of the TF coil profile to minimize
the radius of the outboard leg, and movement of the upper and lower outboard PF
coils to postions inboard of the central coils.

A more in-depth study is required to better identify the capital cost impact of
reducing the number of TF coils for comparison with operational savings from
increased maintainability.

VI. 2.2.4. Remote handling equipment

VI.2.2.4.1. General requirements including transfer casks

Contamination control requires the use of transfer flasks for the removal of
components from the reactor assembly. Flasks sealed and pumped down to the torus
vacuum, in order to minimize the machine cycling time required for maintenance,
are preferred. However this concept will require the development of manipulators
capable of operation within a vacuum. This equipment must provide not only the
retraction system but also the tools required for mechanical (dis)connecting or cut-
ting and welding of piping inside the reactor vessel. As an alternate, it has been sug-
gested that the torus vacuum be backfilled with an appropriate gas for maintenance.
Ths amount on time required to recondition the reactor should be evaluated against
the reduced requirements (and therefore cost) of the manipulator system.

VI.2.2.4.2. Divertor maintenance

Two system are being considered for maintenance the system using a cassette
and the preferred system of replacing only the heat absorbing surfaces. The transfer
cask requirements for the cassette option depend on the design details. If the service
connections for the divertor are located outside the vacuum boundary, they are acces-
sible before the cask is in place. However, this concept requires that the cask be able
to accommodate the exterior vacuum flange which is a part of the divertor cassette
module. The alternate design with service connection inside the vacuum incorporates
an independent flange but requires cutting and welding of pipes within the vacuum.

In-vessel maintenance of divertors has the potential of reducing radioactive
waste, minimizing the contaminated space, and reducing the amount of remote
handling equipment. The same articulated boom used for first wall tile replacement
can be used for divertor plate replacement by equipping it with a master-slave
manipulator, a welder/cutter, and/or telescoping jacks. The required cutting/welding
is accomplished either within or outside of the vacuum vessel by use of conventional
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or laser welding techniques. The development of a manipulator with compensating
control for deflections and backlash under heavy loards is required. Use of traveling
type in-vessel vehicles will also be studied for possible application.

The important issue is to develop positioning and fixing method of divertor
plate to inside of the vacuum vessel.

VI.2.2.4.3. Guard limiter maintenance

Guard limiters are shaped to match the circular profile of the inboard first wall
and consequently can be withdrawn on using a continuous circular motion. The same
track used for support within the reactor can be used to guide the insertion or retrac-
tion. The existence of this track is essential for a reliable replacement with accurate
positioning and adequate support. Locking of the guard limiter can be performed by
key or strain compliant metal structures driven by coolant pressure located in the
inboard blanket. Again transfer casks are used to avoid the spread of activated dust
during replacement. The cask must be equipped with a winch for retraction/insertion
of the guard limiters, and must be designed for transportation and positioning by the
overhead crane. An intermediate cask will be required between the transfer cask and
the vacuum vessel. This second cask, connected at each end by use of gate valves,
contains the manipulators required for connecting the guard limiters to the reactor.

The maintenance equipment required to support in-vessel changeout of guard
limiters will be evaluated once an acceptable concept for the design of the required
support system is developed.

VI.2.2.4.4. Armor tile maintenance

First wall protection armor maintenance is performed inside the vacuum vessel
by use of the manipulators, such as an articulated boom, integrated into an contain-
ment cask. This technique is supported by developments in technology for JET and
TFTR and the presently anticipated performance of advanced remote manipulators.
The amount of development required will depend on the detail design of the attach-
ment of the tiles to the first wall.

VI.2.2.4.5. Blanket replacement

In general, the blanket is divided into three segments per machine sector. The
two side segments travel along and are supported by a fixed rail; the central segment
is supported by the two side segments. Locking of the blanket can be performed by
key or strain compliant metal structures driven by coolant pressure located in the
blanket. An alternate concept in which a discontinuous track incorporating protru-
sions used for locking the modules has been also proposed. However, the effect of
the void existing in the discontinuous track(reduction of effective shielding capacity)
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and the robustness of the discontinuous track and protrusions (which should have
cooling pipe in the structure) should be studied. However, in either case, the required
motions for blanket module replacement are purely vertical and horizontal. Conse-
quently a high accuracy overhead crane, assisted by equipment to affect the horizon-
tal movement, will be required.

Containment barriers will be required during blanket replacement. However,
containment casks are considered inappropriate for this application because the size
of the components and the infrequent use make their development non-cost effective.
It is proposed that this be performed via the use of flexible confinement coverings
probably comprised of polymer/metallic mesh laminates or composites.

VI.2.2.4.6. Maintenance of other components

The reactor auxiliaries and test modules that are mounted on the center ports
will designed as modules to be removed in straight line horizontal pulls. Basic
machine components such as the coils and vacuum vessel are semi-permanent, and
will require maintenance of only unanticipated failures. The required maintenance
scenario, and required equipment, will be developed only in direct response to the
specific failure.

VI. 2.2.5. Continuing work

In the design phase, appropriate maintenance options will be selected, based
on detail comparisons, with supporting quantitative calculation for appropriate and
possible options. It is also recognized that new options may occur as the process
evolves. One important selection is between in-vessel and cassette type divertor
maintenance schemes. The key issues to be addressed include the identification of
a suitable attachment scheme compatible with remote manipulators, development of
the appropriate equipment and procedures, and solution to the containment control
problems.

VI.2.3. Magnets

VI.2.3.1. Introduction

(1) Design philosophy

The toroidal (TF) and poloidal (PF) magnets are the core of the basic machine.
Accordingly, they are designed to be semipermanent, i.e. they are not expected to
be repaired or replaced during the life time of the reactor, although they can be
replaced if necessary. As such, the magnets are designed to have high reliability as
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FIG. Vl-29. TF and PF geometry and location.
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based upon previous experience and a comprehensive development program.
Because ITER is to have both long pulse ignition and steady state operation, it is
essential that the magnets be superconducting to achieve the necessary performance
(field and current density) and minimize power consumption.

(2) Design requirements

There are 16 TF magnets located toroidally with the design peak Held of the
TF magnets needing to be 12 T to provide a magnetic field of 5.3 T at the plasma
center in nominal operation. Allowable magnetic field ripples at the plasma boundary
are specified for plasma confinement to be 1.5%. In addition to the TF magnets,
12 PF magnets are set outside of TF magnets in updown symmetry for an inductive
heating and position control of the plasma; these magnets are coaxially located in the
vertical direction for maintenance reasons. The design peak fields of the central sole-
noid magnets (PFl to PF3) and the equilibrium magnets (PF4 to PF6) must be in
the region of 12 T and 7 T, respectively to provide the inductive capability required
for the PF magnet system around 250 V-s. Furthermore, a capability for plasma
separatrix swing to spread the divertor heat flux should be available during burning
operation.

Figure VI-29 shows the external geometry and location of TF and PF magnets
in ITER machine. The coil case cross-section in the outboard leg region of the TF
magnet is tentatively specified to be 1.1 m x 1.1 m to give reasonable access area
to the heating system and plasma facing components. The TF intercoil structural area
to sustain magnetic forces is also limited as shown in Fig. VI-29 for the same reason.
The central solenoid magnets are enveloped by the TF inboard legs in a 1.9 m radius
and should be designed to fit this space. Other PF magnets can be partially mechani-
cally supported by the TF structure.

TABLE VI-5. NUCLEAR CONDITIONS

Peak coil

Maximum

Maximum

Maximum

heating rate

insulator dose

neutron fluence

copper dpa

(mW/cm3)

(rad)

(n/cm2)

(dpa)

Water

1.3

1.0 x

7.8 X

4.8 X

10'

1017

10 "4

Nuclear effect
Borated water

0.69

1.1 x 10'

7.5 x 1017

4.7 X 10 ~"
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(3) Operating environments

The operating environment for the magnets is 4.S K in supercritical helium
with pulsed fields and neutron irradiation. Because of pulsed field losses, the plasma
initiation electric field (breakdown) is limited to 0.3 V/m or 10 V. Likewise the
vacuum vessel resistivity is designed to limit the pulsed field due to disruptions to
38 T/s on the inboard leg and 19 T/s on the outboard leg of the TF magnets with
a lime constant of around 20 ms. The TF magnets have to be stable for the disrup-
tions and should not quench. Spreading of the divertor heat flux by moving the
separatrix produces very high cyclic losses and large cryogenic heat loads, such that
a limit of 0.1 Hz is imposed while moving the separatrix IS cm.

Special to this tokamak is the neutron faience which may cause damage in the
magnets and the neutron flux which causes additional heating. The nuclear condi-
tions as listed below in Table VI-5 represent a preliminary analysis with the assump-
tion of a specific shielding structure. The typical value of nuclear heating of TF
magnets is around 20 kW in nominal operation.

An extended plasma condition is proposed in which the plasma current is more
than 22 MA and the neutron shielding thickness is reduced by 10 cm. Under such
conditions, the local nuclear heating power is raised by a factor of 5. By lowering
the duty cycle and limiting the number of shots, the average cryogenic power may
not be affected. However, the conductor must be capable of having the cryogenic
system remove up to 5 mW/cm3 and the pumping power will be increased because
of higher flow rate required for cooling the magnets.

VI.2.3.2. Design criteria

Due to the uniqueness of the ITER magnet system, design criteria are not easily
derived from previous experience. Standard codes like the ASME Pressure Vessel
Code do not apply, although the general principles might. The following are tentative
design criteria evaluated from magnet design and fabrication experience to start the
predesign of ITER magnet and more detailed analysis will be needed.

(1) Mechanical design criteria

For metallic components in a static loading, we propose a primary stress limit,
Sm, as represented by a formula (II.2.3.1). The yield criterion is the Tresca maxi-
mum shear condition and all tensile principal stresses should have a fatigue/fracture
mechanics limit applied as well as a stress intensity limit. (Ref. ITER-IL-MG-1-8-3)

Sm = min (2/3 Sy, 1/2 SJ
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where:

Sm is the allowable stress intensity
Sy is the 0.2% yield stress
Su is the ultimate tensile strength

(see Section II.2.3.1).
The allowable stress intensity, Sm, is specified for the structural material to be

800 MPa at 4 K by taking newly developed cryogenic structural materials in Japan
and USSR. The stress intensity limit acts to keep the magnet stresses below those
at which yielding occurs. An exception to this limit can be local stress concentration
provided that an elastic-plastic analysis is performed to define the extent of the local
plasticity region and that repeated cycling into the local stresses must remain below
yield after one or two load cycles. A stress limit of (2/3 S ^ may be applied for
cyclic loading from fatigue considerations.

In case of Nb3Sn-base superconductor, which has a severe strain sensitivity
for superconductivity as described in VI.2.3.2(2), a limit of 0.5% strain of the fila-
ment should be considered to avoid irreversible degradation due to strain.

A critical stress in the insulation is the bonding to the conductor. Static shear
tests show ultimate strengths over 100 MPa with properly designed and manufac-
tured thin layers of epoxy impregnated fiberglass insulation; then a limit of 1/3 of
the ultimate strength, 30 MPa, seems reasonable. Since the insulation is generally
strain loaded by being bonded to the conductor, a tensile strain limit along the insula-
tion is most appropriate, related to the elastic limit of the insulation. A strain limit
of 0.25% is proposed in the plane of the glass reinforcing, since this is always below
the point at which initial plastic deformation or microcracking can occur. Normal
to the insulation layers, measurements show compressive strengths at 4.2 K over
900 MPa. A limit of 1/2 of the compressive ultimate strength, giving 450 MPa, is
proposed.

(2) Electrical design criteria

Typical current densities in superconducting wires are shown in Fig. VI-30.
While strain effects can be ignored in niobium-titanium (NbTi), the selected
niobium-tin (binary and ternary) are very sensitive to strain due to conductor fabrica-
tion, cooldown, method of winding, and strain should not exceed 0.7%. Operational
strain should be less than 0.2 to 0.3 percent. For the ITER magnets, a critical current
density of 800 A/mm2 is specified at 4.2 K, 12 T and zero strain.

The electromagnetic stored energy in ITER is around 40 GJ for TF magnets
and 14 GJ for PF magnets. In order to protect magnet failure in event of accident,
we propose that the discharge time constant should be less than 10 s and the insula-
tion voltage up to 20 kV should be allowed as a safety criteria. One of the conditions
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FIG. VI-30. Typical NbjSn critical current density.

that determines the discharge time constant of the magnets is the maximum allowable
hot-spot temperature. This limit, which is calculated in adiabatic conditions, should
be less than 150 K.

(3) Radiation limit

Radiation limits on insulator are essential to avoid degradation of mechanical
properties due to excessive dosage. This sensitivity is highly dependent on the com-
position of the system(glass-epoxy fractions), the surface treatment of the glass fibers
and the precise chemical composition of the epoxy. There is an experimental pro-
gram examining the range of 5 X 108 to 5 X 109 rad to reach a specification limit.
In addition, nuclear heating, neutron fluence and copper dose are to be limited
between 1 to 5 mW/cm3, 1 X 1019 n/cm2 and 5 x 10 ~4 dpa in compliance with
the preliminary radiation analysis. The nuclear heating rate is limited by the duty
cycle, detailed conductor design and total refrigeration power.
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(4) Stability design criteria

The magnets exposed to fusion condition have to be designed to have sufficient
stablity for two types of disturbance; there is a high level disturbance with a short
time constant such as a plasma disruption and a low level disturbance with a long
time constant such as radiation heating. For the low level disturbance, stability is
derived from the enthalpy of helium, so that it is necessary to have a temperature
margin of more than 0.5 K, between the current sharing temperature and the operat-
ing temperature.

In case of high level disturbance, the stability is dominated by transient cool-
ing. Accordingly, it is necessary to have high cooling perimeter and Ic/Iop, the ratio
of critical current to operating current. Based on previous stability experiments, a
value of Ic/Iop of more than 1.6 is specified for ITER magnets which are exposed
to a magnetic field change of around 40 T/s for 20 ms in the case of plasma
disruption.

VI.2.3.3. Design analysis

Based on the system requirements and design criteria, preliminary analysis on
magnet design has been carried out. A assumed machine parameters which are not
exactly the same as the reference but close, so that the basic magnet performance
is similar.

(1) Magnetic field analysis

The magnetic field profile was calculated; the results show the design peak
field of 12 T is required for TF magnet to produce a magnetic field of 5.3 T at the
plasma center. The total electromagnetic stored energy of the 16 TF magnets is about
40 GJ with a magnetic capability of about 9 MAT each. In addition, the field ripple
at the plasma boundary is expected to be less than 1.5%. Regarding the PF magnet
design, it is expected that an inductive capability of 250 V-s may be available at the
design magnetic field of 12 T for the central solenoid (PF1 to PF3) and 7 T for the
equilibrium magnets (PF4 to PF6). The total stored energy of PF magnets is around
14 GJ.

(2) Structural analysis

TF support analysis

Regarding TF support design, two types of support concepts, which are wedg-
ing of the TF inboard legs and bucking onto the central solenoid, were proposed for
the minimum radial build machine. In the wedging concept, the limiting Von Mises



TF MAGNET

EF MAGNETS

INTERCOIL
STRUCTURE

OH MAGNETS

Max.
Traaea
alraaa

73.3 kg/mm*
(718 MPa)

V

L

Vv«\l Â i
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stress is in the nose of the magnets. This is eased with the bucking concept but sup-
port of the overturning moment is more complex. Several stress analysis were con-
ducted by using FEM model; typical analysis model is shown in Fig. VI-31.

In case of the wedging support, the centering force can be sustained by the
vault of each TF inboard leg, which has a rather large thichness of 75 cm. In addi-
tion, better shear transmission between TF magnets can be expected since more area
is available compared with the bucking support. The 2D and 3D FEM analysis, con-
ducted for TF inboard nose thicknesses in the range of 20 to 30 cm, gives the average
case stress of 500 MPa and a peak case stress of 700 MPa; these are less than the
allowable stress of 800 MPa. A typical stress analysis result in the wedged section
is shown in Fig. VI-32. However, more detailed analyses taking into consideration
friction and shear key between magnets should be carried out.

An alternate is the bucking support concept, since the central solenoid magnets
are good at supporting compression from TF magnets. Accordingly, the bucking
concept has the possibility of giving less radial thickness to the centering force but
is weak in shear and under vertical tensil? loads. The 3D stress analysis gives a case
stress less than 400 MPa but more detail analysis considering shear transmission and
interaction between TF and center solenoid magnets is required.

As a whole, it is generally agreed that the both concepts offer similar machine
capabilities for the same radial build. It was concluded that the wedging support con-
cept should be the reference concept and the bucking support an alternative.

TF intercoil support

Since the TF magnet geometry is not a pure tension shape, it is essential to use
intercoil structure for supporting in-plane forces. A preliminary analysis shows that
the outer intercoil structure has to support a toroidal tension up to 60 MN. This load
is rather high and requires significant area for locating a number of bolts. On the
other hand, it may be necessary that each TF coil should be independently moved
in radial direction in order to avoid an extra thermal stress during cooldown. Accord-
ingly, more detailed structural design including thermal stress and magnet geometry
analysis is required. Regarding the intercoil structure, it is concluded that the coil
case cross-section of 1.1 m x 1.1 m in TF outboard leg and the intercoil structural
area in the present design shown in Fig. VI-29 are tentatively specified as a reference
geometry.

Central solenoid structure

The stress of the central solenoid magnets was evaluated based on an operating
scenario. The result shows a peak stress of around 690 MPa at the end of burn. Since
the central solenoid magnets are operated under cyclic loading conditions, this peak
value is critical from the fatigue point of view. In addition, the vertical structure
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should be strong to sustain vertical forces of around 250 MN, produced by the differ-
ent operating current scenarios. For this purpose, the central solenoid magnets
should be precompressed by top and bottom flanges or interblock flanges which are
mechanically connected by a thick cylinder installed inside the magnets.

(3) AC loss analysis

Preliminary AC loss calculations of TF and PF coils were carried out both for
evaluating the loss time constant of conductors and for giving the cryogenic heat con-
sumption (Fig. VI-33),
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TF magnet loss

In case of nominal operation, a maximum Held excursion is about 2-3 T which
corresponds to a magnetic field change of 6.7 X 10 ~2 T/s. The total heat loss in
the TF magnets calculated is about 3 kW at 4 K with an assumed time constant of
3 ms. This analysis does not include the magnet structure which will have additional
heating.

Sweeping the plasma separatrix by ± 15 cm in 0.3 Hz to spread divertor heat
flux, an additional field change of about 0.35 T/s is applied during the plasma burn-
ing. In this case, the total heat load is increased by around 30 kW with the same time
constant as that during nominal operation.

PF magnet loss

Fig. VI.2.3-S shows the AC loss analysis results for both the nominal and
plasma swing operation based on an operating scenario. In the nominal operation,
the maximum heat load due to the AC losses is about 30 kW during the plasma
breakdown when a maximum field change of 2.65 T/s is applied. During the plasma
burning, however, the heat load is other small and the average heat load per cycle
is less than 2 kW at 4 K.

For the plasma divcrtor swing, the PF magnets have to produce an additional
field change of 0.25 to 1.2 T/s during the plasma burning. As a result, the total heat
load during the burning is increased by around 35 kW, and the average heat load
per cycle is raised up to 32 kW at 4 K. These analyses do not include losses hi the
magnet structure, so that more detailed work is required.

(4) Thermal analysis

The total cooling weight of the magnets is estimated to be 10 000 t including
the supporting structure. A preliminary cooldown analysis shows that a total flow
rate of around 4 kg/s is required for cooling the magnets within 300 hours. Since
this flow rate is very high, it increases the pressure drop in the high temperature
region during the cooldown. Accordingly, the total cooldown time can be reasonably
defined based on the pressure drop analysis and the conductor and case design.

Based on the previous experiences of superconducting magnet such as the LCT
program, the static heat loads of the magnets are estimated in nominal operation and
listed in Table VI-6. In this calculation, the operating current of all magnets is esti-
mated to be 30 kA so that the required heat load of current leads is 3000 L/h, cor-
responding to 10 kW of refrigeration power at 4 K. The total static heat load
including nuclear heating is about 42 kW but more detailed analysis considering
thermal radiation and conduction is required.
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TABLE VI-6. HEAT LOAD OF MAGNET AT
NOMINAL OPERATION

Items

TF Coil

Static heat

AC loss

Nuclear heat

Current lead

PF Coil

Static heat

AC loss

Current lead

Total

Heat load

5kW

3 kW

20 kW

1500 L/h

2kW

2kW

1500 L/h

42 kW

(5) Plasma swing analysis

To spread the aivertor heating by the plasma, a separatrix swing with 0.3 Hz
was initially proposed and the current patterns of the PF magnets were evaluated for
sweeping. However, this may not be practical because of too high AC losses as men-
tioned in VI.2.3.3(3). In order to decrease AC losses due to the separatrix swing,
normal coils installed inside the plasma vacuum vessel were analyzed. Such a
separatrix swing requires a normal copper coil having a capability of 400 kAT: This
is not reasonable because the copper coil should be a one-turn coil for maintenance,
so that the maximum current should be less than 100 kAT.

From these analyses, it is proposed that the separatrix swing condition should
be revised to reduce the heat load of the PF magnet down to 10 or 20 kW by reducing
the swing frequency or by using a combination of PF magnets and an internal copper
coil.

VI.2.3.4. Magnet design concept

A number of TF and PF magnets were designed by the participants to satisfy
the system requirements and operating environment in compliance with the design
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criteria. Tables II-2 and II-3 show the general specifications developed for the ITER
magnet design based on these requirements. These magnet designs proposed to meet
the specifications are summarized in Table VI-7 using a variety of conductors. More
detailed analysis will be needed in the design phase to qualify the relative advantages.
Typical conductor concepts are shown in Fig. VI-34 for the TF and central solenoid
magnets. The following are key design concepts concluded in the definition phase.

(1) TF magnet design

As shown in Table VI-7, several conductors from TF-1 to TF-5 were proposed
with pancake windings. The design peak field of TF magnets is around 12 T, so that
a superconductor based on Nb3Sn is selected. Forced-flow cooling by supercritical
helium is proposed for all of magnets due to the mechanical and electrical insulation
requirements. Both a cable-in-conduit type and monolithic hollow type are proposed
for the TF conductor. The stainless steel fraction of each conductor is larger than
40% to meet the mechanical requirements.

(2) PF magnet design

For the central solenoid magnets, two types of conductors, OH-1 and OH-2,
are proposed with a Nb3Sn base superconductor for producing a magnetic field of
more than 12 T. The cooling concept is a forced-flow cooling, as for the TF conduc-
tor. As a winding concept, both layer winding and pancake winding are proposed
including the preformed armor concept. With pancake winding, extra radial space
is required for the pancake joints, current lead joints and piping connections, but high
mechanical stiffness in the axial direction is expected. Alternately, layer winding
requires extra space in the axial direction for the joints and connections which give
lower mechanical stiffness, but the radial space can be fully utilized. Since the cen-
tral solenoid magnets are operated under cyclic loading in the range of 12 T, the
referenced winding concept should be decided in the design phase based on the
detailed analysis.

For the EF magnets (PF4 to PF6), a NbTi superconductor was proposed
because of magnetic field requirement lower than 7 T. The forced-flow cooling by
supercritical helium is also proposed from the mechanical and insulation voltage
requirements. The EF coil has a rather long cooling channel of around 500 m, so
that the high helium fraction in the conductor is considered to decrease the pressure
drop.



TABLE VI-7. MAJOR PARAMETERS OF MAGNETS PROPOSED FOR ITER

Items

Design field (T)

Superconductor

Conductor type

Operating current (kA)

Critical current (kA)

Current density (A/mm2)

Winding

Cable

Winding type

No. of pancake/coil

No. of turn/pancake

He path length (m)

Strand diameter (mm)

TF-1

11.6

A

CICC

39.5

61

27.1

57.1

PC

20

12

458

0.876

TF-2

11.7

B

MON

32.0

64

31.2

56.0

PC

20

15

600

1.05

Toroidal
TF-3

11.2

B

CICC

46.2

97

45.0

81.0

PC

12

18

336

1.0

field coil
TF-4

12.0

C

MON

31.7

63

30.0

51.3

PC

8

18 x 2

366

2.5

TF-5

12.0

D

CICC

30.0

60

33.5

74.0

PC

11

14 x 2

280

1.40

Central
OH-1

13.0

D

CICC

40.2

98

26.0

66.2

L

240

0.8

solenoid
OH2

12.0

D

CICC

30.0

60

25.0

56.8

PC

22

12

128

1.13

EF coil
EF-1

7.0

E

CICC

30.0

65

28.4

44.8

PC

30

16

550

1.20



No. of strand

Cooling perimeter (cm)

Cross-section area (mm2)

Total

SC (non-Cu)

Cu

Helium

Stainless steel

Insulation

He flow/channel (g/s)

No. of flow path/coil

A: Nb3Sn or (NbTa)3Sn
D: (NbTi)3Sn
CICC: cable-in-conduit

588

75

1365

139

276

276

526

148

7.5

20

126

14.4

875

109

230

162

210

94

20

B: NbjSn
E: NbTi
MON: monolithic

375

100.5

1027

179

191

201

393

64

7.5

22

23

15.8

1027

132

388

97.5

345

64.5

6.0

32

162

59.4

895

80

158

154

413

76.0

5.0

40

C:
L:
PC

1545

157

157

293

860

78.0

(NbTi)3Sn and
Layer
: Pancake

324

95.9

1201

107

198

201

583

90.0

1.8

44

NbTi grading

324

101.8

1056

65

174

284

7

ITE

7)

s
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(3) Active control coil design

For the plasma vertical control coil, a preliminary design of the active control
coil was conducted and the following key parameters are tentatively proposed for a
copper internal coil:

Field change on plasma 10~2 T
Number of coils 2 (up/down)
Number of turns I/each coil
Material copper with ceramic

insulation
Maximum current < 40 kA
Maximum voltage < 1 kV

VI.2.3.5. Cryogenic system design concept

A preliminary design concept of the cryogenic system for ITER was devel-
oped. The maximum refrigeration capacity of 100 kW at 4K is specified from the
present technology point of view: This capacity permits cooling a 10,000-t magnet
within 300 hours and corresponds to a refrigerator electrical power of SO MW at
room temperature.

A cryogenic circulation pump is proposed to circulate supercritical helium
effectively. In addition, a cold compressor, which has the capability to adjust operat-
ing temperature of magnets in the range of 3.5 to 4.5 K, is proposed for flexible
operation. In nominal operation, the cryogenic circulation pump is designed to
produce supercritical helium with about 4 kg/s and the pumping power is estimated
to be about 10 kW with a assumed pressure drop of 2 bar. An exact estimation of
the pressure drop is necessary and depends on the conductor design. In order to
establish an operating temperature of 3.5 K, the cold compressor with a capacity of
around 1.5 kg/s is required, and the pumping power is about 15 kW. Accordingly,
the total heat load at 4 K including the magnet heat load is about 70 kW in the
nominal operation.

A double thermal shield concept, composed of an 80-K and 5-K shield, is pro-
posed in order to decrease the heat load at 4 K region, to allow stable operation and
to cool down the coil system. The TF coil case can be designed as a first thermal
shield which is cooled to be around 5 K by the refrigerator to avoid an excessive
heat to the winding pack. Case cooling is essential for the high field region in which
high radiation heat is applied. In addition, an 80-K thermal shield plate should be
installed between the coil case and plasma vacuum vessel which is operated at 410 K.
The thickness of the thermal shield is proposed to be 5 cm in the TF inboard leg
region and 10 cm in the TF outboard leg region; more detail design is required with
thermal and mechanical analysis.
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As a whole, it is concluded for reliable and effective operation that the cryo-
genic system will be divided into 3 or 4 units, each unit having a capacity of 25 to
30 kW. In this way, 3 of 4 units can be operated for the nominal operation and 4
units for the cooldown.

VI. 2.3.6. Concluding remarks

The magnet system requirements for ITER are challenging. However,
previous experience shows that the definition phase requirements can be satisfied by
thorough analysis and coordinated research and development activities.

VI.2.4. Poloidal field system

The poiOidal field system was studied with the initial engineering study
parameters, i.e. a plasma current of 20 MA, major radius of 5.8 m and minor radius
of 2.0 m. The ITER plasma equilibrium is controlled by the poloidal field system
which consists of a passive and active system for fast vertical displacements, a slow
control system for the plasma equilibrium with sc poloidal coils and a disruption con-
trol system. The results of each study are summarized in the following sub-sections.

VI.2.4.1. Vertical position control system

The feasibility of a control system for vertical instabilities poses constraints
both on the plasma configuration and the design concept of the first wall/blanket and
the vacuum vessel. A rapid vertical plasma displacement caused by the instability of
a vertically elongated plasma is initially restrained by magnetic fields due to the eddy
currents induced in the passive structure; then the active coils installed inside vacuum
vessel are exited to provide the restoring field. Therefore the essential parameters
are the stability margin and the growth rate.

The stability margin is given by the configuration of the plasma and the struc-
ture and should be higher than about 0.5 to cope with uncertainties and approxima-
tions both in plasma modeling and design of the in-vessel structure. The growth time
is given not only by the configuration but also by the time constant of the eddy cur-
rents in the structure and should be longer than the time constant of the active feed
back system. To cope with practical constraints of a realistic power supply system
and active control coil system, the natural growth time should be longer than
about 10 ms.

Because of the strong requirement of a highly elongated plasma, the vertical
position control was investigated with a rather ideal stabilizing structure, i.e. the first
wall has an ideal D-shape with the same elongation and triangularityof the plasma
(Fig. VI-35(a)). Results are summarized in Table VI-8. The stability margin and the
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( a )
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FIG. VI-35. Examples of stabilizing structure for vertical movement.

TABLE VI-8. SENSITIVITY ANALYSIS OF PLASMA SHAPE AND NUMBER
OF SEGMENTS ON VERTICAL STABILITY

Number
of

segments

Lower
triangle 48

48

48

16

48

Higher
elongation 48

48

16

Elongation
x-point

2.16

2.16

2.16

2.16

2.16

2.53

2.53

2.53

Triangular
x-point

0.275

0.46

0.46

0.46

0.46

0.46

0.46

0.46

Poloidal
beta

1.1

1.1

0.1

0.1

0.1

1.2

0.1

0.1

Distance
plasma-FW

(mm)

150

150

150

150

300

150

150

150

Stability
margin

0.37

0.67

0.35

0.72

0,2

0.28

0.06

0.34

Growth
time
(ms)

8

16

7

19

4

6

1

8

Assumption: structure Fig. VI-35(a), air gap = 2 cm, vacuum vessel resistance = 40 nil
and shape of the first wall as an ideal D-shape with the same elongation and
triangularity of the plasma equilibrium.
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TABLE VI-9. SENSIVITY ANALYSIS OF PASSIVE STRUCTURE ON
VERTICAL STABILITY

Case
Air gap Connection Poloidal

(cm) to the KK beta

Distance

plasma-FW

(mm)

Stability

margin

Growth

time

(ms)

1

2

3

4

5

6

7

8

9

10

0

0

0

0

2

2

2

2

2

2

no

no

yes

yes

no

no

no

no

yes

yes

0.1

0.1

0.1

0.1

1.0

1.0

0.1

0.1

0.1

0.1

150

350

150

350

150

350

150

350

150

350

0.74

0.58

0.80

0.63

0.78

0.59

0.61

0.48

0.71

0.56

33

24

43

31

40

29

29

22

42

29

All cases have in common the following data: 48 sectors, vessel resistance of 40 /&, Al plate
1 cm in the most effective part of the front wall and 2 cm thick in the side wall; in the cases
3, 4, 9, 10 all three sectors are electrically connected to the vv, Fig. VI-35(b). The shape of
the first wall fits to a flux surface.

growth rate for an elongation of 2.5 at the separatrix magnetic surface are 0.2 and
4 ms with 48 segments of the first wall/blanket, and 0.34 and 8 ms with
16 segments, respectively. The growth time can be increased by increasing the elec-
trical conductivity of the first wall but the stability margin is given only by the con-
figuration of the plasma and the structure of the device, so that it cannot be improved
in the fixed reactor concept. It is therefore very difficult to control this highly elon-
gated plasma and the allowable elongation may be lower.

A more detailed study with an elongation of 2.2 at the separatrix magnetic sur-
face or 2.0 at the 95% flux surface was done especially on sensitivity of the passive
structure (Table VI-9). A suitable design of the plasma control system for this elon-
gation can be achieved by optimizing the shape of the copper or aluminium saddle
loops attached on each outer blanket and by minimizing each gap between neighbour-
ing saddle loops. It would appear that the realistic limit of elongation is about 2.2
at the separatrix magnetic surface.
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The outcome of these preliminary studies is a number of recommendations and
requirements for the following three design areas:

(a) Plasma configuration

The reference ITER plasma with an elongation of 2.2 at the separatrix mag-
netic surface can be brought within the safe domain provided that favourable options
on the passive structure are chosen. But the vertical control of a higher elongation
is difficult to guarantee.

A high triangularity, typically 0.5 at the separatrix magnetic surface or 0.35
at 95% of the flux surface, is recommended but is not as critical as the elongation.

The distance between the separatrix and die stabilizing structure should be as
low as possible, typically 15 cm, because the stabilizing properties of the passive
structure deteriorate considerably in case of an inward movement of the plasma.

Stabilizing properties are deteriated by decreasing the poloidal beta and
increasing the internal inductance. Therefore control of a plasma current with a small
current and low poloidal beta during current ramp-up phase should be carefully
studied.

(b) Assembly and maintenance scheme

The stability margin is strongly affected by the number of outer blanket seg-
ments and the gap between the adjacent stabilizing structure attached to the blankets.
The 48 segments seem to be tolerable but a reduction of the number of segments
would be desirable. Electrical connection between adjacent stabilizing structures or
between the stabilizing structure and the vacuum vessel is desirable. An air gap of
2 cm or less is recommended where the effective gap is the summation of the air gap
and the thickness of passive structure plates.

(c) Stabilizing structure and vacuum vessel design

In order to obtain a reasonable growth time, saddle loops with aluminium
plates with a thickness of 10-20 mm or copper with 3-6 mm side walls and front
walls are needed inside or outside the blanket. The front plate should have a poloidal
azimuthal coverage of 1-1.5 m near angles of about 60° from the midplane as shown
in Fig. VI-35(b). Low one turn resistance of the vacuum vessel provides a good gain
in the growth time.

Summarizing the results, vertical stabilization appears to be a rather critical
issue in ITER because of the limitations imposed by both physics and technological
requirements. It can be achieved only with a good combination of the plasm
parameters and technological choices.
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Further study, especially on the active control system and interface between
passive stabilizing loops and blankets, will be needed.

VI. 2.4.2. Poloidal field optimization

General system considerations of the center solenoid coil and the relation
between poloidal coils and toroidal coils are important before proceeding to detailed
optimization of the poloidal field system.

too
TRUE mXIMM ( 1 3 - » T>
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FIG. VI-36. Maximum available flux in center solenoid.
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FIG. Vl-37. Toroidal field ripple with and w shout magnetic insert and optimized stored
energy qfPF system with plasma major radius of 5.65 m, minor radius of 2. OS m and elonga-
tion of 2.
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If the full set of limits on the center solenoid are considered, including stress
and allowable superconductor current density with maximum field, then for a given
outer radius of the center solenoid there is a maximum available flux with the
optimized thickness of the coil and the optimized maximum field. Figure VI-36
shows the relation between the available flux and the outer radius of the coils. The
available flux increases strongly by increasing the maximum field from 10 T to 12 T
but increases ».'cakly from 12 T to the optimum value of 13-14 T. The achievable
volt seconds actually decreases as the field increases from 14 T because of the large
fraction of structural material with high field. Therefore, it is very reasonable to
employ about 12 T for the maximum field for the center solenoid coils. The outer
radius is also easily estimated for a required VS.

The variation of the toroidal field ripple at the plasma edge with the distance
between plasma edge and TF coil center is shown in Fig. VI-37. Generally, fer-
romagnetic inserts under the TF coils can reduce the ripple level and have the equiva-
lent effect to increase the number of TF coil by 2. The outer radius of the TF coil
determines the allowable position of the outer equilibrium coils. The absolute radius
of these coils have strong influence on the total energy of the PF coil system as shown
in the same figure. Therefore, it is desirable to have 16 or more TF coils for optimiz-
ing the PF coil system.

Following these considerations and successful test of a few equilibrium codes,
the detailed optimization of the poloidal field system for ITER proceeded with the
following parameters:plasma current of 20 MA, major radius of 5.8 m, minor radius
of 2 m, internal inductance in range of 0.6-1.0, poloidal beta of 0.1-1.0, and trian-
gularity of 0.3-0.5 and elongation of about 2 and safety factor of about 3 at 95%
flux surface.

The aspects considered and the general results are summarized in Table VI-10.
The criteria used to assess the configurations were controllability of null location,
separatrix surface shaping, current density, circuit energy, field levels and forces on
PF coils. Proper relaxation of the plasma shape was also necessary to reduce the coil
currents. Some of the more detailed results and the final coil configuration are shown
in Fig. VI-38. This shows the effect of the location of PF5-coil. If this coil is left
out, with the P6-coil placed further from the equator as partial compensation, the
currents in PF3-coil and PF4-coil are appreciably higher and separatrix shape is not
favourable. If the PF5 coil is moved from its optimum position near the plasma to
an untrapped position by TF coils, the currents increase, and the circuit energy
increases from 8 GJ to 12 GJ at the end of current ramp-up. This optimum position
will be investigated in detail as an important alternative concept.

The configuration needed to produce the flux prebias on the coils before start
up with minimum stray field in the plasma region must be also defined. And it is
easy to reduce down to 0.001 T within initial plasma region (2 m radius at major
radius of 5.8 m). Therefore, the stray field from the vacuum vessel is dominant and
is estimated to be about 0.005 T.
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TABLE VI-10. EQUILIBRIUM SENSITIVITY STUDIES

Study Result

Length of solenoid Overall winding length 16-17 m gives a good current
coverage in all regions

Vertical segmentation of solenoid Segmentation into 3 independent up-down pairs is
optimum, combining plasma flexibility with acceptable
vertical forces

Plasma triangularity 0.3-0.5 at 95% flux surface can be considered

Number of outer coils A minimum of 2 up-down pairs is necessary for reduc-
ing circuit energy and equilibrium controllability

Position of outer coils See Fig. VI-38. Inward shift of PF5 is essential to
reduce circuit energy

Maintenace gaps Gap for vertical maintenance for large components can
be provided. A 4 m high gap on the equator can be
provided for access or heating.
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FIG. VI-38. PF coil system optimization.
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It is also found that the same PF coil configuration with slight enhancement
of current capability in the same coils can provide a variety of plasma configurations
including a high current of 30 MA, a single null configuration, a high aspect ratio
configuration and a small plasma for an option of the technology phase.

Separatrix swing is a prerequisite capability for PF system to mitigate the sur-
face temperature and thermal stress of the divertor plates. It is demonstrated that the
PF configuration shown in Fig. VI-38 has sufficient capability in terms of field and
stress limits to move the null point in almost arbitrary direction over the required
distance during the burn. In some directions, current change in PF coils can be
minimized, although, even in this case, AC loss in TF and PF coils is high as
described in VI.2.3.3. For reducing the AC losses, normal conductors installed near
the divertor chamber sre also studied but their coil currents are too high, e.g. several
hundreds kA. Therefore, it is very important to minimize frequency, typically
0.2-0.1 Hz, and width, typically 40 cm on the divertor plates. And it is also impor-
tant to combining vertical motion and the swing.

The optimization pro. dure is easily applied to the reference device. More
detailed studies will be needed especially on various operation scenarios, plasma
configuration control and power supply system.

VI. 2,4.3. Electromagnetic effects of disruption

The engineering consequences of disruptions are mechanical and heat loads in
the in-vessel components, the vacuum vessel, and toroidal and poloidal field coils,
overvoltages in the resistive elements and in-vessel components and induced currents
in the poloidal field coils. The simplest disruption model with static plasma is
employed for the first assessment: plasma current of 20 MA, current decay rate of
1 MA/ms with no vertical displacement and then with 1 m vertical displacement. In
this analysis, the reference value of one turn resistance of the vacuum vessel is 40 frfl
and the device configuration shown in Fig. VI-39 was studied.

a. Electromagnetic effects in vacuum vessel

The initial engineering study device shown in Fig. VI-39 has 16 modules of
the vessel which consists of wedged sectors with ports and parallel sectors with insu-
lator breaks and high electrical resistance parts.

The toroidal current in the vacuum vessel is shown in Fig. VI-40 for the differ-
ent values of the elastic resistive elements: 0, 20,40 and 80 i*£l of the turn resistance.
The main part of the toroidal current flows on the inner wall of the vacuum vessel.
The peak current density is about 1 MA/m. The influence of the toroidal resistance
is shown in Table VI-11.
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FIG. VI-39. Vacuum vessel, toroidal coils and poloidal coils.
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FIG. VI-40. The toroidal current in vacuum vessel with different values of one-turn
resistance.



ITER CONCEPT 259

The effect of a lower resistance is beneficial in the magnetic shielding of the
PF and TF coils and the variations of forces are insignificant for the resistance range
of 20-80 pQ. The lower resistance induces a longer time constant of the current
decay. Consequently, energy deposition on the resistive elements is almost constant
and increases strongly as increasing the plasma current. The energy deposited at
100 ms is shown in Table VI-11.

TABLE VI-11. INFLUENCE OF ONE-TURN RESISTANCE OF VACUUM
VESSEL

microohm

0

20

40

80

TVV
1 max

MA

19.5

16.5

14.0

11.6

0.0

F R , max

MN

- 5.4

- 5.5

- 6.1

- 6 . 5

0.0

F z , max

MN

-0 .48

-0 .72

-0 .73

- 0.75

0.0

DTFC
° max

T/s

~ 1.0

28

42

64

110

Evv (100 ms)

MJ

0.0

365

380

359

0.0

•-?

TABLE VI-12. INDUCED FORCES ON 32 SECTORS AND 16 SECTORS AT 20
AND 50 ms AFTER DISRUPTION

t

20 ms

50 ms

1

2

total

1

1

total

FflMN

- 0 . 0 7

- 0 . 7 5

- 0 . 8 2

1.14

- 1.83

- 0 . 6 9

FR, MN

0.86

- 5 . 3 9

- 4 . 5 3

0.13

- 5 . 1 3

- 5.0

Fz, MN

- 6.0

5.6

- 0 . 4

- 5.27

4.63

- 0 . 6 4
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TABLE VI-13. INDUCED CURRENT IN PF COILS (UNITS MAT)

t

IpFl

"PF2

IpM

IPF4

IpF5

IpF6

I,o,

ms

MA

MA

MA

MA

MA

MA

MA

0

0

0

0

0

0

0

0

5

- 0 . 0 6

0.03

0.02

0.01

0.00

- 0 . 0 1

- 0 . 0 1

10

0.04

0.15

0.09

0.06

0.01

0.01

0.36

15

0.29

0.34

0.20

0.14

0.03

0.04

1.04

20

0.66

0.59

0.35

0.24

0.06

0.09

1.99

25

1.21

0.86

0.52

0.36

0.09

0.15

3.19

30

1.69

1.11

0.66

0.45

0.12

0.21

4.24

35

2.11

1.31

0.78

0.54

0.14

0.27

5.15

40

2.7

1.48

0.89

0.61

0.17

0.31

5.93

45

2.73

1.64

0.98

0.68

0.18

0.35

6.56

00

5.85

1.64

0.87

0.81

0.47

1.46

11.1

TABLE VI-14. INDUCED MAGNETIC FIELD CHANGE IN TF COILS

t, ms

1

2

3

4

5

Bz

*
BR

Bz

BB

Bz

BR

Bz

BR

Bz

BR

10

- 9 . 1

0

- 8.1

- 3 . 3

- 1.5

- 5.2

- 2.0

- 6 . 3

18.6

0

20

- 40

0

- 14

- 4 . 8

- 2.0

- 8.0

1.0

- 4 . 5

12.0

0

30

- 30

0

- 12

- 4 . 5

- 1.6

- 7.7

2.4

- 0 . 9

1.0

0
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The peak value of the total radial force is about 90 MN. The vertical force due
to asymmetry of the vacuum vessel is - 1 0 MN and about 30% of the vessel weight.
The additional vertical force of + or - 3 2 MN is expected in the case of 1 m vertical
displacement which is larger than the physics guide line. Locally, the force produces
large shear due to the asymmetric poloidal current and interaction with the toroidal
field. The components of the forces on the two of 32 sectors and the total are shown
in Table VI-12. The induced current on the inner first wall produces 10 MN in one
of 16 sectors.

b. Electromagnetic effects in poloidal field coils

The induced currents in the PF coils are shown in Table VI-13. The induced
current in each coil reduces the total current except in the divertor coil. The magnetic
field changes in ihe PF coils are rather high: 6.5 T/s, 0.9 T/s, 3.6 T/s and 2 T/s in
PF4, PF5, PF6, and center solenoid, respectively.

c. Electromagnetic effects in toroidal field coils

The magnetic field change is 40 T/s in the inner leg of the TF coil and 20 T/s
in the outer leg on the mid plane. More detailed information is shown in
Table VI-14. The out-of-plane forces in the toroidal coils do not increase sig-
nificatnly with disruptions.

Concluding the results, the machine accommodates the current disruption at
20 MA with the above assumption. More detailed investigation of the plasma
dynamics will be needed as well as forces in each part of the vacuum vessel and all
in-vessel components.

VI.2.5. Primary vacuum

VI.2.5.1. Design philosophy and nuiin requirements

The primary vacuum system is required to provide torus evacuation during
initial pump-down, during torus conditioning, during burn, and in the dwell-time
between pulses. Important primary vacuum system requirements are summarised in
Table VI-15. Gas flows and compositions during glow-discharge cleaning and pulse
(burn) operation are given in Section VI.3.6. Dwell-time pump-down has not yet
been quantified for ITER, but preliminary indications are that a long dwell-time
( a 40 s) is required, in which case dwell-time pump-down is less demanding of
pump-speed than the burn-time He-exhaust. Gas flow from pellet injection (PI) and
neutral beam injector (NBI) cryopump regeneration is also considered in Sec-
tion VI.3.6. PI and NBI cryopumps are considered part of those systems and not part
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TABLE VI-15. TORUS VACUUM PARAMETERS

Volume (m3)

Surface area (m')
(projected)

Surface material

Initial pump-down pressure (mbar at 600 K)

Pre-sho; base pressure (mbar)

Leak rate1 (mbar-L-s1)

Effective pumping speed (m3-s~')

range
nominal

Required downpipe conductance (m3-s~')

Total ojierating pump speed required (m5-s"')

1100

800

Graphite

4 x 10"7

4 x 10~5

10"5-10~6

350-700
500

1000-1500

1000-1500

1 Maximum tolerable system in-leakage rate, based on oxygen.

of the primary vacuum system, as their contribution to torus evacuation is small
under most operating conditions.

Typical He pumping speeds for a 5% edge He concentration are estimated to
be in the range 350-700 m3/s. This includes some allowance for:

— Uncertainties in the modelling
— Uncertainties in the He and D/T ion transport to the divertor (which may

reduce the partial pressure of He in the downpipe)
— Uncertainty in the neutron power loading on the first wall and scrape-off layer

density

In order to provide a balanced pumping system, downpipe conductances and
operating pump speeds of 1000-1500 m3/s are required. To achieve high effective
pumping speeds, the ITER design must consider various performance enhancing fea-
tures, viz:

— Maximizing duct conductance, especially by reducing duct lengths
— Pumping upper divertor chambers
— Raising duct pressure, especially He partial pressure, by optimistic divertor

and divertor chamber design
— Installing in-line thermo-molecular "booster" pumps
— He burial in the divertor-duct
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It may also be possible to accept a higher physics "risk", e.g. lower beta-DT,
particularly during the physics phase.

In addition to pump-speed considerations, the quantity of gas to be pumped
must be considered. This affects total pressures in the ducts and pumps, as well as
gas flow to the fuel treatment system. Several factors may increase the total gas flow
(and vacuum system pressure):

— The efficiency of divertor fuelling is not known. A large fraction of the edge-
fuelled gas may be carried into the divertor

— Profile control may require introduction of excess gas which must subse-
quently be pumped

— Low He diffusion rates to the divertor would imply, for a given power level,
increased DT exhaust

— DT is more efficiently pumped than He in compound cryopumps (CCP), which
appear to be the leading pumping option for ITER (see below)

The combined effects of the uncertainties in fuelling and exhaust may be to increase
the total fuel system gas throughput by factors of 2-5.

Other environmental factors affecting primary vacuum system design include
magnetic fields in the vicinity of the pumps, neutron and gamma irradiation, dust,
vibration/mechanical shock, and RF propagation in the vacuum ducts. None of these
factors has yet been quantified for ITER and must be examined during the design
phase.

VI.2.5.2. Proposed concept

Conceptual designs of compound cryopumps of ~ 100 m3/s have been pre-
pared for fusion applications. It is proposed that the ITER primary vacuum pumping
be provided during burn by 16 pumps of this, or slightly larger, size. The pumps
could be located in pairs at eight pumping stations located around the machine. With
series regeneration, up to 12 of the 16 pumps can pump at once. This would provide
the required 1000-1500 m3/s of pumping capacity. The choice between cryosorp-
tion and cryotrapping approaches for He pumping would be made during the ITER
design phase.

Turbomolecular pumps (TMP) would provide a useful adjunct to compound
cryopumps to provide pumping during initial pump-down and torus conditioning
when substantial quantities of He and impurity gases are expected. Therefore it is
proposed to provide 10-15 m3/s of turbo-pump capacity in each pumping station for
ITER. The development status of TMP and CCP, which supports the proposed selec-
tion, is summarised in Section IX.
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VI. 2.5.3. Turbomolecular pumps

Using oil-lubricated bearings, pumps could be oriented horizontally in the
direction resulting in least eddy-current heating. (The extent of this reduction is yet
to be verified.)

While magnetic bearing pumps allow for the elimination of lubricants which
improves tritium compatibility, and may permit improved pump reliability by
eliminating the need to replace bearings routinely, there are significant problems
involved in the engineering of 50 m3/s pumps:

— Extensive magnetic shielding is needed to avoid high eddy-current heating
— Sudden venting forces can exceed bearing design limits, requiring emergency

bearings
— Emergency bearing reliability cannot be quantified, since blockage by dust

may occur
— Redundant magnetic bearings are required, since emergency bearings can only

withstand load for very brief periods
— Large scaleup from current pumps involves major changes in technology and

manufacturing.

The design problems anticipated for the 50 m3/s turbomolecular pumps could
be overcome for smaller pumps, i.e. in the 10-30 m3/s range. Double flow is the
preferred option for magnetic bearing pumps because double flow can balance sud-
den venting forces, and the individual rotor sizes are smaller for the same pump
throughput.

The small ceramic rotor, gas turbine, gas bearing TMP being developed in
Japan requires extensive scale up for fusion applications. A 80 L/s prototype is oper-
ating, and a 1000 L/s pump is being developed. The proposed location of the pumps
in the divertor duct needs further study, and processing of tritiated gas from the bear-
ings and turbines must be considered.

Vl.2.5.4. Compound cryopumps

All four partners have development programs for compound cryopumps
(CCPs). In recent designs, He separation during regeneration is provided with a bell-
type valve which also protects the cryosorbent surface from contamination by fuel
impurities. CCP regeneration results from TSTA indicate that separate He and DT
regeneration without a moveable barrier inside the pump may be feasible. This will
require development of a tritium compatible TMP for He removal. The effect of
impurities on the charcoal panel during regeneration of the DT panel remains to be
investigated.

Compatibility of the KVA compound used in the Soviet design with a tritium
environment was noted as a potential concern. If used, SF6 and Ar must not be
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allowed to flow back to the plasma. The possibility of SF6 interaction with tritium
to produce TF must also be considered.

It was concluded in the Fuelling and Exhaust Workshop that CCPs offered the
best opportunity to meet ITER pumping requirements, and that large-scale prototype
development using both cryotrapping and cryosorbent approaches should be
pursued.

The main feasibility issues for compound cryopumps are:

— Cryosorbent bond behaviour under repeated deep thermal cycling.
— Cryosorbent poisoning by impurities, especially during regeneration. Need for

He/DT + impurity separation during regeneration.
— For inert gas spray, the subsequent separation of the gas from DT.
— Regeneration valve seat life with repeated cycling in dusty environment. This

is particularly important if Ar or SF6 is used, to avoid backstreaming.
— The possibility that fluctuating magnetic fields will heat the cryopanels suffi-

ciently to inadvertently release gases.
— Development of reliable cryogen distribution.

The frequency of CCP regeneration to reduce tritium inventory must be traded
off against valve-seal lifetime.

VI. 2.5.5. Thermomolecular pumps

A pumping concept employing thermodynamic principles offers an important
opportunity to "boost" duct pressures, thereby reducing duct and pump sizes
required. The main requirements of a demonstration experiment for this concept
include:

— Confirmation of multi-stage compression (as measured by Hobson)
— Determination of surface roughness and contamination effects, especially

graphite dust, on compression ratio
— Optimisation of pumping-surface arrays (involving Monte-Carlo calculation

and experiment)
— Development of practical heating/cooling scheme.

VI.2.5.6. Other vacuum components

While other elements of the primary vacuum system for ITER have not been
examined in depth, the following preliminary observations can be made:

— JET and JT-60 experience indicates that the large isolation valves are much
more sensitive to dust than TMP's. Development of reliable large-diameter
isolation valves will be required for ITER. Alternatively, methods to eliminate
these components should be sought.
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— For CCPs, where frequent cycling is required, "soft-sealing" valves with
double seals and inter-space pumping (or pressurization with D2) may be used.

— Smaller numbers of auxiliary TMP's in the 10-30 m3/s range can be backed
with existing dry running pumps. Large CCPs can also be evacuated by cur-
rently available models of this type of pump. Therefore, no mechanical
backing-pump development is envisaged for ITER.

VI.2.6. Current drive and heating systems

Three options are considered to fulfill the different functions to be supported
by additional power in ITER, as described in Section VI. 1.4. These functions are
steady-state current drive, current profile control, plasma heating, current ramp-up
assist, plasma — and possibly current — initiation.

The power required to drive a substantial fraction of the steady-state current:
about 100 MW to drive 13 MA, exceeds largely that needed for the other functions,
so that steady-state current drive governs the method selection. This function sets
also stringent requirements on all systems, some of them new with respect to present
realisations: the systems shall work with a high availability in very long pulses
(several thousands of seconds, and up to two weeks as an ultimate goal) and in the
first-wall environment of the reactor.

The three options considered for ITER differ by the method used for central
current drive and heating to the operation point: neutral beam injection (NB) in
scenario 1, electron cyclotron waves (ECW) in 2, and ion cyclotron waves (ICW)
in 3. In all three cases, lower-hybrid waves (LHW) will be used to drive current
in the outer regions of the plasma, to assist the current ramp-up and possibly for cur-
rent initiation. In the three scenarios, ECW will be used for profile control and
plasma initiation. The present physics database would favour the order 1, 2, 3
among the scenarios, whereas the technical aspects would lead to the reverse order.
A final selection is thus postponed till 1990, and will be guided by the experimental
and technical progress since then, as well as by the comparison of the design based
on the three scenarios.

The preliminary system design requirements for the three options are given in
Table VIII-1.

All the systems shall be designed to minimize the need and time required for
maintenance, aim at maximum simplicity, and be able to operate independently (i.e.
include power supplies, cooling, pumping, loading and control systems etc.). They
will have to provide redundant elements to ensure the derived availability.

The following sections describe the concepts for the four methods.
For each current drive and heating system, critical issues and required R&D

are identified. The design and construction of each system seems feasible, with
different degree of technical difficulties. During the conceptual design phase, pre-
conceptual designs will first be worked out by the different parties, with the aim to
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evolve towards common concepts for each method by end of 1989. The major issues
to be faced are: (1) the development and demonstration of high power negative ion
neutral beam systems which will reliably operate in a continuous way in the MeV
regime; (2) for ECW, the development of megawatt level power sources in the range
of wavelength 1.5 to 2 mm; and (3) for LHW and ICW the development of antennas
meeting ITER requirements.

VI.?, 6.1. Neutral beam system

Neutral beams are a primary heating and current drive system for ITER
because they are known to efficiently heat and drive current at the core of the plasma.
The system for ITER will be similar to the systems implemented for the large toka-
maks such as JET, JT-60, TFT and DIII-D. The notable differences between the
ITER beamlines and those built and operated to date include: negative ions versus
positive ions, since the neutralization efficiency for positive ions would be very low
at the energies required; accelerators rated at a megavolt and several to tens of
amperes rather than accelerators rated at 80 kV/80 A, 120 kV/70 A or
160 kV/30 A; both negative and positive ions, in equal amounts, will have to be
dumped and absorbed after the neutralizer; the neutral beam plasma generator and
accelerator will have to be either located at an appreciable distance from the torus
port and/or hidden behind an appropriate neutron shield to ensure the radiation is
kept to an acceptable level. The overall size, complexity and power ratings of the
ITER neutral beam system will be similar to the ratings of the systems currently
operating on JET, JT-60 and TFTR, the most comparable being the JT-60 system
which has demonstrated a high availability. Issues of tritium handling and remote
maintenance are being addressed on the beamlines for JET and TFTR.

The new requirements that ITER poses, over those of the existing large toka-
maks, include: a nominal beam energy of ~ 1 MeV; steady state operation; the
production and acceleration of hydrogen or deuterium, negative ions; and a neutron
flux at me torus neutral beam port of the order of 1 MW/m2. The corresponding
technologies which are required include: efficient negative ion plasma generators;
accelerators which will reliably produce megavolt, ampere beams of negative ions;
efficient neutralizes, cryopumps, or pumps with comparable characteristics,
capable of continuous operation; and long life particle dumps with low sputtering
properties.

The deuterium neutral beams energy chosen by the participants for their con-
cepts falls in the range of 0.45 to 1.6 MeV. The nominal energy should be adjustable
to 1/2 energy, 3/4 energy and full energy, as a minimum, and the adjustment should
be possible in £ 1 s. The total power required lies in the range of 50 to 100 MW
and the power should be adjustable in increments of ~ 10% of the rull power scale
of < 1 s. The neutral beam system should be capable of producing either deuterium
of hydrogen neutral beams but there is no requirement for tritium beams. The beams
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should be aimed along a tangent to the magnetic axis of the machine and all the beam
current should be injected in the same direction. The system should be capable of
producing different current profiles (need physics requirement, spacial and temporal
requirement). The overall power efficiency of the neutral beam system, from the
primary source of electrical power to the power deposited into the plasma, should
be > 50%. In so far it is practicable, the beamline components, that will be contami-
nated and/or activated and exceed the hands-on-limits imposed by the ITER nuclear
policies, will be remotely maintainable. The power loading normal to the torus wall,
caused by neutral beam shine through, should not exceed 50 W/cm2. Neutral beam
injection, at full power, will be required for up to two weeks, without interrruption.

All the participants, EC, Japan, USSR and USA, offer full system concepts
for ITER (Table VI-16). The concepts are similar but differ in the degree of modular-
ity proposed and the accelerator technology to be used. Japan offers a system com-
prised of four beamlines, each with a single source rated at 25 MW, D°. The others
offer systems with from 18 to 48 sources distributed among 6 to 24 beamlines. The
EC and Japan have chosen to extrapolate from positive ion technology (high energy
and high current) while the USA has chosen to pursue ESQ (electrostatic quadrupole)
technology (high energy and low current). The USSR is uncommitted. A)! par-
ticipants agree that, up to 1.5 MeV, DC accelerator technology is appropriate and
the above RF technology should also be considered.

The accelerator has been flagged as a difficult development task due to the high
energies and currents required. Power supply development will be required in the
areas of packaging, power transmission at high voltage and protection systems. The
voltafe> and power levels are considered to be within the state of the art. A neutralizer
with improved efficiency is considered a high leverage item and will be investigated.
A plasma neutralizer could have a neutralization efficiency > 75% which is a signifi-
cant improvement over a gas neutralizer which has an efficiency of <60 %. A con-
tinuous vacuum pump, such as a continuous cryopump, suitable for the ITER
beamline application must be developed. Handling of the excess ions, due to the high
energies and power, is viewed as a technical problem area.

The development of a suitable plasma generator for the ITER requirement is
sufficiently complex and important that parallel efforts will be supported. The state
of the art for plasma generator technology is similar in the EC, Japan, USSR and
the US, but below the ITER requirement by a factor of 2 in current density and sig-
nificantly below the requirement for gas and electrical efficiency (without Cesium).
Though Cs significantly improves plasma generator performance, the use of Cs
poses some difficulties: 1) it can degrade the voltage holding ability of the accelera-
tor, 2) stable steady state operation for a two week pulse length may not be possible,
3) migration of Cs into the fusion plasma is unacceptable.

Each of the participants are evolving a conceptual design for ITER. The par-
ticipants will proceed with their respective system designs and meet at least semian-
nually, to review and critique each others work. A common design will begin to
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TABLE VI-16. ITER NEUTRAL BEAM CONCEPT

269

Ports

Number
Width (m)
Height (m)
Power/port (MW, D°)

Beamtines

Number, total
Beamlines/port
Power/beamline (MW, D°)
Power/beamline (MW(e))
Overall efficiency3 (%)
Source to port (m)

Sources

Number, total
Number/beamline
Power/source (MW, Do)
Power/source (MW(e))

Accelerators

Type
Energy (MeV)
Current (A)
Beamlets/source
Divergence (mrad, 1/20,1/e)

Plasma generators

Current densityb (mA/cm2)

EC

3
=0.8
= 3.4
37

24
8
4.6
10
46
40

48
16
2.3
5

ES
0.45-1.0
5
60
±3

20

Japan

4
0.6 (min)
3-4
25

4
1
25
50.5
44
40

4
1
25
50.5

ES
1.0
50.
NA
±5

25

USSR

3
1
2
36

6
2
18
45
40
40

18
3
6
15

ES
1.0-1.2
5 13
140
±5

50

USA

4
1
3.5
23

12
3
7.5
16
45
35

24
2
3.8
8

ESQ
0.8-1.6
5
50
±5

15

A gas neutralizer, with an efficiency of 60%, is assumed for the baseline. Use of a plasma
neutralizer could raise the overall efficiency from 45% to 60%.
The EC, Japan and the USA assume a volume production plasma generator without
cesium. The USSR does not stipulate the type of source nor whether cesium will be used.
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evolve early 1989 and at that time the participants will specialize in their contribution
to the design activity. To ensure overall competence, the participants, to a lesser
level, will continue with their own design.

VI.2.6.2. Lower hybrid wave systems

VI.2.6.2.1. Introduction

Lower hybrid waves will be used in ITER in all the proposed scenarios for
steady-state current drive in the outer half of the plasma column, for current ramp-up
assist and plasma heating to the operation point, and in conjunction with ECW, for
profile control and possibly for plasma and current initiation (see Section VI. 1.4).
The most severe requirements to the design of the complete sustem are set by the
first of these functions because of the high frequency needed and of the high perma-
nent (and accidental) power load on the antenna.

The frequency selection (presently open in the bracket 4 to 8 GHz), will be
finalized by 1989 on the basis of theoretical and modelling studies in course, as well
as of exploratory studies — being currently launched — comparing the respective
technological merits of different frequency choices for the launchers and the genera-
tors. These studies shall also show to which extent a single system can be used to
fulfill (at least) the two first functions which require the largest power levels.

Large systems for high power LHW are currently running (JT-60) or being
built (T-S and JET: 3.7 GHz; FT-U: 8 GHz). The experience acquired with these
systems is expected to cover most of the technical issues identified as critical for
ITER. No major development steps are anticipated to be needed beyond extensions
of the present day's technology although ITER steady-state conditions sets severe
requirements to the LHW launchers.

We describe below the major components of a LHW system for steady-state
operation in ITER, the related critical issues and development needs, the choices
taken as basis for the design and give general dimensioning guidelines.

VI.2.6.2.2. LHW launchers

Baseline design
The baseline design shall use grill launchers, universally adopted in the present

systems and which are — or will be shortly — submitted in large devices to operating
conditions already relevant for ITER (long pulses, high power load, low and high
frequencies, large arrays...).

Conceptual designs of LHW systems for ITER-like devices, based on grill
arrays at the two limits of the frequency bracket have been presented [1]. It is pro-
posed in a first step of the design activity, in order to provide further elements for
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the frequency selection, to iterate (with ITER parameters) and detail these concepts
both for f = 4 GHz and for f = 8 GHz.

The main problems identified in designing grills meeting ITER steady-state
requirements are related to the proximity of the grill launcher from the scrape-off
layer and most of them are more difficult with increasing frequency:

Efficient matching of the grill requires a plasma density at the grill mouth
larger than about 1018 m 3 at 8 GHz (this density scales roughly as f2). The grill
which must retain its geometrical integrity under normal and disruption load, is made
of rectangular waveguide apertures stacked along their large side with a short perio-
dicity (scaling like 1 f and of about i cm at 4 GHz). The cooling must be accom-
plished through the vertical space separating two grills and through the very thin
septa between the waveguides. The RF power losses are also increasing with the
frequency. The previous issues, as well as the problems related to electromagnetic
forces, use of guard limiters, pumping, etc., are already met to various degrees in
present day systems and have received solutions which in principle appear in their
main lines adaptable to ITER [1]. A new specific issue needing dedicated studies
concerns the behaviour of the waveguide wall material under neutron bombardment
— especially with respect to the possible occurrence of RF breakdown.

Advanced launcher concepts
Although the conventional grill design appears applicable to ITER, the difficul-

ties mentionned above encourages the development of new schemes which have been
evoked. Such proposals could be considered for ITER if they were developped till
end of 1989 and, if sufficiently attractive, tested in a tokamak by 1990.

Power splitting
The power which can be launched is limited to 5 to 10 kW/cm2 of waveguide

aperture (at the low and high lmits of the frequency range respectively). This implies
the use of a very large number of waveguides (of typically 6 to 2 cm2, at the same
limits) and imposes the use of power splitters to restrict the number of vacuum win-
dows and to match the power delivered by the power generators. These splitters can
be conventional microwave couplers, sectoral horns (e.g. INTOR design), mul-
tijunctions - which have proven to allow a very compact design, limit strongly the
overall reflection and will be used in the T-S and JET experiments, etc. The power
splitters should be chosen in order to allow a good control of the radiated wave
spectrum.

Main design guidelines for the launchers
The following main guidelines are proposed at this stage for the baseline

launcher design:
A launcher unit will occupy a radial access of ITER. It should be checked

whether an overall toroidal width of 1.1 to 2 m is sufficient, the height could reach
up to 3.4 m.
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Alternatively, it should be checked whether oblique access, following the
maintenance scheme of the blanket elements is conceivable and advantageous.

The grill units should be radially movable in order to match the plasma condi-
tions encountered in the various operation modes.

The power splitting scheme should allow a flexible control of the launched
wave power spectrum using phase-controlled power units of 1 to 2 MW each.

The vacuum windows should be placed behind a sufficient shielding.
The overall coupling efficiency should be optimized.

VI.2.6.2.3. Transmission lines

Baseline design:
Present day technology offers a good basis to meet ITER requirements; if the

highest frequency range was selected, oversized waveguides — with possibly mode
converters to match the mode of a gyrotron amplifier — could be a better choice to
minimize transmission losses.

VI.2.6.2.4. Power sources

Only minor developments beyond the present programme are required to pro-
vide RF sources meeting the ITER requirements since RF power generators for long
pulse operation and delivering of the order of 1 M W/unit shall be available next year
at both limits of the frequency bracket (3.7 GHz: 0.7 MW, 10 s, efficiency
e * 50% — 8 GHz: 1 MW, 1 s or 0.5 MW, CW e * 50-60%).

Depending on the frequency choice, different routes will have to be followed
for the development of high power CW generators. At the bottom of (and probably
outside) the range of frequency needed for steady-state LHW CD, the 3.7 GHz klys-
tron line presently followed could be prolongated and yield CW tubes delivering
1MW operating by end 1991.

Alternatively, if the upper range (ca. 8 GHz) was selected, the present gyro-
tron development could also be pursued towards long pulses to obtain a prototype
by mid 1992.

In the intermediate range of frequencies, both gyrotrons or klystrons can be
envisaged, the aim of more than 1MW per unit being possibly achievable in the
former case. Both lines would require a development time of about 2 years.

Vl.2.6.3. Electron cyclotron system

There are two electron cyclotron (EC) systems being considered to deal with
four possible applications of EC for ITER; (1) start-up (plasma formation and current
initiation); (2) current profile control, (3) heating, and (4) central current drive. The
first two of these tasks could be performed by an EC system with a total power in
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the range 10-20 MW, and a frequency of 100-150 GHz. Several programs are
under way to produce a high power gyrotron in the desired frequency range. The
critical design issues for such a system include: the plasma and machine interface
and reliable gyrotrons.

A larger system at higher frequency would be required if an EC system is used
for current drive and heating. Since central current drive is the more technologically
demanding task, the system requirements are largely determined by the demands of
current drive. We require high current drive efficiency for central current drive. This
is only possible with microwave sources at upshifted (relative to the cyclotron
frequency at the magnetic axis, fce) frequencies, f > 1.3 fce. For ITER this will
require frequencies in the range 180-200 GHz. The required power will be between
60 and 140 MW (the exact value will be specified after detailed modeling calcula-
tions are performed). Critical design issues here include: development of an EC
source at the desired frequency with reasonably high power rating so as to minimize
the number of sources required, RF windows which can reliably isolate the EC
source(s) from the plasma and tritium contamination, and RF components which will
make such a large and complex EC system possible.

This larger EC system would be used in ITER if the physics of EC current
drive is proven in a large experiment, and if EC sources with output power in the
range of 1 MW or more per unit can be developed at these higher frequencies. If
EC current drive is not used, then the system with a power in the range 10-20 MW
and frequencies in the range 100-150 GHz would be used to assist in start-up and
current profile control.

This design description assumes a gyrotron based implementation of EC on
ITER. In doing so, it assumes that qualities of the 1 MW, 100-140 GHz gyrotrons
now in development in the EC, in Japan, in the USA and in USSR are a good guide
to the qualities of an eventual 180-200 GHz. If new power sources like CARMs
(cyclotron autoresonance masers) or FELs (free electron lasers) with the potential
of higher efficiency are developed in time, they will be considered for ITER as they
become available.

The required power for either EC system implies tens to more than
100 gyrotrons. The output from separate gyrotrons cannot be combined into a high
quality beam for efficient transmission to the torus. However, if gyroklystrons, like
those under development in Switzerland, become available then it may be possible
to combine beams from many gyroklystrons and considerably simplify the micro-
wave transmission system and the reactor interface.

A conceptual design for the ITER EC system has been presented by LAP,
Gorky. It involves blocks of 20 gyrotrons. One such block would provide an
implementation of the smaller EC system for the start-up and current profile control;
while if the block was replicated three to seven times it would provide an implemen-
tation of the larger EC system for central current drive.
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VI.2.6.3.1. IAP conceptual design

The system will consist of blocks of 20 gyrotrons. The distance from each
block to the torus would be 40-80 m (see below). The microwaves would be
transmitted from each gyrotron to the torus with individual quasi optical transmission
lines formed by a series of confocal mirrors. These mirror transmission lines provide
an acceptable transmission coefficient, e = 0.8-0.85. The system of mirrors can be
simply adapted to bend around obstacles.

The microwave beam from the gyrotron will be transformed into an eigenmode
of the mirror transmission line, Hm p, with the help of a convenor installed in the
gyrotron. This convenor includes waveguide cut and the correcting mirror. The effi-
ciency of this transformation today is approximately 0.8-0.9 (depending on the mode
index). With further work it can probably be increased to 0.9-0.95.

In the proposed design the distance between mirrors LB « 5.85 m was
chosen to be close to the distance between the gyrotrons. The angle between the wave
and the mirror is 6 = 70°. The ohmic losses during a single reflection from the
mirror (Al) are

dP/P0 < 2 x l O " 3

The mirrors are sized to provide comparable diffraction losses,

dP/Po » 4 a2/cos $

where a « 0.9 (LB c/f)l/2 = 10 cm. The mirrors have to have quadratic curvature
to provide correction for the phase fronts. The transmission line from each gyrotron
contains 10-15 mirrors.

The length of the mirror transmission lines may be simply increased by
increasing the distance between mirrors, in the example presented to 1! m. Every
such step increases the losses by only 1-2%. It is also possible to change the vertical
height of the transmission system.

The use of a combined mirror and waveguide transmission line has also been
investigated. In this option the beam is transmitted by mirrors near the gyrotrons and
the torus and by oversized, corrugated waveguides (about 70 mm diameter) over
straight runs between the gyrotrons and the torus.

The microwave launching system into the tokamak is designed in such a way
that switching from the start-up and cyclotron heating mode to the current drive
mode occurs automatically according to changing plasma parameters. The EC beam
is injected at angle (30-35° to the perpendicular) and polarization (O-mode)
optimized for central current drive. The gyrotrons are distributed over a range of fre-
quencies to provide cyclotron resonance on different flux surfaces. During the start-
up phase the wave propagates through the plasma practically without losses as an
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O-mode. It is reflected from the inner wall into a mixed polarization with a high con-
tent of X-mode. On the second pass through the plasma there is then breakdown and
preheating. As the density and temperature rise the incident ordinary wave begins
to be absorbed by the plasma. This provides the final heating stage and the transfer
to the current drive regime.

If it proves to be impossible to use the same launch angle and polarization for
both start-up and steady-state current drive it will be necessary to change the launch
angle and polarization mechanically. This will be possible if the last mirror is located
near the plasma.

VI.2.6.3.2. Windows

Windows in the gyrotrons and torus ports will ensure the quality of the toka-
mak and gyrotron vacuum systems, and provide for containment of tritium. The win-
dows will be actively cryogenically cooled. Windows will be replaceable by remote
maintenance if located adjacent to the machine.

A program must be established to investigate the electronic properties of
materials for the window at 200 GHz. This research should investigate several
materials, including sapphire, alumina, diamond, and fused silica. Cryogenic cool-
ing of the windows should also be investigated.

VI.2.6.3.3. System description

The EC system includes the power supply for the RF sources, gyrotrons, trans-
mission lines, windows, and I&C.

Power supplies include transformer/rectifiers, high voltage crowbars and
modulator/regulator tubes. The power supply is similar to existing EC and positive
ion based NB systems.

The gyrotrons for the ITER EC system is an R&D item. The key issues are
research on the gun and cavity design. Thermal engineering developed for the
140 GHz tube will be incorporated with a physical design for 180-200 GHz in
developing a prototype tube. The tube will operate with a higher electron beam
current, and could therefore produce higher output power, in the 1 MW range, if
higher ohmic losses in the cavity appear tolerable. Single cavity oscillators are pro-
posed, including quasi-optical systems. The research must also provide a test of the
electron beam tunnel (especially important for the quasi-optical gyrotron, where
beam instabilities may develop). The use of coaxial cavities is also feasible in the
proposed research. Superconducting magnets are within the existing state of the art.
Vlasov type internal mode convenors are used to obtain Gaussian beams and at the
same time to expand the millimeter wave beam, reducing the power density and
allowing potential use of an output window (Fabry-Perot system for the quasi-optical
version).
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VI.2.6.4. Ion cyclotron system

VI.2.6.4.1. Preliminary physics requirements

General

ITER requires about 100 MW of ion cyclotron frequency range (ICRF) power
to raise the plasma temperature to ignition and to drive about 13 MA in steady-state
operation.

For the nominal operating magnetic field, plasma heating is performed with
the second harmonic tritium resonance placed approximately at the center of the
plasma. Steady state current drive requires higher frequency ( = 6 0 MHz); displac-
ing the f = 2 fcT resonance to the inboard part of plasma to permit practically com-
plete wave absorption by electrons.

Operation in pure hydrogen, H-deuterium and D-D plasma requires to make
use of the minority heating schemes: H(He3), H(D), D(H) — and second harmonic
schemes 2 fcD, 2 fcHe3-

This, in conjunction with the possibility of testing the back up current drive
options f < fcD, 2 fcD < f < 2.5 fcD. during the physical phase of ITER operation
defines the frequency range for the RF generator: 35-100 MHz.

Antennas

The Antennas should have a large radiating surface (mainly in toroidal direc-
tions) l z = 1.6-1.8 m, 19 = 3.0-3.2 m (poloidal size) in order to:

(a) Overcome the coupling problem in diverted plasma (small K( values are
preferable)

(b) Provide for current drive a narrow radiated wave spectrum with a good wave
directivity in the range of parallel refractive index nj = 1.4-2.0

(c) Provide for the bulk heating scenario K| = 0.05-0.07 cm~' required for
adequate coupling and single to double pass absorption through cyclotron
resonance layer including possibility of symmetrical K| spectra. For second
harmonic tritium scenario it requires n§ * 4-6

(d) Diminish the role of non-linear effects in the peripherical layers of the plasma
by decreasing the specific power flux.

The electrostatic antenna Faraday shield rods must be oriented parallel to the
total magnetic field to eliminate the excitation of slow waves presumably responsible
for surface plasma heating.
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Preliminary system requirements

General

The major critical issue that must be covered during the design of ICRF system
include:

1. RF parameters
2. Antenna parameters
3. Outline of ICRF system
4. Electrical design
5. Heat load (including nuclear heat)

— load in exciting elements
— heat in Faraday screen
— heat in coaxial cable

6. Electromagnetic forces

— exciting elements

— Faraday shield

7. Mechanical consideration at disruption

— electromagnetic stress
— thermal stress

8. Antenna configuration
9. Generator

— high power sources
— 5 MW RF module
— antenna feeding modes (homodyne,...)

10. Transmission line
11. Matching system
12. Radiation damages of feedthrough
13. Influence of neutron radiation on the conductivity of launcher elements
14. Layout of a system
15. Power supply for generator
16. Instrumentation and control

The ICRP preliminary system requirements are listed in Table VI-17.

The overall grid-plasma efficiency of the ICRF system should reach 65-70% when
high power amplifiers are operating in the class "C" regime.
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TABLE VI-17. ION CYCLOTRON CURRENT DRIVE AND HEATING
SYSTEM REQUIREMENTS FOR ITER

Frequency range of generator

Frequency for bulk heating

Frequency for current drive

Back up CD frequencies

Absorbed power (preliminary)

Number of antennas

Power per antenna

Radiating surface of antenna

Type of antenna

Antenna location

Access to the torus

Frequency deviation

Feeder line

Length of feeder

Matching system

Overall efficiency
I n, spectrum range

f = fcD - 2.5 fcD (35-100 MHz)

f = 2 fcl

2 fcT < f < 2 fcD
(preferable scheme)

2 fcT < f < 2 fcD

100 MW (+20 MWa)

4

25-30 MW

= 1.6 m x 3 m

waveguides or loops

outboard (around equatorial plane)

typical: = 1.6 m x 3 m, radial

TBD

coax

« 100 m

e.g.: stubs and frequency change

= 65%-70%
1.4-6

Additional power for redundancy.

Antennas

— Antennas should be of the metal type and have a large radiating surface.
— They should be of modular construction to allow installation and removal

through the equatorial ports
— Alternatively, oblique access could be considered
— The antenna wave exciting elements (current carrying elements), located just

behind of an electrostatic Faraday shield, can be of two kinds: waveguide elements
and loop elements (two options). The waveguide option, adequate to large reactor
sizes, possesses the advantages of low impendance system simultaneously with the
absence of high voltage central conductor and its support, characteristic for the usual
loop antennas-
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— To produce the adequate spectnim for IC ITER current drive the toroidal
dimensions of exciting elements must be about 0.25-0.3 m and 12-16 of these ele-
ments should be used. This requires not oniy that the toroidal dimension of a single
antenna be about 1.6-1.8 m, but also to have two antennas in adjacent ports to create
an integrated radiating surface with a length lz « 3.2-3.6 m. The power capability
of such a couple is evaluated about 60 MW for a loop option and is greater for
waveguide option.

— The Faraday shield — submitted to the same thermomechanical constraints as
the first wall shall be treated as a wall component (cooling, use of radiative tiles
etc. ...). It must be nontransparent for fluxes of neutral atoms and transparent for
e.m. fields with electrical field polarization perpendicular to the total magnetic field
(alignment with tokamak field).

— Vacuum RF window

location — outside of shield by making use of the bends. Convenient for remote
handling replacement
two options: 1) ceramic vacuum brazed and e-b welded; 2) ceramic vacuum titled
w/o brazing and welding
double window with pumping port for interspace that can be isolated.

— Antenna vacuum system

pumping on each vacuum transmission line
pumping speed — TBD
type of pump — TBD

full tritium compatibility.

— Valve

all metal
tritium compatible (double bellows, pump interspace, monitored).

— Transmission line
Radio frequency transmission is accomplished through an =100 m-140 m

coaxial transmission line. The transmission line must include 10-20 KV dc isolation
section to protect the generators and personnel from high voltage generated during
a plasma disruption.

VI.2.7. Impedance matching system

A matching system must be provided and could use variable tuning stubs near
the generator and feedback controlled fast small frequency variation.

Trombones allow the transmission line length to be equal or to be the present
values needed for current drive/heating phase shifts in the antenna elements.
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TABLE VI-18. PRELIMINARY SYSTEM REQUIREMENTS

Total injected RF power, MW - 100 (+20)a

Frequency range, MHz 35-100

RF power unit, MW e.g. 5

Number of units 20

(+4)

Pulse duration CW

Number of present frequencies (by steps of 4 MHz) 16

Each unit must be provided with RF test leads and high power coaxial RF switches

" Additional provision for redundancy.

A prematch coaxial stub near the antenna is also needed to operate at low
antenna loading resistance (to reduce high voltage, reduce current standing waves,
reduce coaxial losses). During steady state current drive the new matching procedure
via tuning of the resonant generator elements (anode cavity, etc.) must also be
considered.

RF generator and DC power supply RF generator

Preliminary system requirements are listed in Table VI-18.

A proposal for an ITER ICW system has been worked out in its general
lines [1],

REFERENCE

[1] VDOVIN, V., ITER Report, to be published.
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VI.3. NUCLEAR ENGINEERING

VI.3.1. Tentative operation parameters

The operating schedule of ITER is based on two stages of operation: Physics
and Technology Phases. Between these two phases in-vessel components are likely
to be changed; therefore, the design of components can differ between the two
phases. Tentative operating conditions and parameters based on the definition phase
of the ITER design are presented in Table VI-19(a). Those parameters correspond
generally to the ITER design parameters (Chapter VIII) and include some additional
information necessary for design work. These parameters will probably be modified
during the next ITER session.

TABLE VM9(a). LIST OF TENTATIVE PARAMETERS FOR IN-VESSEL

COMPONENTS

Operation phase

Maximum fusion power, MW
Maximum thermal power, MW

Plasma configuration
major radius, m
minor radius, m
elongation

Number of pulses x 104

Plasma energy, MJ
thermal
magnetic

First wall
neutron fluence, MW-a/m2

average
maximum

Availability, %
average
maximum
peak (2 week period)

Pulse burn time, s
Pulse off-burn time, s

Physics

1000
-1300

5.8
2.2
1.88

1

<900
<1000

0.02
0.03

low
—
—
—

2 x 102

=>103

Technology

700-1000
1000-1300

5.5
1.8
2.0

2-5

<600
<400

1-3
1.5-4.5

= 10
= 25
close to 100

(1-3) x 103

>102
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TABLE VM9(b). MAIN BLANKET/SHIELD REQUIREMENTS

Operation phase

Net tritium breeding ratio

First wall/blanket thickness", cm

inboard
outboard

Segmentation

inboard
outboard

Test modules dimensions, m

location

Magnet protection criteria
insulation dose, radiation
fast neutron fluence, n/cm2

total nuclear heating, kW

Passive stabilization
copper thickness, mm
location

Physics

External supply
of 1-2 kg of tritium

15
15

32
48

1 x 2 x 0.5

midplane

<50

3-6
outboard

Technology

1.0

25
85

32
48

outboard

(2-5) x 109

up to 1019

<20

3-6

* Including gaps

TABLE VI-19(c). TRITIUM FUELLING/EXHAUST SYSTEM

Operation phase

Tritium flow rate

Consumption

(at 25% availability)

Plasma chamber

exhaust composition
D-T, %
He, %
other, %

Permissible water leakage, g/s

Pumping speed at the

entrance of pumping duct, L/s

Physics

TBD

low

Technology

TBD

14 kg/a

94
5
1

10"8

-10*
y
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Upper divertor unit

removable
blanket/shield

fse Dentation - 3)

Inboard removable
blanket/shield

(segmentation = 2)
Lower divertor unit
(s«j»entation = 3)

FIG. VI-41. In-vessel components.

VI.3.2. In-vessel configuration

The vacuum vessel (VV), integrated with the cryostat, creates a vacuum
boundary which has ports for in-vessel component maintenance. The lower (oblique)
port serves for maintenance of the lower divertor unit; all other in-vessel components
(inboard and outboard blanket integrated with the first wall and shield as well as the
upper divertor unit) are maintained and fed with coolant lines through the upper (ver-
tical) port (Fig. VI-41). There is also the possibility to use the mid-plane VV ports
for removal of divertor units or maintenance as well as water supply of the lower
parts of the outboard blanket (OB).

The inboard blanket (IB) thickness is defined by shielding considerations and
providing sufficient mechanical rigidity. For the physics phase this thickness is esti-
mated to be 15 cm; for the technology phase — 25 cm (including the gap between
the VV and IB and first wall protection). The thickness of the OB is 85 cm for tech-
nology and 15 cm for the physics phase. In accordance with the number of toroidal
field coils, all in-vessel components are separated into 16 sectors. Each IB sector is
divided into 2 segments which is the minimum number of segments which can be
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(fin. shift of th» inboard _
blanket segment to be remved Inboard blontet

•" \f~~jjg Removable seoient
— ' ready for l i ft ing

diverlor unit

Outboard blanket

di ttrtor mil

FIG. VI-42, Plasma chamber plan and cross views.

removed through the upper window (without removal of the outboard blanket
(Fig.VI-42). The OB is divided into three segments as well as upper and lower diver-
tor units to provide removal and installation of these elements through existing ports.
The side segments are installed first, then the middle (wedge) segment is inserted.

For in-vessel component attachment to the VV, bayonet hooks are used
(Fig. VI-43). Each segment of IB and OB has two poloidal rails upon its back. These
rails carry hooks which are inserted into corresponding holes in the VV. After the
segments are lowered by ~ 180 mm, they create a lock providing alignment of the
segments and rigidity to withstand electromagnetic disruption forces.
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Hook coot ing scheme

Hjter chonntls | |

Voter/

FIG. Vl-43. Scheme of blanket-vacuum vessel attachment.

The segment's weight is fully transferred to the upper flange. There are
~ 3 mm gaps between the VV and hooks to provide clearance for assembly. For dis-
mantling a segment should be lifted by ~ 180 mm and then moved by > 50 mm away
from the VV to release the hooks. This operation is similar for all segments of the
IB and OB. The central OB segment can be simply removed vertically. The side OB
segments, after the central segment is removed, are moved to the center area
(horizontally) and then raised. The IB segments must be moved radially by ~ 2 m
(similar to the OB) and tangentially by ~ 3S0 mm to get under the upper part. Special
tools will be used for the IB segments and OB side segments for lifting because their
weight is not loaded symmetrically on the flange. The weight of the IB segment is
about 4 tons, whole OB segments weigh about 25 tons.
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FIG. VI-44. Radial build-up at midplane.
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FIG. Vl-46. Outboard blanket segment with passive stabilization loop (side conductors are
carried by attachment rails).
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TABLE VI-20. MAIN OPERATING REQUIREMENTS FOR PLASMA FACING COMPONENTS OF ITER

Operation phase

Components

1. NOMINAL OPERATION

Average neutron wall load

Heat flux average
peak

Total number of load pulses

Average pulse duration

Typical 'off burn' time

Average neutron fluence

Peak irradiation damagec

Peak incident particle
flux
energy

MW/m2

MW/m2

MW/m2

104

s

s

M W a r n " 2

DPA

Hpm-2-*-1

eV

First
wall

1.0

0.1-0.2
0.5-1

1.0

102

>103

0.02

0.3

1
10-200

Physics

Divertor
plates

0.6

0.1-0.2
up to 15"

0.2"

102

>103

0.004b

0.02"

(5-lO)xlO3

100-800

First
wall

1.0

0.1-0.2
0.5-1

2-5

(l-3)xlO3

>102

1-3

12-45

1
10-200

Technology

Divertor
plates

0.6

0.1-0.2
up to 25a

0.4-lb

(1-3)X1O3

>102

0.1-0.4"

0.6-2"

(5-10) xlO3

100-800



2. DISRUPTIONS

Thermal quench
Total number at full load
Time
Peak energy deposition

Current quench
Total number at full load
Time
Radiative energy deposition
Run-away electrons

ms
MJ/m2

ms
MJ/m2

MJ/m2

1000
0.1-3
2.5

2000
5-50
2
50-500

200"
0.1-3
5-10

400b

5-50
2
50-500

10-100
0.1-3
2

10-100
5-50
1.5
50-500

2-20"
0.1-3
5-10

2-2Ob

5-50
1.5
50-500

* For double-null plasma on outboard divertor plates with 20° inclination to the separatrix, assuming ignited operation in the physics phase and
driven operation (with Q ~ 10) in the technology phase.

b Assuming about 4 divertor plate replacements during each phase.
c For austenitic steel and carbon based material in the first wall and divertor, respectively.



290 CHAPTER VI

Electromagnetic forces during disruption are distributed non-uniformly on the
FW surface (the results of calculations will be described in "Technical Notes") and
can be roughly estimated as 7.5 MN on each quarter of the IB segment. Thus
8 double hooks 160 x 50 x 40 mm are needed for each quarter. The material of
the rails and hooks is the same as the blanket structure — austenitic 316 SS. Bars
and hooks are cooled with water flowing in channels. More detailed structural analy-
sis is required to confirm the feasibility of this design approach.

The radial build-up of the machine is shown on Fig. VI-44 for operation in the
technology and physics phases. The inboard and outboard blanket segments will be
changed between two phases. The relative blanket construction schemes are shown
on Fig. VI-45.

Figure VI-46 shows an outboard blanket option for the physics phase, provid-
ing passive stabilisation of plasma with the help of saddle copper loop. Toroidal
(upper and lower) conductors of the loop are located between the first wall and
blanket casing. Poloidal sides of the loop are located on the attachment rails outside
of the blanket segment, electrical confcc' between poloidal and toroidal conductors
being provided through the steel wall.

The segment with neutral beam port should be split into upper and lower parts,
assuming maintenance and access to the lower part through the horizontal window.

VI.3.3. Plasma facing components (PFC)

VI. 3.3.1. Operating requirements

ITER has to be designed with great flexibility with respect to the accessible
plasma parameters, which can currently only be predicted with significant uncer-
tainty. This is in particular important for the plasma facing components (PFCs)
whose operating conditions will first be more clearly established in the physics
phase, so that an optimisation of these components will only be possible during and
after the physics phase. Such improvements of the PFCs is essential for the operation
in the technology phase, which could be crucially limited by the performance of these
PFCs.

Table VI-20 summarizes the current working hypothesis for the expected PFC
operating requirements during:

— the physics phase with emphasis on ignition studies on plasmas with up to
25 MA current over a total burn time of about 300 hours

— the technology phase with long pulses driven inductively or non-inductively at
plasma currents down to IS MA over a total burn time of at least 1 year.

In addition to the required flexibility for different plasma parameters, the cur-
rent uncertainty concerning the plasma edge physics and plasma wall interactions
contribute to a wide range of possible PFC operating parameters, such as:
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— For nominal operation, the prediction of the peak surface heat flux is so far
rather uncertain mainly due to neutral beam shine through and because of lack
of information on localized fusion alpha particle losses induced by the toroidal
field ripple.

— The nominal divertor peak heat fluxes are here given on the basis of plasma
edge modelling for ideally symmetric double null plasma configurations (see
Section VI. 1.2). For the design, these heat fluxes for L-mode assumptions
have been increased by a factor of 2 to allow for uncertainties in the modelling,
for single null operation and for geometrical misalignment. It should be noted
that in present large tokamaks peak heat fluxes of up to 10 MW/m2 have
already been observed on divertor plates.

— The energy of the particles impinging on the divertor can only be predicted
with major uncertainty, the values for ITER are however clearly higher than
for, e.g. INTOR due to the present trend towards higher fusion powers (for
confinement) and lower densities (for non-inductive current drive). As a conse-
quence, high Z materials with a low threshold energy for sputtering appear in
most cases under the assumptions of current models not feasible as armor on
the divertor plate.

— For disruptions it is assumed that their overall frequency of about 30% in the
present large machines can be reduced down to typically:
• 20% in the physics phase, of which only one half would be at full load and

would correspond to the value in present machines due to falling debris or
without explanation.

• Less than 0.2% in the technology phase, which would require the develop-
ment of disruption control methods including the virtual elimination of fall-
ing debris, e.g. via single null operation. In addition, the peaking factors
and form of the energy deposition during disruptions are not well known.
This is also true for run-away electrons where for JET highly localized
energy depositions of up to 500 MJ/m2 have been observed.

VI. 3.3.2. The first wall (FW)

VI.3.3.2.1. Plasma facing FW armor

Based on the experience with present large tokamaks, it is now well established
that at least some local armor of low-Z material is required on metal FW surfaces
for the following reasons:

— to cope with the energy deposition by the plasma and run-away electron jets
during start-up and disruptions to prevent excessive heat loads and melting

— to improve impurity control, mainly during start-up
— to protect against neutral beam shine-through.
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The assumed disruption energy deposition would cause melting of an
unprotected steel FW in a depth of about 0.1 mm. This should be avoided because:

— repeated melting by disruption produces cracks and changes in the structure
which have been shown to cause a reduction of up to 90% of the fatigue life.
However, crack propagation analysis indicates contradictory results depending
on the assumptions, and

— damage by run-away electrons has shown that part of the melt is removed by
splashing so that a hundred or more disruptions could lead to a loss of material
of several millimetres.

Local sub- or guard limiters are thought to protect the steel FW surface
between the limiters against melting from energy deposition by plasma contact dur-
ing the "fast" thermal quench phase of disruptions. However, this is not certain and,
furthermore, at the high magnetic energy of ITER during the "slow" current decay
phase of disruptions, a significant energy deposition would anyhow occur by radia-
tion even between guard limiters and would result in peak steel temperatures close
to melting. Hence, several hundreds of these current decay disruptions would most
likely also lead to cracking and significant reduction of the nominal fatigue life of
the FW-steel structure.

In conclusion, because of the highly uncertain disruption conditions and the
already severe thermal fatigue life limitation of FW it is now recommended:

— for the physics phase, to protect a major part of the steel FW by an armor
— for the technology phase, to reduce the FW armor coverage down to local

guard limiters on the basis of the experience gained.

For the protection armor a low-z material will be required in order to:

— minimize the high-Z impurity influx into the plasma
— spread the energy deposition from run-away electrons over a larger volume

thus minimizing local overheating and damage; it is estimated that more than
1 cm thickness of such protection tiles is required.

A comparison of potential plasma facing armor materials makes it quite obvi-
ous that fine grained graphite and carbon fiber composites (CFC) are the most attrac-
tive choices for ITER armor tiles due to:

— their unique high temperature capability, which for typical FW disruptions is
limited by sublimation of 10-20 jtm above 3000°C instead of melting more
than 100 pm as.e.g. for beryllium at 1277°C

— their superior thermal shock resistance, which is estimated to permit nearly an
order of magnitude higher disruption heat loads than for, e.g. beryllium or
silicon carbide.
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These considerations are supported by the good performance of graphite as a
FW material in present large tokamaks. There are, however, also several critical
issues associated with the use of carbon based materials as FW armor:

— Irradiation damage is expected to limit the armor life due to swelling to a neu-
tron fluence of 1-3 MW-a/m2, this would however, only be a concern for
future power reactors

— Radiation enhanced sublimations sets an upper limit for normal operation of
graphite at around 2000°C with an estimated total erosion of about
20 mm/year. Substantial quantities of dust are produced by erosion which put
constraints on vacuum pumping and maintenance.

— There are indications that the retention of hydrogen and other impurities in
graphite tiles could be very high at temperatures up to about 1000°C — espe-
cially with irradiation damage — while raising the temperature seems to reduce
the impurity content in the graphite. This instead may lead to outgassing
problems, therefore baking of the armor at about 350°C is mandatory.

— Water and/or air ingress into the plasma chamber with carbon material above
1000°C could represent potential safety hazards which now are studied in more
detail.

RIGID SOX V i m VELOCO
SHIELDING PUffS

BOX VIM 5LIDIX
SHIELDING PUK5
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FIG. Vl-47. Mid plane cross-section of out-board first wall (FW) & shielding blancket seg-
ment with electron beam welded (EBW) FW panel concepts for poloidal, double contained
water cooling and alternative plasma side protection.
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For initial extensive FW coverage with armor tiles two basic options are being
considered:

(i) Mechanically attached tiles, which are considered as credible solution for the
armor on major parts of the FW because:
— their design and performance is reasonably predictable on the basis of simi-

lar solutions in present tokamaks
— they can be replaced in-situ by remote maintenance equipment.

Two principal options for mechanically attached FW armor tiles are shown
in Fig. VI-47:

— Conductively cooled tiles can be attached via a conical graphite or CFC nut
on bolts in a poloidal groove of the FW structure. This attachment groove
is designed so that the associated peak stresses are not raised above the
values without tile attachment. A flexible graphite layer (e.g. Papyex) is
proposed to compensate for some differential deformation between tile and
steel substrate. Such designs have recently been tested in up to 250 cycles.
The major critical issue to be studied in detail is the variation of the contact
pressure under all operating conditions and the associated likely redistribu-
tion of the heat flux to the steel FW structure.

— Radiation cooled tiles can be attached via poloidal rails in similar grooves
of the steel FW structure as for conductive tiles. The attachment rails and
pins could be made of carbon fiber composites. Unlike for the conductive
tiles, the heat flux to the steel FW surface will be uniform with radiation
and this steel surface can be shaped to eliminate hot spots, so that peak tem-
perature gradients and peak thermal stresses will be less than half of that
of the conductive tile option. The major critical issue is the high tile temper-
ature of up to 2000°C required by radiation heat transfer. However, these
high tile temperatures would lead to low tritium inventories. Blackening
coatings such as A12O3 and TiO2 are therefore required on the steel sur-
face. These coatings also prevent tritium permeation through the
FW structure.

(ii) Bonded tiles, which are probably more suitable as local armor on readily
removable guard limiters than for major parts of the FW because:
— the bonding technology and in-situ replacement procedures for maintenance

have not yet been developed, and
— the frequent removal of complete FW segments would require prohibitive

maintenance times and waste volumes.

Such guard limiters with bonded tiles are also seen as one of the solutions,
especially for the Technology Phase with emphasis on reduced carbon armor and less
disruptions.
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FIG. VI-48. Typical outboard first wall and blanket segment with poloidal cooling.

VI.3.3.2.2. General FW design features

For the development of basic FW concepts for ITER the following main design
objectives are recommended:

— robust design considering the uncertainty in operating conditions
— prospects for high reliability and passive safety
— credibility in the near term with a minimum of unresolved critical issues

requiring R&D effort beyond the next few years
— potential for continued operation into the Technology Phase with some reactor

relevance and smail impact on tritium breeding.

In addition to the requirements for a plasma side armor, the following general
design features have been adopted for the basic FW:

(1) The general architecture of the FW & blanket segments for vertical main-
tenance is shown in Fig. VI-48. The FW panel is integrated into a box enclos-
ing the breeding or shielding units because of the need for:
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— passive plasma stabilisation via a saddle loop conductor consisting of the
FW panel (about 10 mm steel and 3 mm copper) and the box sidewalls with
about ca. 6 mm copper)

— Support for the FW capable withstanding forces due to disruptions: this
requires probably a boxwall thickness of more than 10 mm

— minimum outgassing and leakage of blanket materials into the plasma.
(2) As structure material solution annealed austenitic stainless steel type AISI 316

was selected considering the extensive database, the acceptable irradiation
resistance, the absence of ferro-magnetic effects, the wide temperature range
and the ease of manufacture by welding or brazing.

(3) As coolant for the basic machine water is preferred over helium because of:
— the better heat removal capability at low pressure and low pumping power
— the better shielding properties
— the potential for passive shutdown cooling by natural convection (which

could be enhanced by two parallel and independent circuits in each
FW panel).

Critical issues for water cooling include hazards associated with leaks into the
plasma chamber and limitations of the baking temperature. The nominal FW coolant
conditions are 60-100°C at less than 1 MPa in order to avoid significant primary
stresses and thermal creep in the FW structure. In order to achieve the required limits
for the total coolant leakage of less than 10*8 g/s into the plasma, emphasis should
be given to double containment of the coolant at least in critical areas. First experi-
ments have shown that such a double containment can be achieved by a brazing joint,
which then acts as a crack-stopper.

VI.3.3.2.3. Selection of initial FW design options

The FW concepts proposed for ITER differ mainly concerning the following
features:

— the coolant direction: poloidal or toroidal
— the emphasis on double containment
— the attachment of armor tiles
— the maturity of the design development

From the proposed concepts, two designs (see Table VI-21) are selected as ini-
tial design options for ITER for the following main reasons:

(1) They are clearly the most developed both with regard to design studies and
R&D efforts, in progress

(2) They are representative for the other concepts and propose different coolant
directions, different manufacturing methods and different armor tile
attachments.
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TABLE VI-21. MAIN DESIGN FEATURES OF INITIAL FW DESIGNS

FW Design

Coolant channels

Double
containment

Manufacture of
structure

Armor tile
attachment

studied

Potential
advantages

Prototypical
mock-up
testing

"Poloidal"

poloidal U-tubes
di = 10-15 mm

Brazedc

U-tubes in steel
structure

EBb-welding

and brazing

conductive and
radiative tilesd

higher
reliability

2 test sections

0.5 x 0.25 m tested
1988-89

"Toroidal"

toroidal single
pass e.g. 5 x 5mm
— see Fig. VI-49

Square tubes
between plates via
HIP'

HIP' and EBb -

welding

bonded tiles via
brazingd

higher T-breeding
and heat fluxes

test sections up
to 0.6 x 0.3 tested

1989-90

a Hot Isostatic Pressing.
b Electron Beam.
L Alternatively with a metal intermediate layer.
d The other tile attachment methods could also be applied.

Manifold

FIG. VI-49. First wall with toroidal cooling tubes.
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Consequently, more detailed studies of these two FW designs for ITER will
provide the basis to arrive at an optimum and convincing FW solution by 1990.

Table VI-21 and the examples in Figs VI-47 to VI-49 describe the main fea-
tures of both initial FW designs, which are labelled in accordance with the coolant
direction as the main design difference:

— poloidal cooling with double contained U-tubes has the potential for a highly
reliable low leakage solution with not too high manufacturing complexity.

— toroidal cooling i&ads to more than an order of magnitude higher number of
coolant channels, which however have smaller dimensions with potential
advantages concerning tritium breeding and thermal stresses.

VI.3.3.2.4. Thermomechanical analysis and operating limits

For FW steel structures with disruption protection, modest irradiation damage
and temperatures below the creep range, it is expected that thermal fatigue by the
nominal cyclic heat loads will be the major life limiting phenomenon. In addition,
with radiation cooled graphite tiles, erosion mainly by sublimation is estimated to
limit the peak tile temperature to about 2000 and 1800°C in the physics and technol-
ogy phases, respectively. The peak tile temperature is evaluated assuming reradia-
tion from hot radiative tiles to the surrounding cooler tiles with average heat loads.
Fig. VI-50 shows an estimate of the allowed nominal peak FW heat flux limited by
cyclic thermal fatigue of the austenitic steel structure for both FW options on the fol-
lowing basis:

— The French nuclear design code RCC-MR, which permits higher thermal
stresses than ASME at low primary stresses below 10s cycles. It should be
noted that the design codes include a contingency margin between allowed
fatigue limits and failure of a factor 2 on strain and/or a factor 20 on number
of cycles.

— Numerous 2-D and first 3-D thermo-elastic analyses of the basic FW steel
structure with different protection schemes, assuming quasi steady state condi-
tions and uniform heat flux onto the FW structure. More detailed studies are
required mainly for the whole FW/blanket box and for the conductive tiles to
verify the present assumptions.

For the required total FW life of typically 3 x 104 cycles at about 1 MW/m2

neutron wall load, the allowed peak FW heat flux according to Fig. VI-50 is esti-
mated to about 0.75 and 0.25 MW/m2 for the radiative and conductive armor tiles,
respectively. The significantly higher values for the radiative tiles are mainly
explained by:

— reradiation to cooler FW surfaces
— better possibility for optimization of the FW/cross-section.
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WC. VI-50. Estimated fatigue limits for the ITER first wall in austenitic 316L steel according
to the RCC-MR design code.

It should be noted that a crack propagation analysis indicated for the same heat-
loads a 20-50% longer life than the cyclic fatigue limits given by the design codes.

Comparing these results with the expected operating conditions in Table VI-20
it is concluded, that the FW nominal heat flux requirements can most likely be satis-
fied at neutron wall loads up to 1 MW/m2 by the proposed FW design with:

— radiation cooled tiles (at up to 2000°C) which are required at least on FW areas
where high nominal heat fluxes are expected

— conductively cooled tiles (at up to 1000°C) which could be used on the other
part of the FW with close to average heat flux.
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In order to evaluate the overall feasibility of the proposed FW design concepts
in addition to the thermo-mechanical analysis more detailed studies are required
mainly concerning:

— manufacture and thermo-mechanical testing of prototypical FW structures with
different armor tiles

— electro-mechanical effects of disruptions on FW structure and armor
— irradiation damage effects during the technology phase.

VI. 3.3.3. The divenor plates (DP)

VI.3.3.3.1 Plasma facing DP armor

As DP armor in the physics phase only carbon-based materials are being con-
sidered for the following main reasons:

— High-Z impurities in the plasma are to be avoided.
— C-based materials have the best possible disruption resistance as discussed in

Section 3.3.2.1. This is of particular importance in the physics phase with
typically 1000 major disruptions, which even for graphite are estimated to
remove at least 25 mm by sublimation. Taking into account a limited DP armor
thickness of 5-10 mm and some erosion in normal operation, 5 divertor
replacements are assumed for the physics phase.

— The sputtering erosion of C-based materials is less sensitive to the rather uncer-
tain particle energies than the sputtering of tungsten. The total nominal erosion
during up to 300 hours integrated burn-time should be less than the erosion by
disruptions, if one operates in optimum conditions for redeposition.

— These considerations are confirmed by the generally good experience with
C-based materials on divertors and limiters in all operating large tokamaks.

Amongst the carbon-based materials carbon fiber composites (CFC) are
preferred compared to tine grained graphites mainly because of:

— at least twice higher thermal conductivity, which permits accordingly thicker
DP armor and longer lifetime; it should be noted that for given material con-
straints the armor thickness and hence lifetime is inversely proportional to the
peak heat flux.

— better thermal shock resistance due to the good thermal conductivity, low ther-
mal expansion and high strength.

However, a major concern with CFC is the presently still very poor database.
Most of the critical issues for C-based materials have already been discussed

in context with the FW armor: mainly hydrogen and gaseous impurity retention and
outgassing as well as potential safety hazards. As for the FW armor, baking at 350°C
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will also be required for the divertor. In addition, chemical erosion by hydrogen and
oxygen is another crucial issue.

For the technology phase of next step tokamaks until now, high-Z materials
such as tungsten have been considered as the main candidate for a DP armor with
adequate lifetime. The present trend to higher fusion powers, higher heating powers,
lower plasma densities and consequently to higher particle energies however raises
severe doubts on the feasibility of a high-Z DP armor according to plasma edge
modelling for most of the anticipated plasma scenarios.

It should however be noted that the present plasma edge modelling is associated
with significant uncertainties. Hence, low-Z materials such as C-based materials or
beryllium have to be considered also for the technology phase as alternative to
tungsten:

— The main drawback of these low-Z materials are gross erosion rates without
redeposition of up to several m/burn year

— Assuming typically S divertor replacements during the technology phase, the
net erosion has to be at least 2 orders of magnitude smaller than the estimated
gross erosion. This may be achievable via:

• redeposition
• sweeping of the null-point
• reduction of chemical erosion and radiation enhanced sublimation of carbon

based materials e.g. by addition of Si or B, and DP surface temperature
limitation to less than 1500°C

— Beryllium has no chemical erosion and would permit rapid in situ repair of the
divertor plates by plasma spray.

VI.3.3.3.2. DP design concepts

Figure VI-S1 illustrates an example of the divertor plate configuration together
with a typical heat flux distribution. The simple flat plate geometry facilitates
manufacture and sweeping of the null point. The replacement of the DP is foreseen
by remote maintenance equipment, independent from the blanket segments. In addi-
tion to the flat plate geometry the following other general design features are
recommended:

(i) Poloidal cooling channels with water at low pressure and temperature
( < 1 MPa, < 100°C) in normal operation similar to the FW cooling:

— Each poloidal DP module could be cooled by 2 different coolant circuits in
parallel, so that a loss of flow or coolant in one circuit would permit some
delayed plasma shut down without DP/ melting.



302 CHAPTER VI

Oivector plate

Vacuim vessel * semipermanent shield

A - A

FIG. VI-51. Configuration of divertor plates with heat loads.

— Double containment of the coolant would be desirable as for die first wall in
order to achieve a reliable "zero leakage" solution.

— Baking of the armor at about 350°C is mandatory.
(ii) Metallurgical bonding of the armor via brazing onto the water-cooled heat sink

is considered as the reference concept in view of the high heat flux require-
ments. As heat sink materials are proposed:

— Molybdenum alloys (e.g. TZM) have been chosen mainly because of a match-
ing thermal expansion with graphite, which facilitates the brazing operation.
Such brazing of graphite on TZM is performed industrially for the manufacture
of rotating X-ray anodes of about 100 mm diameter operating at temperature
up to 1200cC during 10s cycles. Drawbacks of TZM compared to copper
alloys as the main alternative are a lower thermal conductivity and low fracture
toughness especially under irradiation; however, for the physics phase this is
no concern.
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— Copper-alloys would probably require an intermediate refractory metal layer
in order to reduce the brazing stresses due to the thermal expansion mismatch
between C-armor and Cu

— Heat sink. Another concern for Cu-alloys is their low melting temperature of
< 1100°C in context with accidents.

— Other heat sink materials such as vanadium alloys should be studied, since
neither Mo- nor Cu-alloys appear to be an ideal solution.

VI.3.3.3.3. Thermomechanical analysis and operating limits

Recognizing the importance of the allowed divertor heat fluxes for the perfor-
mance of ITER, special thermomechanical analyses were performed by all four
home teams mainly concerning die effect of separatrix sweeping.

The sweeping of the separatrix on the divertor plate has been proposed for
ITER to attenuate the thermomechanical effects of the highly localized peak surface
heat flux and also to reduce the erosion on the armor surface. A first quantitative
assessment of the thermal and mechanical implications of the separatrix sweeping are
obtained here. These are expressed mainly in terms of temperature changes, addi-
tional stress cycling during burn time and associated fatigue performance. (See Sec-
tion X.3 for the details.)

In this early stage of the study, there are some differences in the specific
designs of the divertor plate which have been considered, e.g. A) graphite
(H-451)/Cu-Be (C17510) of 10 mm/3.5 mm thickness, B) graphite (H-451)/Mo-
alloy (TZM) of 5 mm/3.5 mm thickness and C) CFC/Cu of 10 mm/4 mm thickness
for the armor/heat sink materials. Case C uses an advanced CFC with high thermal
conductivity (about twice as high as that of graphite), such as CX-2002U, as the
armor material. Although there are also some differences in assumptions and
methods (1-D, 2-D) used in the calculations, a preliminary assessment of the require-
ment on the poloidal field system for the sweeping conditions and of the permissible
peak heat flux on the divertor plate is obtained.

The results of the parametric analyses partially shown in Fig. VI-52 indicate
increasing thermomechanical advantages of the sweeping with increasing the fre-
quency and the amplitude. For example, at the frequency at 0.2 Hz and the amplitude
(along the inclined divertor plate) of ±20 - ±30 cm, the maximum armor surface
temperature is reduced by a factor of about two as compared to that with the static
loading of the same peak heat flux. At these frequencies and amplitudes the contribu-
tions to fatigue damage due to the additional stress variations during the sweeping
excursion are insignificant. The most damage is caused by the stress range due to
the main pulse of the plasma burn and dwell, which is also significantly reduced, e.g.
by a factor of two with the same sweeping conditions above. In other words these
significant reductions of the temperatures and stresses will allow the peak heat flux
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i7G. VI-52. Expected maximum temperature at armor surface due to separatrix sweeping
and static loading of peak heat flux.

to be raised up above the value of 4-7 MW/m2 which is currently considered as the
limitation for static heat loads based on peak temperature and thermal stress limits.

If the limit of the maximum armor temperature is 1400°C, then
12-16 MW/m2 of the peak heat flux for the graphite armor (and higher for the CFC
with higher thermal conductivity) will be permitted. This limit of the maximum sur-
face temperature should be, however, decided after further discussions of armor ero-
sion, impurity influx to plasma, fuel dilution and so forth.

Peak heat fluxes of 10-15 MW/m2 will be removed without a burn-out
problem at the cooled surface of simple coolant channels. Utilization of heat transfer
enhancing techniques such as swirl tapes or fins/ribs into the coolant channel will
accommodate higher peak heat fluxes.

From the standpoint of the maximum stress and thus the fatigue damage in the
heat sink structure, peak heat fluxes up to 12-16 MW/m2 will be tolerable even if
the divertor plate is not replaced through the physics phase (for 104 burn cycles).
Higher peak heat flux such as 18 MW/m2, or maybe greater than 20 MW/m2

depending on the design specifications of the divertor plate (materials and geometry),
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will be allowable assuming four replacements of the divertor plate during the physics
phase. These estimates are, however, only preliminary because they are based on
simple one-dimensional calculations or on an assumed design fatigue curve to which
the fatigue life has a strong sensitivity. Further studies are also needed for the
mechanical integrity of the armor material and the bonding joint between the armor
and the heat sink under cyclic operation. Since the mechanical integrity of the bond-
ing joint will be a life limiting factor of this duplex structure, careful studies of the
bonding joint are especially required.

From the above considerations, it can be summarized as a first orientation that
a frequency greater than 0.1-0.2 Hz and an amplitude greater than ±20 cm -
±30 cm are suggested for the separatrix sweeping to attenuate the thermomechanical
loading on the divertor plate. This will allow the peak heat flux to be increased up
to 12-16 MW/m2 while maintaining the maximum armor temperature below
1400°C and without encountering thermal fatigue difficulties of the heat sink struc-
ture. Further studies will investigate the detailed thermomechanical behavior for
specific design configurations and selected materials.

VI. 3.3.4. Alternative schemes of divertor targets for ITER

The peak of the heat and particle fluxes on the ITER divertor target may lead
to a very limited lifetime of this target. Use of such innovative schemes as liquid
metal (LM) protection or solid balls may allow us, in principle, to sufficiently
increase the lifetime of the divertor target. Renewable liquid metal layers can provide
unlimited surface lifetime.

Analysis is made mainly on the basis of the USSR contributions to the INTOR
Project. Some US results are also used.

Liquid metal film on cooling substrate

A layer of liquid metal flowing or sitting over a substrate is proposed to protect
the structural material below. Three liquid metals (Li, Ga, Sn) and two substrate
materials (Mo- and Cu-alloys) have been considered. Two criteria for determination
of the allowable heat flux in this case may be useful. The maximal allowable surface
temperature can be estimated from the condition of an equality of the sputtered and
evaporated fluxes from the LM surface. We may roughly estimate this temperature
for ITER conditions as: T ^ (Li) = 500-600°C, TJJi°w(Sn, Ga) = 800-1000°C.
This gives us the maximal allowable heat flux for the best case equal to 10 MW/m2.
A similar restriction on the maximal allowable heat flux is obtained in the case when
the maximal LM substrate interface temperature cannot exceed 400°C.

Two schemes of divertor targets are based on film or droplets moving at high
speed. A film velocity higher than 1-2 m/s is necessary to withstand the severe
thermal loadings. Since the coefficient of space filling by droplets is much smaller
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than 1, the velocity required to withstand the heat fluxes is much higher than for
films; speeds higher than 10 m/s are estimated.

Solid balls curtain

The idea of using falling solid balls to remove heat and impurities from the
boundary plasma was proposed many years ago. Different materials (Be, C, V, etc.)
may be used. The lifetime of such a divertor target is defined by dimensions, stability
and fatigue of the balls. The balls may be periodically replaced.

For schemes using LMs several common problems exist. The first one is the
choice of LM material. The use of Li (low Z) is very problematic, because of safety
considerations (Li-water interactions). Sn and Ga have a melting point and Ga is a
rather expensive and reactive metal. It is possible to consider Al-based alloys with
the addition of Si or Sn. These additions decrease the melting point of Al and make
it not so reactive. Extensive search and evaluation of different liquid metal candidates
must be done at first.

The second critical problem is the behaviour of a free liquid metal surface in
the tokamak environment.

This is a problem of the stability of the LM under the influence of transient
magnetic fields, plasma wind, arcing and other processes. Contamination of the
plasma chamber may be a serious problem. Extensive experimental studies (includ-
ing experiments in tokamaks) must be done before considering this scheme for ITER.
Corrosion of the LM circuit structural materials and MHD effects on the LM are also
critical problems.

Common problems for both LM and solid ball protection schemes are the
following:

— development of film and droplet formers and receivers working at fusion reac-
tor conditions

— studies of the kinetics of implanted gases (He, D, T) behaviour in LM and
solids, development of technology for He-fuel extraction and separation.

Specific for a solid balls curtain are the problems of ball cooling and circulation
in the torus environment. Plasma-ball interactions may be tested in separate facilities
without using tokamaks.

Innovative schemes have a specific configuration and orientation in the diver-
tor chamber compared to solid divertor plates and have additional external facilities
for reprocessing the working body. It is necessary to provide design work to evaluate
such schemes for ITER.

VI.3.4. Blanket and shield

This section describes the tritium-production blanket and shield concepts con-
sidered during the Definition Phase. Blanket test modules are discussed in Chapter
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VII. The shield is integrated with the vacuum vessel discussed in Section VI.2.1. and
the blanket is integrated with the first wall discussed in Section VI.3.1.

Vl.3.4.1. Shield concept, analyses and performance

The shield is designed in an integrated fashion with the vacuum vessel as
described in Section VI.3.2. In fact, because of structural requirements, the vacuum
vessel is a thick component and thus plays an important shielding function. The
shield and vacuum vessel are considered as semi-permanent structures, i.e. there are
no scheduled replacements of such components.

The primary consideration for the nuclear design of the shield is the protection
of the superconducting toroidal field (TF) coils. Personnel doses of plant workers
are also a consideration but are less important because of the specification of total
remote maintenance.

The nuclear analysis of the shield and vacuum vessel has focused on the
response of insulators in the TF magnet and nuclear heating in the coil. For epoxy-
based insulators, doses of 5 x 108 to 5 x 109 rad are considered. Nuclear heating
up to a few tens of kilowatts are also considered; the limit depends on the design
of the TF coil and the allowed liquid-helium refrigeration power. In addition one
must consider the fast neutron fluence on the superconductor. For Nb3Sn, fluences

r(m)

FIG. VI-53. Nemrtm wall load distribution.
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FIG. VI-54. Neutron wall load (MW/m2).

of up to 10l9 n/cm2 (in a spectrum typical of a TF coil in a fusion reactor) are pos-
sible; this is typically not a design driver. Finally, one must also consider radiation
damage to the copper stabilizer which depends on the details of the magnet design
and operating scenario.

The preferred approach to materials selection for the shield is to rely on stain-
less steel (type 316) and water. Within the constraints of the reference design, 85 cm
is available on the inboard from the TF magnet to the first wall during the techno-
logy phase. During the physics phase, 75 cm of inboard space is available.

Scoping calculations have been carried out to characterize the nuclear response
of the toroidal field (TF) coils with special attention to the inboard region. An exam-
ple of a typical poloidal distribution of the neutron wall load is shown in Figs VI-S3
and VI-54 (for a device with R = 5.8 in and an average wall load of 1 MW/m2).
This poloidal distribution has been taken into account in estimating the TF nuclear
responses.

To provide initial recommendations for the design of the shield and vacuum
vessel, two cases have been studied regarding the radial distribution of water and
stainless steel in the inboard region of the shield/vacuum vessel. Assuming a 25 cm
thick inboard first wall/blanket (including a 3 cm gap), the compositions of the
shield/vacuum vessel from the plasma-side to the magnet-side are as follows:
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Case 1

3 cm
1 cm
4 cm
1 cm
6 cm
1 cm
9 cm

5 cm
1 cm
5 cm
1 cm
5 cm
6 cm
3 cm
7 cm
2 cm

Case

5 cm
1 cm
S cm
1 cm
5 cm
6 cm
3 cm

2 cm
7 cm
3 cm
1 cm
4 cm
1 cm
6 cm
1 cm
9 cm
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The total thickness is 60 cm. The relative volume of water increases in Case 1
as one moves radially away from the plasma, whereas in Case 2 there is relatively
more water near the plasma.

Assuming an average wall load of 1 MW/m2, an average fluence of
3 MW-a/m2, and a magnet model with 6 cm of stainless steel (SS), 1 cm of insula-
tion, 48 cm winding pack, 1 cm of insulation and 20 cm of SS, the following nuclear
responses are calculated:

Case 1 Case 2

Total nuclear heating (kW) 19 11
Maximum nuclear heating rate

(mW/cm3) in magnet case 4.9 1.2
Maximum insulator dose (rad) 1.6 x 109 1.7 x 109

Maximum superconductor
fast fluence (n/cm2) 5.7 x 1017 2.0 x 1018

Maximum copper stabilizer
damage (dpa) 4.8 x 10"4 1.1 x 10"3

Case 2 provides lower heating rates whereas Case 1 provides lower radiation
damage effects. This is the result of the moderating effect of the water in the rear
of the shield/vacuum vessel in Case 1 as compared to Case 2. For situations where \
nuclear heating is more limiting, as in the physics phase, a design similar to Case 2
is recommended.
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This calculation assumes a first wall/blanket with a material thickness of 22 cm
including 2 cm of graphite on the first wall and 5 cm Be for the inboard blanket.

A design safety factor must be applied to the above calculation to account for
nuclear data uncertainties, limitation of the geometric mode) used in the 1-D com-
puter code, etc. A factor of two is typically used for integrated effects such as total
nuclear heating and, perhaps, 3 to 4, for localized effects such as insulator dose.
Neutron streaming effects are not included in these analyses. On the other hand, fur-
ther optimization of the shield vessel composition (e.g. use of borated water,
optimized distribution of SS and water, etc.) could conceivably lower these values
by a factor of two or so.

During the physics phase, the inboard radial build for the invessel components
will be reduced by 10 cm to 75 cm. If the same shield/vacuum vessel materials are
used (SS and water), then the nuclear heating will increase to perhaps about SO kW.
This might be acceptable depending on the amount of other heating rates in the TF
magnets. (In the physics phase, radiation damage effects are not important because
of the low neutron fluence). The heating rate with a 75 cm inboard thickness for the
in-vessel components could be reduced with the use of a heavy metal like tungsten
but with added cost, design complexity, higher afterheat and more difficult
fabrication.

Preliminary consideration has also been given to shielding major penetrations
for vacuum pumping and plasma heating systems. A typical port cross-section is
1 m X 3.5 m and will require a minimum shielding of 40-50 cm near the back of
the shield and 70 cm or more in the near-plasma region.

VI.3.4.2. Reference blanket options

VI.3.4.2.1. General blanket goals and features

The goals for the ITER blanket are the following:

— Achieve a net tritium breeding ratio (TBR) of one
— Operate at an average neutron wall loading of 1 MW/m2.
— Achieve an average fluence of at least 1 MW-a/m2 and up to 3 MW-a/m2.
— Be compatible with an overall machine availability of at least 10%, hopefully

approaching - 2 5 % .
— Tolerate transient conditions with passive methods.

All blanket options must be compatible with the basic machine configuration
and maintenance scheme. The blanket will be integrated with the first wall in a box-
type construction with separate coolant paths for the first wall. Blanket poloidal sec-
tors will be removed via vertical lift arrangements. Generally, coolant headers will
be located at the top of the reactor.
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The first wall/blanket plays an important role in providing stabilization against
vertical plasma instabilities. Copper layers of 0.3 cm (or 1 cm of AI) need to be
incorporated into the outboard (first wall) all round the torus at a position 60° above
and below the midplane. The poloidal extent of these layers should be about one
meter. In addition, the side walls of each first wall/blanket outboard segment should
have 0.6 cm layers of copper (or 2 cm of Al) to provide a low-conductivity, saddle-
loop type arrangement. These copper layers may have to be different during the
physics phase when a thinner blanket is used.

In addition, the design of the first wall/blanket must accommodate baking of
the first wall tiles to a temperature of 350°C and baking of the first wall steel struc-
ture to at least its operating temperatures.

Because of the desire to achieve a TBR ~ 1 and the limited inboard space and
need for penetrations, the various blanket options must achieve a relatively high local
TBR. This implies the use of neutron multipliers such as Be and Pb.

Stainless steel type 316 has been recommended as the reference structural
material for the first wall and blanket. The main reasons are a better database and
ease of fabrication. Backup materials include cold-worked austenitic steel (e.g. PCA)
and Mn-stabilized steels. The latter are of interest because of reduced long-term acti-
vation and thus may have some advantages with regard to waste management.
However, such steels have a higher short-term activation which increases afterheat
problems.

The reference coolant for the blanket is low temperature, low pressure water,
as with the first wall and shield. This selection was made because emphasis is placed
on blanket concepts which minimize risk to the operation of ITER and which have
R&D issues that can be largely resolved before the detailed design of ITER begins.
Less emphasis is placed on reactor relevance.

VI.3.4.2.2. Selection rationale

Several options were considered as candidates for the tritium-production
blanket. A number of considerations enter into the selection process which can be
summarized as follows:

Selection criteria

Performance capability — Tritium breeding
— Adequate design margins
— Maintenance
— Ability to operate in both phases of

ITER
— Tritium extraction method
— Lifetime component
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Safety and environment

Cost considerations

R&D requirements

Reactor relevance & benefits

Confidence in evaluation process

Reliability

- Routine tritium release
- Accidental tritium release
- Accidental activated product release
- Chemical and thermal reaction

potential
- Probability of LOCA and LOFA
- Decay heat response
- Waste disposal

- Impact on device size and site
- Cost of blanket/shield
- Cost of support systems
- Initial tritium supply and make-up
- Decommissioning costs
- Operating costs

- Major feasibility issues
- Time to qualify blanket
• Cost of R&D
- Need for new facilities

- Reactor relevant operation
- Impact on risks for DEMO
• Impact on time scale and cost for

fusion nuclear technology
development

• Maturity level of designs
Current status of supporting R&D
Design complexity and fabrication
Probability of and mean time to
failures

Three concepts, which are belived to have the potential to meet ITER's goals,
have been selected fcr more detailed studies over the next year. These are

— aqueous-salt concept
— solid-breeder concept
— lithium-lead concept.

The first option places emphasis on design simplification and has limtied reac-
tor relevance. The other two are supported by a reasonable world-wide R&D pro-
gram, have more reactor relevance, and are judged to have acceptable risks.

Each of these three concepts has their particular advantages and disadvantages
as summarized as follows:
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Aqueous salt:

— advantages
* simpler design
* easier transition from nonbreeding to breeding
* demonstrated tritium recovery from water
* tolerant to power variations

— disadvantages/concerns

* large tritium inventory in water
* limited reactor relevance
* possible enhanced stress corrosion of steels
* concerns about radiolysis and electrolysis of the water
* production of I4C if LiNO3 is used

Solid-breeder:

— advantages

* reactor relevant
* potentially low tritium inventory
* tritium not in main water coolant
* much less chemical reaction potential

— disadvantages/concerns

* performance at high Li burnup
* less tolerance to power level variation
* more complicated design to insure thermomechanic parameters
* requires separate purge stream

Lithium-lead:

— advantages

* requires no Be
* in solid form, less chemical reaction potential
* low cost material
* reasonably tolerant to power variations

— disadvantages/concerns

* tritium containment/recovery
* large tritium inventory in solid form
* low melting temperatures and volume change in phase transition
* weight
* Po production

These three options are discussed in more detail in the following subsections.
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VI.3.4.2.3. Aqueous salt concept

Aqueous salt concept involves placing lithium-bearing salts (e.g. LiOH,
L1NO3) in the water coolant to achieve tritium breeding. Typically the blanket
employs significant amounts of beryllium for neutron multiplication. Options include
flowing the water through pebble beds of Be balls or between Be plates.

Aqueous salt designs were developed by the US, Japan and EC home teams.
Based on these designs, the following design features are noted:

Tritium Breeding Ratio: Typically 0.3-0.6 without multiplier and optimized for
shielding; 1.4-1.6 (local) with multiplier and optimized for breeding; and 0.8-1.1
with multiplier and based on meeting both tritium breeding and shielding require-
ments. Typically 20-30% of these TBRs come from the inboard (and possibly diver-
tor) region.
Coolant conditions: The water coolant typically operates at 60-100°C and
0.3-1.3 MPa.
Geometry: All concepts presented had separate first wall cooling channels. The
breeder/shield geometry varied from poloidal plates to a ball bed breeder/coolant
region. An example of a ball bed blanket is shown in Fig. VI-5S.
Chemistry: Generally, LiOH and LiNO3 salts were discussed, with some preference
for LiOH. Designs were presented with about 100 g/L LiOH with 90% 6Li enrich-
ment, and for LiNO3 with similar 6Li levels. Lower salt concentrations may be pos-
sible with some decrease in TBR.

STEEL BALLS

COOLED
FIRST
WALL

FIG. VI-55, Midplane cross-section of outboard zone breeding shield.
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Tritium: The coolant tritium levels were generally chosen to be around 10-20 Ci/L.
This means about 0.3-1 kg T inventories. Tritium recovery and control by conven-
tional (e.g., CANDU) equipment was considered reasonable.
Activation: Calculations of 14C production ranged from 5000 to 10 000 Ci in
LiNO3, and 50 to 1 Ci in LiOH or pure water. The activity and afterheat is domi-
nated by the structure.
Power variation: Calcuations for the US design indicated it could handle up to 50%
more power if the coolant pressure was at least 0.4 MPa. Lower power levels
( < 100%) could also be handled by the salt blanket.

VI.3.4.2.4. Solid breeder concepts

Several solid breeder blanket options were developed by the Japan, US and EC
home teams. Table VI-22 gives a summary of the different options. An austenitic
steel structural material and beryllium neutron multiplier are used in all the options.
All the options with water coolant have temperatures less than 100°C and pressures
less than 1 MPa. Three breeder materials (Li2O, LiAlO2 and Li4Si04) are employed
in the different options. A continuous helium purge system with/without hydrogen
is used for continuous tritium recovery. The tritium inventory is less than 2 g for
all blankets with a continuous purge system with 0.1 % hydrogen. The tritium inven-
tory is about 400-600 g for batch operation and continuous purge with pure helium.
Several methods were used to keep the breeder material in the proper temperature
range for tritium recovery as shown in Table VI-22. The lithium enrichment covers
a range of 7.5 (natural lithium) to 90%.

Figure VI-56 shows an example of a solid breeder blanket using a mixture of
small spheres of Be and Li2O.

VI.3.4.2.5. Lithium-lead concept

Water-cooled, 17Li83Pb blanket concepts were presented by the EC and
USSR. The EC liquid-metal design uses poloidal tubes (modules) separate from the
coolant to circulate the liquid as a tritium carrier. The design features modular
design, minimal number of coolant tubes and welds, double containment with respect
to water leaks into the plasma chamber and low-pressure drops from MHD effects
( < 1 MPa). The main disadvantages come from a high water coolant pressure
( = 8-10 MPa) and the temperature. The TBR is about one. There are possibilities
to improve the tritium breeding capability of the Li-Pb concept (e.g. to add Be as
a neutron multiplier). This and other improvements led the EC to consider this option
as a candidate for a test blanket in view of DEMO applications.

The Soviet proposals differ principally by using a solid form of the Li-Pb
breeder due to application of a low temperature (50-80°C), low pressure (0.7 MPa)
water coolant. As a consequence the stainless steel volume fraction decreases and
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TABLE VI-22. SOLID BREEDER BLANKET OPTIONS

Structure

Coolant

Multiplier

Breeder/temp, window

Tritium recovery

Tritium inventory

Method to get proper
breeder temperature

Design concept

6Li enrichment

EC

316 SS

H2O (60/100°C,
5-10 at)

Be

LiA102 (400-900°C)
Li4SiO4 (300-600°C)

continuous

He purge
(batch operation?)
with 0.1% H2

gap conductance

BOT

BIT

30-60%

Japan

316 SS

H2O <60/100oC,

10 at)

Be

Li20 (400-]000°C)

continuous

He purge
batch operation
with pure He or
0.1% H2

400 g continuous
pure He,
600 g batch,
pure He,
~ 1 gm for
0.1% H2

gap conductance

BOT
(Li2O/Be mix)

Natural

USA

316 SS

H2O (40/80°C,

5 at)

Be

Li2O (400-800°C)

LiAlO2 (400-1000°C)
Li4SiO4 (350-850°C)

continuous
He purge
with 0.1-1% H2

< 2 g

gap conductance,
Be zone between H2O

SB

multilayer design,
a rod bundle in

canister

90%

maximal local TBR is about l.S. The weak interaction of the solid eutectic with

water, low corrosion effects and reliability can be considered as its main advantages.

The periodical process of tritium extraction can be realized independently apart from

the machie after shut down by melting the eutectic and allowing it to flow out of the

torus where the tritium is recovered. An example of this blanket, including the use

of hot helium to melt the eutectic during off-times, is shown in Fig. VI-S7.
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BREEDER
l75%Bi.25'WH.I,0l

COOUNT TUBE
13IESSI

FIG. Vl-56. Tritium breeding blanket — U2O/Be/H2O/SS.

H E A T GAS o u t l e t

FIG. VI-57. Example of lithium-lead concept.
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VI.3.4.2.6. Temperature design guidelines

As a part of the design process and materials evaluation carried out during the
Definition Phase, temperature limits for various conditions in the blanket and shield
have been adapted to guide the work during the Design Phase. These various limits
are as follows:

Maximum temperature of load bearing <400
structural steel during
normal operations, °C.

Maximum temperature of load bearing < 900
structural steel during
off-normal conditions, °C.

Structural temperature for type 316
stainless steel at the interface
with other materials, °C

H2O/LiNO3 <250
H2O/LiOH < 120
Be <500
Li2O <600
LiAIO2 <900
Li4SiO4 <800
Li2SiO3 <800
Li2ZrO3 <800
17 Li-83 Pb (solid/liquid) < 320/400

Operating temperature range for solid breeder and Be
during normal operation, °C.

Li2O 400-1000*
LiAlO2 450-900
Li4SiO4 350-900
Li2Si03 450-900
Li2ZrO3 350-1000
Be (pure) <700**
Be( l%BeO) 350-700
Be/Li2O interface <700

* Special attention must be given to avoiding mass transport above 800°C.
** Hot spots up to 1000°C may be accommodated for certain designs.
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Maximum temperature for shielding materials, °C

W 2670
B4C 1900
TiH2 300
Pb 210
Steel 1050

VI.3.4.2.7. Safety analysis guidelines

It will be important to analyze in detail the response of ITER's nuclear compo-
nents to off-normal events. In general, the goal is to show that ITER can survive such
events relying mainly on passive-type responses to off-normal conditions. With this
in mind, the following guidelines have been developed to assist the saftety-related
analysis:

* Consider general LOCA (up to the most unlikely event of all the coolant),
LOFA (consider whether design supports natural coolant convection), loss of
site power, LOCA into plasma chamber, LOCA within blanket box, loss of
vacuum, disruptions.

* Temperature limits on structural materials (SS):

— reuse material: maximum exposure of 1 hour 550-650°
For exposure of 10 hours, the maximum
temperature should be limited to 550°C

— no major deformation 800°C
— melting temperature 1315-1450°C

* Design should be developed to limit temperature under off-normal conditions
to 800°C. Consider mainly thermal, as well as natural, coolant convection,
thermal radiation conduction and natural atmospheric convection, but this must
be justified by design conditions/configuration.

* Plasma should be terminated safely and passively in about 10 s (requirements
for exact time to be further developed).

* Maximum release of radioactive materials should be limited by dose limits at
site boundary considering all radioactive materials in FW/B/S.

* Heat sinks should consider heat capacity of all near-by components.
* Upper values of wall loading should be considered to meet temperature limits

with only passive methods.
* Possible plasma power excursions should be considered (this needs further

definition).
* Interactions between components should be assessed — damage should not

propagate to other components.
* Designers should estimate (as far as feasible) the probabilities of serious

events.
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VI.3.4.2.8. R&D on blanket/shield

Five R&D tasks have been identified at this time based on a selection of a refer-
ence coolant (low-temperature water), structural material (..nstenitic stainless steel),
and the identification of three blanket condidates (aqueous-lithium salt, solid-breeder
materials, and lithium-lead eutectic material). In addition, because of the need to
obtain a high local tritium breeding ratio, there is the need for most blanket options
for a neutron multiplier such as beryllium.

The R&D efforts on the first wall and blanket structure material focus on
adding to the database of austenitic steel 316 selected areas of immediate concern
to ITER such as irradiation effects on low temperature fracture toughness (a particu-
lar concern with low-temperature water cooling), cyclic fatigue, and crack growth
(concerns created by disruptions). There is also a need for data on joints (e.g. welds,
brazing) without and with irradiation effects. There is also a need to determine the
effects of lithium salts. Some effort should also be devoted to investigation of lower-
activation austenitic steel alternatives to 316.

Solid breeder (SB) materials are a promising option for ITER's tritium-
production blanket. Because of ITER's choice of a low-temperature water coolant
and the need for the SB to be at high temperature for tritium release, there are some
special issues for solid breeders not currently covered by national R&D programs.
Chief among these is the necessity of providing a thermal insulation between the
structure and SB. Various methods for this must be tested.

Lithium-lead is another promising option to be used with a low-temperature
water coolant. Key issues include interactions with air and water. The impact of
changes from the solid-to-liquid state and back must be determined.

ITER blankets will likely use large amounts of Be. There is a need for data
on irradiation effects such as swelling, tritium retention and compatibility with other
materials.

VI.3.5. Structural material considerations

VI.3.5.1. Introduction

Based on the results of an ITER Specialists' Meeting on Materials Data Base,
the following general conclusions were made regarding structural materials:

— Solution-annealed type 316 stainless steel is recommended as the reference
flrst-wall/blanket/ structure

— Cold-worked austenitic steel, e.g., PCA or JPCA, should be retained as a
backup structural material and reduced activation compositions, e.g.,
Mn-stabilized steels, should be considered as an option.
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— From a materials point of view, copper alloys (Cu-Be-Ni or Cu-A125) are
recommended for use as a divertor structural material.

— Limited data presented indicate that selected refractory metal alloys, e.g.,
Mo-5Re, Ta-lOW or V-Ti-Si alloys, can be considered for low fluence divertor
applications.

VI.3.5.2. Stainless steels

A substantial amount of information is available on solution-annealed 316, 316
L-SPH and Cr 16 Ni 11 M 3T. A review of the databases indicates that within the
uncertainties of the various databases there is essentially no difference between the
various materials. Therefore, because 316 has the largest data base it should be con-
sidered as the reference material. Solution-annealed 316 should be acceptable with
regards to radiation damage resistance based on a exposure limit of SO dpa and an
operating temperature range of 50-400°C. Under these conditions it is assumed that
helium embrittlement will not be an issue but that the dominant issue will be radiation
embrittlement. While swelling will occur, it is anticipated that for temperatures
below 400°C and a fluence up to 50 dpa that it will be < 3 % .

It is recommended that a back-up material be carried in the designs, particu-
larly if the operating environment currently envisioned for SA 316 is altered. Two
back-up materials are recommended and both types of materials are currently in the
materials development programs in their respective countries. One is cold-worked
material based on the US-PCA or the Japanese PCA composition and the other is
a thermomechanical heat treatment of 316 called SAR (Strained, annealed and
recrystallized) being developed in Japan. While the database for these materials
needs to be developed, there is sufficient information on these materials to be used
for initial design studies, particularly for PCA and JPCA.

If there is an advantage in constructing ITER from a material with reduced
long-term activation only an alloy based on an existing composition could be avail-
able within the ITER time frame. Candidate material systems would be the AMCR
class of manganese steels or a modified 304.

With respect to the physical properties all of the steels considered are appropri-
ate for use in ITER as structural materials for the first wall and blanket. It must be
noted that not enough data are available on irradiation effects on the physical proper-
ties of austenitic Cr-Ni and Cr-Mn steels.

The solution-annealed condition, especially when associated with a low carbon
content (316L), results in excellent micro-structural stability during fabrication
processes such as welding or brazing. A controlled nitrogen content gives allowable
stresses comparable with those of heat resistance grades. The baseline mechanical
properties for the various commercially available SA 316 steels are well established.

The temperature regime is understood to be from room temperature to 400°C.
This temperature range reaches the lower limit of the swelling regime at 400°C; this
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could be of concern for annealed material. Lower temperatures have their own
special problems. The most significant one is very low uniform elongation. This con-
cern is not unique to cold-worked material; uniform elongations below 1 % have also
been observed in the annealed European reference 316L SS following irradiation to
damage levels of 10 dpa in the temperature range of 250 to 400°C.

It is believed, nonetheless, that type 316 stainless steel and PC A can be used
as an ITER first wall material if these factors are properly accounted for. If tempera-
tures above 400°C must be sustained during irradiation, cold-worked or cold-worked
and aged material must be strongly considered.

Strength level is a relatively weak function of neutron spectrum and composi-
tion for austenitic stainless steels. Considering the normal irradiation strengthening
which saturates at 10-30 dpa, there seems to be little difference between various
reactors and thus helium levels and compositions. The difference between annealed
and cold worked material, however, must be accounted for. With this exception, the
same strength data (yield strength and ultimate tensile strength) may be used for
either 316, 316L, 316L-SPH, or PCA type alloys.

The low values of uniform elongation are a concern for low temperature opera-
tion. They are observed for both annealed and cold-worked material. What they
imply is that once the yield strength is exceeded, the material will neck and deform
in an uncontrolled fashion if the applied load remains. If, however, the deformation
relieves the load that produced it, failure will not occur until deformation equal to
the total elongation is reached. Primary stresses will produce rapid failure if the yield
stress is exceeded, but thermal stresses would not be expected to cause failure,
except that thermal fatigue must be considered.

Fatigue data are available from irradiation experiments producing high helium
levels and helium levels more appropriate to fusion reactor irradiation, although not
yet at simulation levels. The results indicate that there is no significant difference
between the PCA alloys and type 316 or 316L stainless steels. In addition, at 43O°C
there is no apparent helium effect, although a factor of three to ten reduction in
fatigue life due to displacement damage of 10 to 50 dpa is observed. Since no helium
effect is expected below 400°C, the available data are considered to be a lower limit
to fatigue. Fatigue life has been shown to be decreased by lower strain rates in the
presence of internal helium, but this effect has not been observed in experiments con-
ducted at temperatures below 400cC.

Since irradiation creep has been observed at temperatures below the ITER
operating temperature, this phenomenon must be considered in the ITER design.
Data from irradiation experiments with the neutron spectrum tailored to achieve
fusion relevant He/dpa levels are available in type 316 stainless steel and PCA to
damage levels of 7-15 dpa. These results appear to be consistent with creep
measurements from cyclotron irradiations of austenitic stainless steels. Since there
is evidence for a possible effect of helium, it is recommended that these data be used
rather than fast reactor data.
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Irradiation creep is not necessarily an undesirable phenomenon. Of course it
produces deformation under a stress of any level, but this will result in relieving
swelling stresses. It is also possible, although not yet shown by experiment, that
irradiation creep might blunt crack tips and thus reduce crack growth under
irradiation.

There are fracture toughness data for austenitic stainless steels irradiated in fast
reactors at temperatures of about 250 and 400°C to damage levels of 10-50 dpa.
There are also data available where the specimen contain about 250 appm He. All
of these results demonstrate levels of fracture toughness that designers will probable
find adequate. However, the low values of uniform elongation observed at tempera-
tures below 300°C should be considered in extrapolating the existing data to lower
temperatures. It is recommended that a critical evaluation of the existing data be
made in time for the ITER design and that currently available models be used to
correlate fracture toughness with tensile properties in order to aid in extrapolation
to lower temperatures. Data are also available on fracture toughness of welds. This
should also be considered on the review of data.

Swelling is probably the most difficult irradiation property to predict. It is sen-
sitive to very minor changes in chemical composition, to neutron spectrum, gas
production, and microstructure. Despite this complexity, it is generally restricted to
the temperature range of 0.3 to 0.5 of the melting point. It is probably safe to assume
that swelling in the candidate materials will be below 3% at 400°C and 50 dpa. A
difficulty is that swelling increases rapidly with increasing temperature above
400°C. For this reason and the belief that even 3% swelling could lead to undesirable
stresses, it is recommended that the alternative alloy, PCA in a cold worked or cold
worked and aged condition be seriously considered. For all of the candidate alloys,
improvements can be made by controlling microstructure, even if the microstructure
is altered in the region of welds and even if the microstructure is rendered somewhat
non-uniform by fabrication processes. If welds could be avoided in the highest flux
regions, a significant increase in confidence in attaining 50 dpa could be achieved.

VI. 3.5.3. Low activation alloys

A group of Fe-Cr-Mn steels, especially a group of commercially produced
alloys known as AMCR steels, has been investigated for a period of years at JRC
Ispra. Selected thermal properties such as thermal expansion, thermal conductivity,
Young's modulus, and poisson's ratio, have been determined at temperatures from
20 to 550°C. The alloys most completely studied are designated AMCR
0033,-0034, and -0035.

Unirradiated mechanical properties of the same AMCR alloys discussed above
have also been determined at JRC Ispra. Yield strength, ultimate tensile strength, and
total elongation have been determined at temperatures from 20 to 550°C. A similar
alloy with a base composition of 12% Cr, 20% Mn, and 0.25% C similar to AMCR
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0035, has been investigated in the USA over a temperature range of 20-600°C. The
results for unirradiated mechanical properties of this alloy confirm the higher
strength and higher ductility observed at JRC Ispra for this class of alloys. Thermal
creep tests have also been performed in the range of 500 to 700°C up to
20 000 hours. Microstructure analysis to support the mechanical property measure-
ments has been done in both the European Community and in the USA.

Fundamental databases of radiation effects on a wide variety of reduced activa-
tion Mn stabilized austenitic steels exist and are in progress. A database on AMCR-
type alloys is expected to become adequate for the ITER within the time frame of
ITER. Much of the required data for this and similar alloys are already available
within the European Community. Although further investigation is required,
preliminary tests have shown swelling to be no greater than that of type 316 stainless
steel. Radiation enhanced He and embrittlement or radiation enhanced degradation
of creep rupture strength associated with phase instability may become an issue. Also
radiation hardening and embrittlement may become an issue for low temperature and
cyclic operation. Weldability and the behaviour of welds and heat affected zones in
water environment and under irradiation conditions have to be assessed.

VI. 3.5.4. Copper alloys

Very little actual information is available on the physical properties of copper
alloys. The data that are available are extrapolations of a few data points. The most
consistent data set exists for the oxygen free high conductivity copper. In this case,
since the dispersion strengthened copper has a matrix of pure copper, basing its
physical properties on pure copper is probably appropriate and representative of this
material. In the case of the Cu-Be-Ni alloy room temperature measurements have
been made with a wide scatter in the data because of thermomechanical processing
(electrical resistivity and thermal conductivity). Therefore, more information needs
to be developed for this alloy.

Alloys such as Cu-Al2O3, Cu-Be-Ni, Cu-Cr-Zr, Cu-Cr, Cu-Zr were
considered. These alloys have a good thermalphysical and mechanical properties.
Their thermal stress coefficient is much higher than those for other heat sink candi-
dates. Mechanical properties of the Cu alloys are strongly dependent on ther-
malmechanical treatment. Due to the better mechanical properties at elevated
temperatures CU-AI2O3 and Cu-Be-Ni alloys are preferable. As a joining technique
brazing for Cu-Al2O3 and welding for Cu-Be-Ni alloys were recommended. A
limited database was presented for such mechanical properties as thermal creep and
fatigue. Investigation of these properties is a critical issue.

Sufficient radiation data on copper alloys has been obtained, primarily in fast
breeder reactor experiments operating at higher temperatures (>380°C), to indicate
that copper alloys have adequate properties for divertor applications.
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The database on effects of irradiation on properties includes tensile properties,
resistivity (from which thermal conductivity is derived), and void swelling. Cu-A125
at 450°C shows nominal reductions in both conductivity and yield strength whereas
at 385 °C negligible strength changes occurred. CuNiBe at 450°C shows larger
reductions in yield strength, but conductivity in fact increases (due to the low
unirradiated conductivity values). Although pure copper develops void swelling to
intolerable levels with swelling observed over the range 250-450°C and peak
swelling between 300 and 400°C, alloying reduces swelling to negligible levels and
therefore is not expected to be a problem. Property changes arise not only from dislo-
cation, void and precipitate development, but also from transmutation, nickel is
produced with the amount a function of neutron spectrum. Modelling efforts have
been successful at accounting for conductivity decreases, by taking into account con-
sequences of both transmutation and void swelling.

Insufficient data for the alloys of interest are available following irradiation at
lower temperatures. Also, the consequences of the 14 MeV neutron spectrum with
its associate He/dpa ratio are not available. Calculations will be required to predict
the extent of nickel production due to transmutation in ITER on thermal conduc-
tivity, but such a calculation should be straightforward.

VI. 3.5.5. Refractory alloys

The physical properties of the pure elements Ta, V, and Mo have been exten-
sively measured as a function of temperature. The physical properties of Ta-10 W,
while not as extensive as pure Ta, are adequate. The Mo-Re data while not as large
as that of the Ta alloys is adequate for Mo-50 Re but very sparse for the Mo-5 Re
which is a new composition.

Extensive data exists on mechanical properties of various refractory metals
(W, Mo ± 5%, Mo ± Ru, ZM6, ZM10, TZM, Ta and V-alloys). The common
critical points for these metals (except Ta and V-alloys) is high DBBT. Advanced
Mo alloys doped with Re, Ru, B, Zr, Al, have the lowest DBTT, about - 5 0 to
-100°C. For advanced W-Re alloys the DBTT is about >RT. The existence of a
DBTT is a sufficient drawback of these alloys in comparison with such heat sink
materials as, for example, Cu-alloys. But a low thermal expansion coefficient (com-
parable with those for carbon) may allow these alloys as a possible candidate as a
heat sink for the physics phase. Ta and V-alloys have attractive mechanical
properties.

For the physics phase of ITER (dose <0.3 dpa) a Mo + 5% Re alloy may be
recommended as a back-up option for heat sink materials. This alloy has good
mechanical properties (high strength, ductility, welding properties, DBTT <0°C).
After irradiation up to ~ 1024 n-m~2 it has satisfactory ductility, however, it may
not be feasible for the higher fluences in the technology phase. Other proposed
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Mo-alloys (Mo-Ru, ZM6, ZM10) cannot be recommended now because of the
absence of enough radiation data base.

VI.3.6. Fuel cycle

The ITER fuel cycle provides a closed set of processes to recover and reuse
tritium and other hydrogen isotopes in a manner consistent with ITER design objec-
tives. The fuel cycle consists of the elements shown in Fig. VI-58. Key elements of
the fuel cycle which were addressed during the definition phase are summarized
below.

VI.3.6.1. Fuelling

Fuelling parameters for ITER are tabulated in Table VI-23. Gas puffing is
recommended as the basic method of fuelling for ITER. Gas puffing to provide
100% fuel flow for ITER is achievable with modest enhancement of fast-valves oper-
ating on current-generation large tokamaks. Pellets could provide a flexible adjunct
to fuelling by gas puffing. In particular, they may improve fuelling efficiency, and
could be used as a means of edge density profile control and of assisting fast density
ramp-up. Pellet injectors with this capability for ITER can be built with modest
enhancement of current pellet injector designs. Typical pellet injector characteristics
would be:

velocity 1.5-2.0 km/s
repetition rate 1.0-3.0 Hz
pellet radius 0.2-0.5 cm

Pellet injectors may also be beneficial for maintaining profile control during
burn. This will require higher velocity pellets to improve penetration, however, the
necessary velocities have not been quantified, and the technology to provide a con-
tinuous stream of high-velocity pellets is not yet available. Further experiments are
planned with higher velocity pellet injectors (2-10 km/s), as part of the ITER R&D
program, to determine the potential benefits. Note that the injection of pellets during
lower hybrid heating and current drive will not be possible, except perhaps in an
intermittent mode of operation. The main technical issues surrounding multi-stage
gas-gun pellet injectors concern the need to encase the pellets in a "sabot" during
acceleration (to prevent them from fragmenting) and subsequently to remove this
sabot before injection into the plasma, and the reliability of multi-stage, repeating
gas guns.

The possibility that central fuelling might be required, and that multi-stage gas-
gun pellet injectors will be unable to provide sufficient penetration supports the need
for additional R&D on advanced fuelling techniques, such as E-beam accelerated
pellets and compact toroids.
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TABLE VI-23. FUELLING AND EXHAUST PROCESSING PARAMETERS

Torus gas flow during DT pulse:

Feed/exhaust rate

mbar-L-s"1

mol/h

He (%)

Impurity (%)

Dominant impurities Q = H, D, T

Neutral beam injector gas flows:
(with 100 MW to plasma)

150-300
25-50

5-10

1-3

CO,CO2,CQ4,Q2O

Particle flow to plasma (mbar-L-s"1) 10°-10'

Internal cryopump speed (L-s"1) 1O7-1O8

Gas flow to cryopumps

mbar-L-s"1

mol/h

Pellet injector gas flows:

Particle flow to plasma (mbar-L-s"1 — peak)

Internal cryopump speed (L-s"1)

Gas flow to cryopumps

mbar-L-s"'
mol/h, 5% duty cycle

Gas flow during GDC:
(in deuterium8)

Pressure

Feed/exhaust rate

mbar-L-s"1

mol-h"1

Impurity (%)

Dominant impurities

103-104

1O2-1O3

1O2-1O3

5 x 10* - 5 x 107

5 x 102 - 5 x 103

4 x 10° - 4 x 10'

4 x 10~3

600
100

0.2

As in shot + Q2

* Glow discharge in He or methane may also be required.
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TABLE VI-24. BLANKET TRITIUM RECOVERY
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Tritium recovery from aqueous lithium salt blanket:

Recovery medium

Processing rate (mol/h)

Dominant form

in feed
in recovery unit

H/T ratio

in feed
in recovery unit

Recovery mode

Tritium recovery rate (g T/h)

Inventory (g T)

blanket
extractor

Leakage to coolant (g T/h)

Dominant impurities

Tritium recovery from Li-Pb breeder blanket:

Recovery medium

Processing rate (mol/s)

Dominant form

in feed
in recovery unit

H/T ratio

in feed
in recovery unit

Recovery mode

Recovery rate (g T/h)

Inventory (g T)

blanket
extractor

H20

105

oxide
oxide

105

102-103

continuous
(80% avail)

2.0

1O2-1O3

<200

NA

Li-salt carry-over
C-14 (Li-nitrate)

Li-Pb/vacuum

10s

elemental
elemental

1:1
1:1

batch

100

< 3 x 103

TBD



330

TABLE VI-24 (cont.)

CHAPTER VI

Leakage to coolant (g T/h)

He (during 24 h recovery)

H2O (during 24 h recover)')

Dominant impurities

Tritium recovery from ceramic breeder blanket:

Recovery medium

Processing rate (mol/h)

Dominant form

in feed
in recovery unit

H/T ratio

in feed
in recovery unit

Recovery mode

Recovery rate (g T/h)

Inventory (g T)

blanket
extractor

Leakage to coolant (g T/h)

Dominant impurities

20

1

TBD

He

104

elemental
oxide

1O2-1O3

102-103

continuous (during burn)

5.4

lO'-lO2

< 200

10"3-10~4

H2O + (TBD)

Neutral beam injectors used for heating will contribute only a small portion of
the required fuel introduction rate for ITER (Typically, 5% for 1000 MW fusion
power, with 100 MW NBI heating.)

It is theoretically possible to deep fuel with special injectors aimed at right
angles to the plasma, and operating at lower particle energy (e.g. 200 keV).
However, due to the high beam power required, and the demand for additional large
ports, this approach would not lead to a desirable solution.

VI. 3.6.2. Tritium extraction and recovery from breeder blankets

The requirements foreseen for tritium recovery from the blankets proposed for
ITER are outlined in Table VI-24. For self-sufficiency, an average of 130 g-d"1 of
tritium must be recovered from the blanket during continuous operation.
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VI.3.6.2.1. Aqueous salt blanket

Radiolysis calculations indicate that high overpressures may be required to pre-
vent the formation of gas bubbles in the coolant stream (typically tens of
atmospheres). While this is primarily a blanket design issue, it affects the tritium
extraction process, in that a recombination step would be required, possibly by
depressurization together with gas/liquid separation and flame-recombination, or by
liquid phase recombination using a wet-proof catalyst. The quantities of gas evolved
could be large (~ 1 m3-s~'), and combustible (H2 and O2). Experimental data on
radiolysis (and recombination) with Li-salts are needed to provide a more accurate
estimate of the evolved gas quantity.

Major tritium extraction system elements for the aqueous salt solution can be
based on components proven at the necessary scale in heavy-water (fission) reactor
application . A number of alternatives have been considered for the "front end"
processes to extract tritium from the solution, pre-enrich it, and transfer it to the
gaseous phase for subsequent isotopic separation by cryogenic distillation. These
include water distillation (optional) followed by one of:

— vapour phase catalytic exchange (VPCE)
— liquid phase catalytic exchange (LPCE),
— combined electrolysis catalytic exchange (CECE)
— electrolysis (E)

The preferred option uses water distillation, followed by VPCE. This option
involves the most-proven elements, and has substantially higher leak-tightness and
lower energy consumption than options employing electrolysis. Important points
concerning this option are:

— Cost, including tritium confinement, is not expected to be prohibitive
(US $60M 1988, for 1000 MWf at TBR = 1).

— Tritium leakage rates into secondary containment are expected to be compara-
ble to those found in the fission industry. Environmental release targets can be
met with available technology. However, concern was expressed over high
local concentrations (> 102 Ci-kg"1) which will require special confinement
and maintenance precautions.

— Overall tritium hold-up depends on trade-offs between allowable peak concen-
trations and processing capacity, and on the assumed operational scenario for
ITER. However, total tritium inventories of 1 kg are anticipated, of which
< ISO g would be in the extraction system.

— Li-salt separation from water requires confirmation with respect to impurity
carry-over, including I4C (for lithium nitrate).

Future work required includes optimisation of the process flows, especially as
these affect the isotope separation system, and minimisation of tritium holdup
(inventory).
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VI.3.6.2.2. Ceramic breeder

While ceramic breeder materials operating at optimum temperature are
expected to have low inventories, the use of low-temperature water coolant imposes
a constraint on the design of the ceramic breeder blanket which increases its com-
plexity, and leads to uncertainty in the retention and release of tritium. In particular,
the likelihood of "cold spots" which could retain significant quantities of tritium was
noted. Under power-surge conditions, these inventories would be released into the
purge gas, leading to cyclic loads on the recovery system with potentially high local-
ized inventories.

Tritium permeation to the coolant is unlikely to be a factor; however, the use
of an annulus gas in some designs would require an additional collection, detritiation
and gas-control circuit.

Hydrogen addition for improved tritium recovery from the blanket would have
small impacts on the isotope separation process at < 100 ppm. However, at high
levels of hydrogen addition (e.g. 1000 ppm) the cryogenic power load is increased
ten times, and an additional separation column in the train is essential.

For the ceramic breeder, the technology for tritium recovery for the purge gas
is relatively straightforward, using a combination of catalytic oxidation and dry-
ing/cold trapping. However, the need to process the collected, highly tritiated water
(>50 L/d, > 1000 Ci/L) requires careful consideration of the design alternatives for
shifting tritium to the gaseous phase: electrolysis, vapour phase catalytic exchange
(VPCE), and liquid phase catalytic exchange (LPCE). Earlier studies have generally
assumed the availability of a low-leakage, low-inventory electrolysis cell, but the
water processing rate for ITER would exceed that obtainable with the cells currently
being developed by more than an order of magnitude. If pre-swamped molecular
sieve dryers are used in place of cold traps, a larger volume of more dilute tritiated
water would be recovered, and the highest degree of safety may be afforded by feed-
ing the recovered water directly to LPCE or VPCE.

Impurities likely in the purge gas stream are not well known, and additional
R&D in this area is particularly important to permit process design to proceed.

VI.3.6.2.3. 17Li-83Pb breeder

Tritium recovery for this concept involves melting the solid breeder with hot
He gas and transporting it to an extractor where vacuum degassing (or alternatively,
counter-current column extraction with a He purge gas) could be applied. This
blanket concept inherently has a high tritium inventory (e.g. 2 kg for 15-FPD opera-
tion of a 1000 MW reactor).

For the Li-Pb blanket design proposed, it is likely that three separate tritium
recovery systems would be required, since first estimates indicate 15% of the bred
tritium would permeate to the He gas used for heating and cooling the breeder, and
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1 % would permeate to the low temperature water coolant. For water and He gas,
the tritium recovery systems could use approaches similar to those proposed for the
aqueous salt and ceramic breeder concepts.

The high localized inventories of tritium which are expected to occur as a result
of the batch wise recovery, and the high partial pressures which may occur during
recovery, will require special attention to confinement design to recover leakage and
permeation losses. The tritium in the liquid metal is present at concentrations which
would require > 50 atmospheres to prevent gas/liquid phase separation in the extrac-
tion lines, unless it is possible to maintain the melt zone and breeder transfer lines
under vacuum during the melting.

Solubility data for tritium in the liquid breeder at the high concentrations of
interest do not exist, and the processing calculations have been made based on
extrapolation from much lower concentrations. It is possible that much lower over-
pressures may exist due to the formation of LiT, but this needs to be confirmed
experimentally. Diffusivity data in the solidified breeder are unavailable, so that
permeation to the coolant during the solid phase can only be approximately
estimated. It is important that representative scale experiments with hydrogen addi-
tion/extraction from Li-Pb be carried out as early as possible. While several concep-
tual designs for extractors exist, none has yet been tested. Data on radionuclides and
other impurities co-evolved with the tritium during melting have not been addressed.

VI. 3.6.3. External tritium recovery, facility impacts and tritiated waste processing

Tritium recovery requirements are determined by both economics and regula-
tory limits for disposal. While typical values of > 100 Ci-t"1 have been calculated
for economic recovery of tritium from steel by melting, much lower limits exist in
some national regulations for disposal. The question of waste disposal requirements
specific to fusion needs to be addressed. Although storage alone without extensive
tritium removal may be an option for some materials, it is important for the ITER
design to address the safety and economics of T recovery for all materials used in
the machine. In any case, a significant level of surface decontamination (including
internal surfaces) will be required for long term storage of components.

Tritium recovery from components routinely coming from the torus will place
major demands on hot cells for ITER operation. The facilities required will be very
large and may represent a significant component of plant cost. Facilities must be
equipped for all-remote handling, due to high gamma activation levels. There are
many materials involved, each of which will require separate treatment methods, for
example vacuum degassing of steel, combustion of graphite and oxidation of
tungsten. )

For blanket designs using Be multiplier, tritium is implanted or bred and |
retained in the beryllium. Procedures must be developed for extraction of the tritium 7
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from Be. Each material will evolve impurities which must be addressed in process
design.

Graphite tiles and dust from first wall armour are a first priority for treatment,
due to the relatively large quantities of tritium involved (100-1000 g), the large
volumes of graphite involved, and the short component lifetime.

VI. 3.6.4. Plasma exhaust processing

There is considerable similarity of approach between all four ITER partners
in the development programs for exhaust processing. The technology is in an
advanced state and can be expected to be demonstrated within the ITER concept-
design phase time-frame. Impurity separation from DT using molecular sieve, oxida-
tion on hot metal catalyst, and reduction on U-beds can be regarded as a "proven",
approach at ITER scale based on TSTA results. A similar approach can be used for
the removal and processing of impurities from the NBI and PI cryopump regenera-
tion gas streams. Advanced impurity extraction and processing techniques using
Pd/Ag membranes, which can operate continuously and with a low tritium hold-up,
and low-inventory electrolysis cells for DTO require further long-term testing in
tritium, but can be expected to be available for ITER. A substantial scaleup in elec-
trolysis cell size is required for ITER application. A mix of approaches using current
and advanced design concepts should be considered for ITER, as this provides both
additional reliability, as well as operational flexibility in processing low and high-
flow and impurity concentrations in fuel-gas streams. The incremental cost impact
of multiple process-modules for ITER would be minor.

All partners agreed that cryogenic distillation was the appropriate technology
for isotope separation for ITER-scale devices.

VI. 3.6.5 Future design work

First priority will be given to the conceptual design of processes for plasma
exhaust treatment, breeder tritium recovery and purification, and the recovery of
tritium from large components, especially plasma-facing materials. Estimates of
parameters given in Tables VI-23 and VI-24 must be confirmed as the first step in
preparing design requirements.
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VI.4. SYSTEMS

VI.4.1. Plant systems

VI. 4.1.1. Introduction

For ITER operation a series of plant systems and services to support reactor
devices (as described above) is necessary.

Cost of plant systems and services may account for 50% of the total ITER con-
struction cost.

Therefore it is important to start analysing plant aspects, determine plant sys-
tems capacities, major characteristics, sizes and costs, studying their inherent
problems from the very outset of the conceptual design.

VI.4.1.2. Containment/confinement philosophy

The basic approach recommended for containment/confinement of airborne
tritium and activation products at ITER is the defense-in-depth strategy which
involves the use of multiple barriers. By ensuring that there are three successive
envelopes which have to be breached before radioactivity can be released to the
environment, the probability that all three will be unavailable when necessary,
should be acceptably small. The final (third) barrier could be the building
confinement.

The tritium processes should be designed to minimize the tritium inventory to
the lowest practical level. In addition, process systems should be designed for
independent operation to prevent cascading failure propagation. The tritium inven-
tory should be distributed and isolated so that even if all the barriers are breached,
the maximum inventory released will be a small fraction of site inventory.

Confinement should be provided as close to the tritium hazard as possible to
minimize the spread of activity and to limit the volume of atmosphere which must
be monitored and possibly filtered/dried.

Containment should be defined as the capability to provide a gas-tight barrier
to the releases, even when subjected to a significant overpressure. Confinement on
the other hand implies that the gas barrier, while effective in maintaining slight nega-
tive pressure, cannot withstand major pressure difference between the volume con-
fined and the outside atmosphere. In ITER, the requirements to limit releases may
be met for the most part via confinement schemes; in particular, for chronic emis-
sions under normal operating conditions. Since the reactor building structure will be
designed to withstand 500/6001 crane load and to ensure the necessary biological
shield, it will likely withstand also significant overpressures without specific design
changes. Therefore it is proposed that credit be taken for this containment capability.
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The only significant design requirement would be leak-tight/pressure-proof penetra-
tion seals into and out of the reactor hall, and a suitable set of airlocks into reactor
hall spaces.

In the case where acute releases of tritium occur within the reactor building
and auxiliary system spaces (as HT or HTO), it is recommended that an emergency
air cleanup system be used to recover as much as possible of the tritium before
release to the environment.

This cleanup approach might involve the use of catalytic recombiners for HT
into HTO and subsequent drier recovery of HTO on molecular seive beds. Although
this converts elemental hydrogen to the more radiotoxic HTO, it would be performed
in a controlled fashion which traps the HTO on molecular seive beds for later recov-
ery within a confinement area at some time after the acute event. This is judged to
be more prudent than to allow the acute release of HT to the environment immedi-
ately following the event with subsequent natural conversion to HTO, which is not
well understood so far. Accidents which subsequently re-release HTO from recovery
systems after acute events within containment are viewed as incredible.

VIA. 1.3. Reactor building

The reactor building walls should prevent external forces and missiles, such
as earthquakes, winds, floods and aircraft strikes, from damaging the machine, and
control ingress of oxygen into the building as well as control routine and accident
radioactivity releases to the environment.

The building is sized to house the reactor with auxiliary systems and services
attached to it as well as to provide sufficient space for maintenance and assembly.
Its dimensions depend to a high degree on the maintenance and assembly approach
which requires vertical, horizontal or combined operations and which generally is
symmetric in that the same operations are required for all tokamak sectors. The aux-
iliary systems, in contrast, are not symmetric, and designing should determine the
most efficient arrangement.

While the maintenance approach can establish clearances required to remove
components from the tokamak, more design details are required to determine how
those components are removed to the maintenance building.

The building dimensions required for maintenance will be influenced by the
requirements for contamination control. Routine maintenance operations can be
performed within containment flasks to prevent contamination of the building.
However, for some of the maintenance procedures these flasks can be so large that
consideration has been given to allowing the building to be contaminated, particu-
larly when personnel access into it is not expected.

Preliminary designs show that reactor building dimensions may be in the range
of 75-200 m by 55-80 m by 60-120 m high.
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The internal arrangement of the reactor building must also consider the service
connections, such as vacuum, heat transfer and electrical lines. Service routing and
wall penetrations must be designed for maintenance access and to provide transporta-
tion paths for the maintenance operations.

The reactor hall should be serviced by a 300/6001 crane. The rooms and equip-
ment must allow transportation of the largest diameter poloidal field magnets (about
24 m).

VI. 4.1.4. Maintenance building

The maintenance building consists of hot cells and maintenance shops for
inspection, maintenance and possibly repair of equipment that has any appreciable
level of radioactivity.

The control of contamination and the partitioning of work areas in the main-
tenance building by activity level are essential. In general, a continuum of work areas
will be needed, from the large hot cells to repair major equipment to glove-boxes
for detailed examination of small parts. The maintenance building must be designed
for external access to receive new parts and to ship out packaged waste.

A smooth transition from the reactor building to the maintenance building must
be designed for the transportation equipment used in the reactor building.

The interface between these two buildings might be an airlock with a decon-
tamination chamber. This interface may also be used for the transfer of new compo-
nents to the reactor, in which case careful design is required to ensure that the new
components are not contaminated. Detailed specification is required for the removed
components and their maintenance procedures.

VI. 4.1.5. Tritium processing building

Tritium processing building should be located adjacent to the reactor hall. The
main tritium processing equipment, various collection and storage tanks, air
detritiation facilities are located in this building.

The main treatment and processing system will have a triple boundary arrange-
ment, the system boundary, the "glove-box" boundary and the confinement area
boundary. All the lines carrying tritium should be double-walled.

VI. 4.1.6. Cryogenic system

It is reasonable to produce liquid helium and nitrogen on the site since huge
consumption will be required for cooling the superconducting magnets and other
devices such as cryostat, fuelling machine and cryogenic pumps. It is assumed that
helium supplies will be stored as a liquid and as a gas (at 18 bar), nitrogen as a liquid.
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Nominal operation of the superconducting magnets, as described in
Section VI.2.3.5, requires the helium refrigeration/liquefaction system of 70 kW
composed for example of four units with capacity of 25 to 30 kW (at 4 K) each. One
of these four units should be used as a standby or for initial magnet cool-down and
for extended operation requiring the refrigeration capacity of 100 kW at 4 K each.

An additional refrigeration capacity ranging from 10 to 20 kW may be
required for cooling other equipment except the magnets.

A preliminary thermal analysis of the cryogenic system shows that its overall
thermal efficiency will be about 1/500.

VI. 4.1.7. Power supply system

This system includes all the specialized power supplies for TF and PF coils,
auxiliary plasma heating and current drive system, central cryoplant, plasma pump-
ing system, primary heat transport system and fuelling; busbars to the unit connec-
tions from the power supply compound, and electrical energy dump or protection
system.

Power supply requirements for all the main reactor systems except magnets
were estimated in a preliminary design based on the operation scenarios. These
requirements are listed in Table VI-25.

TABLE VI-25. POWER SUPPLY REQUIREMENTS

Equipment Capacity (MW)

Plasma heating system 2S0

Cooling water system 100

Cryogenic system 60

Active control coils 40

Fuel and vacuum system 40

Utility 30

Total 520

The positive and negative power supplies with a capacity of order of some GW
will be required for PF magnet operation even not taking into account plasma break-
down needs. To reduce the power supply requirements for the plasma breakdown,
the DC circuit breaker and external resistor may be used.
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Taking into consideration a reasonable limit for electrical power supply from
the commercial line, a set of motor generators having a capacity comparable with
PF magnet requirements most likely will be required for operating the PF magnets.
The rectifier system with a capacity of several GW will be necessary and may be
based on GTO (gate turn-off thyristor) convenors.

The electrical power needs for magnets are estimated to be around 200 MW
supplied from the commercial line to the motor generator and rectifier system, so
that the total electrical power for the whole power supply system will be about
720 MW.

The area for installation of the whole power supply system is estimated to be
about 200 m X 300 m. To optimize the power supply system and operation condi-
tions more detailed design is necessary.

VI. 4.1.8. Primary heat transport system

This system includes all the primary circuits for heat removal from the first
wall, divertors, blanket, shield, vacuum vessel, vacuum pumps, plasma heating and
current drive equipment up to the connections to the units themselves; associated heat
exchangers, pumps, valves, piping, and devices for chemical and volume control of
coolants, if electrical power is generated, steam generators and steam circuit equip-
ment up to turbogenerator set and feedwater heating system; buildings housing all
this equipment and corresponding structures.

It is assumed that the primary cooling circuits are closed loops and the coolant
is water under pressure about 10 bar.

VI. 4.1.9. Secondary cooling water system

The system consists of water circuit removing heat from the primary heat
transport system; water demineralization facilities and building housing this
equipment.

The total capacity of the system should be around 1.7 GW to remove heat from
the basic machine producing fusion power (about 1 GW) and from the power supply
system (another 0.7 GW) as well as to provide flexibility to use extended operation
regime.

Circulation of the secondary loop water is possible with and without cooling
towers, which depends on the site location.

VIA. 1.10. Gases, fluids and heat supply systems

These systems include central and laboratory helium, nitrogen and compressed
air supply and storage services.
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They include also facilities for water intake, pumping and discharge; auxiliary
steam generation; steam, hot water and cold water (potable and non-potable) distri-
bution system, in particular water supply for fire fighting; heating facilities for
primary cooling water system start-up and conventional heating installations.

VI.4.1.11. Electrical power distribution system

The system includes high, medium and low voltage electrical power distribu-
tion equipment, switchyard, transformers, breakers, reserve diesel generators,
auxiliary and general electrical systems, elecncal channels, busbars, cables and
grounding protection devices.

VI. 4.1.12. Waste handling system

The system consists of treatment and packaging equipment for operating radio-
active waste.

Liquid radioactive waste should be collected from all the areas where activity
could be present. For this purpose sewerage, collecting drains, sumps, holding
tanks, transfer pumps, filters, ion exchange beds and possibly evaporators should be
used.

Solid radioactive waste with a low level of activity can be compacted and
stored on the site in special structures. The handling and storage of waste with a high
level of activity depends on the volume produced annually from maintenance opera-
tions and on the level and type of activity present. If the annual volume produced
is small enough and the activity level high enough to make off-site transport difficult,
then consideration should be given to on-site storage.

VI. 4.1.13. Site services and structures

Site factory for superconducting coil winding if their transportation appears
impossible as well as conventional workshops, stores and laboratories with out-
fitting; administration and engineering buildings,computer and information centers;
site rail and road network, fire station, garage, petrol station; premises for medical,
health and safety services; social facilities, canteen, kitchen; laundries for contami-
nated and uncontaminated items; guard-house, site security services and structures;
lighting protection structures should be located on the plant site.

VIA. 1.14. Plant layout

Site area of at least 1 km by 1 km may be. necessary for ITER plant construc-
tion. The location of the reactor building relative to the other plant structures is deter-
mined by the requirement to minimize the potential release of tritium and activated
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material to the environment, to decrease power losses as well as to meet technologi-
cal constraints connected with the length of communications.

The reactor building must have direct access to the maintenance building, the
tritium processing building, the heat removal system and auxiliary systems that may
become contaminated. It is the central element of a controlled access block of
buildings. Other services and buildings are arranged around this block based on the
service connection requirements and cost considerations.

The plant site conditionally should be divided into "clean" and "possibly con-
taminated" zones.

VI. 4.1.15. Conclusions

VIA. 1.15.1. Plant systems and services play chiefly an auxiliary role. However,
they are necessary components of the plant. Their cost may account for 50% of the
total. Some of them, like power supply system, may put essential constraints on
design of main reactor systems. Therefore it is recommended to start analysing their
characteristics, sizes, costs and inherent problems from the very outset of the con-
ceptual designing.

VI.4.1.15.2. Since the reactor building structure will likely withstand anticipated
accident overpressure of up to 50 kPa without costly reinforcement, it is reasonable
to take a credit for reactor building walls containment capability preventing radioac-
tive releases into the atmosphere and retaining its leak-tightness.

VI.4.2.15.3. Preliminary designs have shown that ITER reactor building area will
be probably larger than 55 X 75 m2, and the height of the building is estimated to
be from 60 to 120 m.

VI.4.1.15.4. The ITER component power supply is expected to require about
700 MW (steady state) of electricity from a commercial electrical system.

VI. 4.1.16. Future programme

During the conceptual design phase the containment/confinement philosophy
should be determined; conceptual designs of all the main reactor auxiliary and plant
systems and services listed above should be developed. Plant site layout and site
selection criteria should be worked out.
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VI.4.2. Safety and environment

VI.4.2.1. Introduction

An important ITER engineering objective is demonstrating the potential of a
power-producing fusion reactor for safe and environmentally acceptable operation.
In the light of this objective, ITER has decided to adopt passive safety as an ultimate
design goal. This appears conceivable if recognition is given to the fundamentally
unique characteristics of the fusion process and implies adequate definition of
radiation protection targets, site requirements, and safety and environmental ana-
lyses to be performed. Much of the latter work can only be done during the design
phase after the device design has developed to some detail. During the definition
phase it was most important to start establishing a basic philosophy for the safety of
the machine.

ITER safety and environmental guidelines should

— ensure that operation will be safe and environmentally benign,
— ensure that regulatory requirements are met.

In order to reflect these requirements in the engineering design, first safety
design guidelines should be proposed at an early stage of the design.

VI.4.2.2. Legal requirements and proposed targets

The eventual host country will determine ITER legal S&E requirements and
their interpretations. During the ITER conceptual study, therefore, the exact legal
S&E requirements cannot be known. Legal requirements are also related to cost.
Cost is involved via the ALARA (as low as reasonably achievable) principle, which
is generally recognized in the participating countries.

Because of national differences and uncertainties, the following approach has
been used to arrive at proposals for 'working design targets' for use during the con-
ceptual design of ITER:

— identify legal and "effective" national requirements in various countries,
— identify design targets considered in the various national studies,
— consider the range of legal requirements, the range of national design targets,

ALARA, and the need for a safety margin.

The proposed working design targets are not and cannot be considered legal
standards. After more information on cost and S&E analyses is developed during the
conceptual design study, the design targets may change. The working design targets
presented in the following provide a starting point for ITER design.

Compared to chemical toxins and static/slowly varying magnetic and elec-
tromagnetic fields, the dominant S&E concern is radioactivity, its control and
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exposure to it. Values stated here are for the whole body which is often the "critical"
organ for radiation exposure to tritium. Some activation products concentrate in cer-
tain organs, so later organ-specific information is needed.

VI.4.2.2.1. Public exposure to normal operation radioactive effluents

Some countries have one total limit. Other countries divide the limit into
atmospheric and liquid pathways to be considered separately.

The proposed working design target is 50 /*Sv/a (air) + 50 /tSv/a (liquid)
= 100 j^Sv/a (10 mrem/a) to the MEI (maximum exposed individual). This value
meets all legal requirements except the US liquid effluent limit (40 versus 50 jiSv/a)
and all proposed or actual targets except that for liquid effluents in the US (20 versus
50 /tSv/a).

VI.4.2.2.2. Worker exposure to radioactivity

The general international legal limit is 50 mSv/a (5 rem/a). The only identified
exception is Italy (5 mSv/a). Sometimes this limit is expressed as a cumulative radia-
tion exposure limit of 50 x (T - 18) mSv, where T is age in years.

Current international practice and strong regulatory guidance is to target for
an average exposure of about 10 mSv/a (1 rem/a). This value is proposed as a work-
ing design target.

In a conceptual study (no detailed maintenance scenarios yet) dose estimates
are not at hand so that the more important issue is the radiation fields throughout the
plant, to which radiation and non-radiation workers may be exposed. For radiation
workers, assuming roughly 2000 hours/a, the average radiation field must be below
25 /iSv/h (2.5 mrem/h). As a working design target a radiation field of < 25 /*Sv/h
is proposed for areas at whatever times maintenance is to be planned. Past cost-
benefit calculations (ALARA principle) have also suggested this value. Most national
fusion device design studies used this value.

For non-radiation workers, the radiation field is lower. The USSR regulatory
guidance is 1 ptSv/h (0.1 mrem/h). A US study used 5 pSv/h, the Japanese regula-
tory guidance is to stay below 300 /ttSv/week (7.5 jtSv/h for a 40 hour week) outside
a radiation control zone. Based on these values, a working design target of 5 pSv/h
(0.5 mrem/h) is proposed.

Some criteria exist concerning accidental worker exposure. In the USSR,
250 mSv is allowed once in a worker lifetime, subject to still achieving 50 mSv/a
averaged over 10 years. In the US, 250 mSv is allowed in an off-normal situation
as long as the accumulated life time dose is below 50 x (T - 18) mSv.
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VI.4.2.2.3. Maximum public accidental exposure to radioactivity

The national legal limits to the MEI range from 50 to 500 mS.
The proposed working design target is 100 mSv (10 rem). This would meet all

legal requirements except for the FRG (50 mSv). In the USA and in France, this
would trigger evacuation planning or consideration, respectively.

VI.4.2.2.4. Limiting radioactivity accidental risk to the public

Although this is not established as legal standard, several countries seem to
move in the direction of limiting accident probabilistic risk (occurrence frequency
times consequence). US Department of Energy guidelines call for a risk assessment
approach for non-fission reactor nuclear facilities. To the extent regulatory officials
can judge ITER on the basis of risk instead of maximum accidents, the effectiveness
of design actions to protect the public from realistic accidents may be enhanced, as
effort is concentrated on actually reducing accident risk, rather than on improbable
events.

Preliminary discussions have occurred regarding a risk assessment approach
with the result, for accident analysis, to recommend simple deterministic calculations
as the first step. If these indicate significant hazard potential, then more sophisticated
deterministic consequence calculations are warranted. Probabilistic risk calculations
could subsequently be useful in helping to make decisions regarding the value of
design options or features to reduce accident frequency or consequence.

Preliminary discussions considered possible risk targets for ITER and possible
terminology. These are:

Approx. frequency
(I/a)

1-KT1

Kr'-KT2

io-2-ur4

10~4-HT6

10"6-10-7

< 1 0 ~ 7

Approx. off-site

(mSv)

0.1

1

10

100

100

100

Possible terminology for off-normal

events

Operational transients

Anticipated transients

Low probability accidents, design accidents

Very low probability accidents,
low probability accidents

Hypothetical accidents, very low probability

accidents

Hypothetical accident

The above table (graphically displayed by Fig. VI-59) shows that the possible
target for higher frequency events (1-10~'/a) matches the effluent design target of
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FIG. VI-59. Proposed risk targets for public exposure.

0.1 mSv/a. The low frequency event consequence target would match the maximum
accident target of 100 mSv.

In the table, "transients" refer to off-normal events with frequency
> 10~2/a, i.e. reasonably expected to occur over ITER lifetime. "Accidents" refer
to off-normal events with frequency <10~2 /a.

As a possible guide to designers, there was discussion as to the relative role
of active systems and passive safety. It is well conceivable that passive safety fea-
tures can prevent offsite doses from exceeding 10-100 mSv (1-10 rem). If so, then
passive features would tend to make ITER meet risk criteria for frequencies of
10~4/a and below.

Active safety systems may be needed for higher frequency/lower consequence
events to reduce occurrence frequencies and to lower consequences below those
provided by passive systems. In particular, active safety systems may be needed in
the frequency range 1-10 ~4/a.

VI.4.2.2.5. Passive safety

Like risk assessment, the concept of "passive" safety is not included in legal
standards. Passive safety would be the result of a design approach of protecting the
public, workers and the device against major accidents without dependence on opera-
tors or active means. Instead, such features as physics constraints, materials
properties, radiative heat transfer, thermal conduction, natural coolant and
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atmospheric convection are utilized. Passive safety is believed to be more easily
achieved in fusion than in fission devices because of less hazardous inventories and
smaller energy sources on the one hand and larger surfaces and volumes on the other
hand. Therefore the implementation of passive safety into the design would contrib-
ute in a major way to meet the ITER objective of demonstrating the S&E potential
of fusion.

VI.4.2.2.6. Management of radioactive wastes and decommissioning

More than other areas of radiation safety and environmental impact, waste
management and decommissioning are quite uncertain in criteria. International
criteria vary by several orders of magnitude. Furthermore, the variables used to
express criteria vary too.

Countries show some tendency to divide waste into 3 categories, referred to
here as HLW, MLW, and LLW (high, medium, and low level waste).

Waste transportation and packaging criteria also exist in several countries. One
common element is that waste disposal volume capability is limited. This leads to
general regulatory disapproval of diluting waste to meet criteria. Here "dilution"
refers to adding new mass to the system.

The selection of a host country will allow determining waste management
strategies for ITER and assist the selection of materials. Once neutron fluence, flux,
and materials are decided (including compositions and impurities), the scientific
basis of the waste management problem is largely determined.

Past BHP comparisons of fusion and fission wastes on an isotope-by-isotope
basis show improvements versus fission spent fuel up to several orders of magnitude
but BHP is not included in legal standards.

Additional in-depth investigations of the ITER waste management situation are
warranted to assess the ability (and cost) to avoid producing HLW (at least by some
criteria) or to develop some other waste management approach.

VI.4.2.2.7. Chemical toxins

Preliminary information has been gathered concerning standards for exposure
to chemical toxins. The most important toxin is probably beryllium.

VI.4.2.2.8. Fields

Preliminary information has been gathered concerning standards for
static/slowly varying magnetic and electromagnetic fields. Generally, these are not
legal standards, but advisory in nature. These hazards are not expected to be major
conceptual design issues.



ITER CONCEPT 347

For static/slowly varying magnetic fields there is no clearly defined health
effect relationship, hence the general advisory status of the standards. These stan-
dards together with instructions, unofficial recommendations, occupational guide-
lines, and recommended practice have been collected.

For electromagnetic fields again no clear health effect response has been
defined. Nevertheless, recommendations for occupational exposure limits to elec-
tromagnetic fields developed by the World Health Organization, by the American
National Standards Institute, by the US National Committee for Radiation Protec-
tion, by the International Non-Ionizing Radiation Committee of the International
Radiation Protection Association and requirements by the USSR All-Union State
Standard have been collected.

Exposure limits for electromagnetic fields for the public have been collected,
too.

VI.4.2.2.9. Conclusions and proposed targets for radiation protection

International criteria for radioactivity differ significantly, especially in the area
of waste management. Thus, the exact legal S&E requirements cannot be known for
ITER during the conceptual design phase. Cost feedback is inherent due to the
ALARA principle.

For normal effluents, worker exposure, and maximum accidental releases to
the public, working design targets have been proposed considering the range of
national criteria, past design studies, ALARA, and a slight safety margin (see sum-
mary at the end of this section).

Although risk assessment approaches generally have not been made legal in
participating countries, there is some movement toward this approach as an element
of accident assessment. Most countries have considered risk assessment in some
form in national design studies. Preliminary discussions have lead to proposing ini-
tial values for limiting consequences as a function of off-normal event frequency.

Although the concept of passive safety does not reflect into legal requirements,
there is considerable sentiment that exploiting passive features ("passive safety") to
protect public, workers, and plant is an appropriate goal. It is recommended to the
design units to solve accident problems via passive versus active solutions and pro-
vide feedback regarding feasibility.

The area of waste management remains very uncertain due to considerable
differences in national criteria.
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Summary of proposed safety and environmental working design targets

Normal effluents (public exposure)

Dose to maximum exposed individual (MEI)

atmospheric SO jtSv/a
liquid 50 jtSv/a
total 100 pSv/a (10 mrem/a)

Example: Allowable tritium atmosphere effluent assuming HTO form, site boundary
at 1 km, 100 m stack height, quality factor Q = 1, 50% allotted to activation
products is 80 Ci/day on average (50-125 Ci/day is the range given by present calcu-
lations). This should be allotted among design units.

Worker exposure

10 mSv/a (1 rem/a)
25 pSv/h (2.5 mrem/h) radiation workers
5 juSv/h (0.5 mrem/h) non-radiation workers

Maximum accidents (public exposure)

Dose to MEI: 100 mSv (10 rem)

Example: Allowable tritium atmospheric release to the environment assuming HTO-
form, site boundary at 1 km, 0-40 m release height, quality factor Q = 1, 50-year
dose, 50-year dose commitment is about 180 g of tritium.

Accident risk assessment (public exposure)

Preliminary risk values according to Section VI.4.2.2.4. (also displayed by
Fig. VI-59) are to be considered.

VI.4.2.3. Accident analyses

Before accident analyses for ITER will be performed during the Design Phase,
those which have been made for the national designs have been reviewed.

Broadly the events considered fall into the following categories:

— Loss of coolant accident (LOCA)
— Loss of coolant flow accident (LOFA)
— Loss of vacuum accident (LOVA)
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— Loss of plasma confinement (LPC)
— Magnet failures.

Loss of coolant accidents (LOCAs) could be initiated by a total loss of coolant
(hence no natural coolant convection) from components such as blanket modules,
first wall panels, divertor substrates or from the whole device and imply interactions
(thermal and/or chemical) between the coolant (virtually always water) and hot com-
ponents as well as temperature and pressure transients as direct consequences.

Loss of coolant flow accidents (LOFAs) could be initiated by a loss of active
coolant flow but natural convection may be supported by design. The extent of the
associated temperature transients strongly depends on whether natural coolant con-
vection is achievable at all locations in spite of complex geometry, hot spots and lack
of space.

Loss of vacuum accidents (LOVAs) could be initiated by failures of vacuum
v. ssel elements (such as joints, bellows, windows), vacuum ducts and pumps, heat-
ing and fuelling devices and would imply as most immediate consequences pressure
transients and chemical reactions of the atmosphere with in-vessel components.

Loss of plasma confinement (LPC) could manifest itself mainly by major dis-
ruptions triggered by plasma effects, metallic or graphite dust falling into the plasma,
by the ingress of coolants and/or air, and by control failures, the most immediate
consequences being additional electromagnetic/mechanical and thermal loads to first
wall, blanket, divertor, and vacuum vessel which may cause their failure.

Magnet failures could be of various kinds. Considered in the review were
mostly simulations of off-normal events (mainly with the relatively small bath cooled
magnet system TESPE, some with LCT) such as buckling of the coil set, one coil
without current, one coil with short circuit, loss of cryostat vacuum, loss of coil cool-
ing, hot spot in a winding, propagating quench, external arcs.

The review of the analyses and the discussions held during and after the S&E
specialists meeting led to a list of significant events. In yet anticipated order of risk
(radiation dose times occurrence probability) these events are:

— major rupture of divertor or first wall cooling pipes (LOCA type)
— major failure of vacuum vessel elements, vacuum ducts and pumps, heating

and fuelling devices (LOVA type)
— total LOCA (major cooling system failure outside the vacuum vessel)
— major disruption (LPC type)
— major tritium system failure
— major rupture of blanket cooling pipes (LOCA type)
— magnet current lead break or quench
— total LOFA of the whole device.

These events and their consequences should be taken into account by the design
work, i.e. should be coped with by passive mechanisms to the largest extent possible.
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The events and their consequences should be analyzed as soon as design has
sufficiently developed. The analyses at least have to be performed in a deterministic
way. Probabilistic analyses should be added if they can assist concept selection and
if adequate failure data are available.

Some consequences of the above listed events are expected to require mitigat-
ing means such as filters or confinement/containment structures.

In addition the following topics have to be considered:

— external initiators have to be taken into account according to the specifications
for potential sites. Earthquake and aircraft impact certainly will belong to the
initiators which have to be accounted for.

— human errors have to be included into the accident analyses as recent events
in the nuclear power industry have demonstrated their occurrence and strong
impact.

VI. 4.2.4. Dispersion of radioactivity

VI.4.2.4.1. Types of radioactivity considered and state of calculational
methodology

Radioactivity dispersion and dose rate calculation methodologies have been
reviewed for both tritium and activation products.

Tritium: The dose assessment models for HTO releases are fairly well estab-
lished. On the other hand, the calculational model to evaluate doses due to releases
of HT has to be developed much further. This model should consider in particular:

— deposition velocities of HT to soil,
— reemission rates of HTO from soil.

Generally the calculation of doses due to HTO requires some improvement by
considering more in-depth topics such as

— uptake of tritium by vegetation and incorporation as organically bound tritium
(OBT),

— HTO transfer in the environment and food chains,
— improved knowledge on the "relative biological effectiveness" (quality factor

Q) of tritium beta radiation,
— behaviour of OBT in the body.

Activation products; Recently, isotope-specific data bases have become avail-
able for dose conversion factors and environmental transport factors for fusion acti-
vation products. However, the data base for the mobilization of activation products
is still insufficient, especially in the following areas:
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— volatilization of fusion reactor materials (release modes, rates),
— activated erosion dust (type, characterization, amounts),
— activated corrosion products (type, characterization, amounts, release modes).

It was noted that the contribution of activation products to the committed dose
for the public may be comparable to that of tritium.

VI.4.2.4.2. Key results

Experimental results on tritium dispersion: Main results in particular from the
EC tritium release experiments have been reviewed. Major conclusions are as
follows:

— conversion of HT into HTO in air during plume transport is negligible, it is
rather dominated by soil processes;

— measured and calculated HTO concentrations in air as a function of distance
i

agree reasonably if measured reemission rates of 1 to 5%/h are used as input {
for the calculations; j

— doses calculated for the first day (due to inhalation and skin absorption) agree
well with doses derived from measurements of urine samples;

— simple Gaussian models are adequate to predict HT transport in air but
improved numerical computer models are needed to account for the reemission
of HTO from soil.

Calculated results for radioactivity dispersion: Calculated results for the radia-
tion impact on the public by fusion reactor atmospheric releases have been com-
pared. The results of the four partners differ considerably because of the different
assumptions on stack height, distance to the site boundary, weather conditions,
ingestion parameters, etc.

If these results are translated, however, to the same 100 m stack height and
a site boundary at 1 km, the differences become smaller. The translated permissible
values for normal atmospheric tritium effluents (Ci/day) in HTO form corresponding ,
to the proposed working design target range from 50 to 125 Ci/day. The remaining
differences arise mainly from different assumptions on average site weather and
ingestion parameters made in the national calculations.

For activation product releases, as an example the following result was
presented by one of the participants: the release of 1 cubic centimeter of activated
dust of first wall material (AISI 316) at a height of 20 m, wind with 5 m/s, class
D Pasquill, and 2 mm rain would entail an acute dose to the bone marrow (due to
inhalation during plume passage and groundshine during 30 days) of an MEI at
500 m distance of 0.24 mSv (24 mrem). The source terms of actually conceivable « .
releases are yet unknown; hence, the above figure is given for scaling purposes.
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Tritium behaviour in the environment: Major uncertainties of doses due to
tritium releases emerge from assumptions about the following two elements of
tritium behaviour:

— global conversion factor CF (CF = quantity of HTO due to conver-
sion/quantity of KT released)

— quality factor Q of tritium beta radiation (see below "Radiation dose").

The results presented were based on the conservative assumption that all the
HT released transforms into HTO form i.e. CF = 100%. This assumption is not
confirmed by the experimental results presented. At present the S&E group con-
siders it acceptable to use the value CF = 10% as a first guess. In such a case the
dose commitment D for personnel and maximum exposed individual (MEI) will
change as i (lows: D(perscnnel) will be smaller by a factor 10 for normal operation
and in the c; :JS of accidents because inhalation tends to dominate. D(MEI) for normal
operation will not change significantly because the main exposure pathway is inges-
tion. D(MEI) will be smaller by a factor 10 in the case of an accident if ingestion
has not to be included due to details of an actual accident scenario.

Elemental tritium (HT) behaviour in the body: After inhalation — due to the
low solubility of gaseous hydrogen in water (0.0185 L in 1 L H2O) — only a small
fraction of the HT is dissolved in blood. Part of it is converted into HTO
(T1/2 = 10 to 12 hours) and then behaves like tritium incorporated as HTO.

Skin absorption of HT appears to be negligible in comparison to inhalation.
For skin contact with HT contaminated surfaces, however, the dose to skin at the
contact point can be several orders of magnitude higher than the dose to any other
organ.

Tritiated water (HTO) behaviour in the body: HTO can enter the body by inha-
lation, by absorption through the skin or by ingestion.

Radiation dose: Experimental evidence over the past years is that the total radi-
ation dose due to tritiated water increases by factors from 1.7 to 4.5 (depending on
reference radiation and biological indicators used) if incorporation as HTO or as
organically bound tritium (OBT) is taken into consideration. At present regulatory
practice is the use of a quality factor Q = 1 but for the sake of conservatism it is
proposed to use the value Q = 2 for ITER effective dose commitment calculations
to roughly account for the experimental indications of an enhanced biological effec-
tiveness of tritium beta radiation.

VI.4.2.4.3. Conclusions

The calculational model for evaluating the environmental impact of HT must
be developed much further considering, in particular,
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— deposition of HT to soil and reemission of HTO from soil based on recent
experimental data,

— uptake of tritium by vegetation and incorporation as organically bound tritium
(OBT).

An activation products database should be provided in the following areas:

— volatilization of fusion reactor materials,
— activated erosion dust,
— activated corrosion products.

The global conversion factor CF between the HT released and that converted
into HTO by soil contact tentatively is estimated to be 10%. This estimate has to be
improved in the near future on the basis of calculations because of its strong impact
on dose calculations.

In view of some inconsistencies found between the results of national disper-
sion calculations, tritium release benchmark calculations are required to provide
common ground. To begin with, HTO releases should be analyzed, followed by HT
releases which include HTO conversion mechanisms. The dose contribution due to
the ingestion path should be given separately.

Recent experiments indicate that the quality factor Q for tritium beta radiation
is higher than 1.0. The actual value of the quality factor to be used in dose calcula-
tions should be investigated further. For ITER dose commitment calculations,
Q = 2 is tentatively proposed at present.

VI.4.2.5. Radioactive wastes

The area of waste management at present is very uncertain due to considerable
differences between national criteria.

If present day commercially available steels (austenitic and martensitic) will be
used as structural material, the activation level of first wall, divertor and blanket may
or may not qualify for shallow land burial. Depending upon national regulations, at
least part of these components has to be expected to produce medium or high level
waste.

Masses and dimensions of first wall and blanket segments which need inter-
mediate storage are such that large hot cells for detritiation and treatment (cutting,
compaction, conditioning) are required.

Further assessments are needed to prepare a waste management strategy for
ITER and to assist on this basis the choice between design solutions and materials.
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VI. 4.2.6. Component handling

As the maximum dose equivalent rate permissible for 'hands on' operations is
25 ,uSv/h, the figures calculated in the past for national designs show that in-vessel
components can be handled only remotely.

First wall and divertor bakeout for detritiation is highly desirable before
vacuum chamber opening to keep tritium contamination below maximum permissible
concentrations. This operation should begin immediately after shutdown. Its duration
will vary according to the baking temperature.

As tritium releases from the first wall and divertor depend on temperature,
torus components during their maintenance should be kept at low temperature. To
achieve this, adequate cooling has to be provided to ensure afterheat removal during
maintenance.

The presence of activated erosion products inside the vacuum vessel (mainly
dust stemming from first wall and divertor surface materials) requires adequate con-
sideration in the development of maintenance strategies.

The use of intervention containments with inert gas or vacuum during main-
tenance operations where the vacuum vessel has to be opened can reduce or avoid
the contamination of the reactor hall by activated dust and tritium as well as the
access of air and moisture to the vacuum vessel.

VI.4.2.7. Future programme

The future program is broadly subdivided into the following two phases:

Phase I First homework period after the Definition Phase
Phase II Period starting with the first joint Design Phase work.

Work during Phase I aims at clarification of discrepancies and acquisition of
additional basic knowledge. This work does not require particularly detailed infor-
mation on the ITER design. Major topics are the dispersion behaviour of radioactive
materials (tritium and activation products), the activation characteristics of structural
materials, the mobilization characteristics of radioactive materials, the detritiation of
materials, the safety implications of plasma disruptions, and legal standards for
external initiators of accidents.

Work during the first half of Phase II either requires a certain amount of design
information or extended preparation prior to starting. Major topics are first assess-
ments of accidental events and improved modelling of radioactivity dispersion con-
centrated on activation products and on HT to HTO conversion.

Work during the latter half of Phase II requires considerable design informa-
tion and is intended to concentrate on improved accident analyses, both deterministic
and probabilistic ones if an endorsed database for the latter is available.
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VI.4.3. Reliability and availability

VI. 4.3.1. Introduction

The reliability and availability programme in ITER has the responsibility to
promote highly reliable and maintainable components and systems and thereby
strengthen and assure the prospect of achieving the desired availability of the device.

There is a recognized wide step from the actually achieved availability of the
current generation of large fusion devices, such as TFTR, T-10, JT-60, and JET,
to the next-generation devices, such as ITER. These devices have physics under-
standing as their primary goal, whereas ITER will have technology oriented goals
as well. The technology operations will for the first time involve an activated and
nuclear environment for both operations and maintenance. Therefore, the need for
reliable components and systems is apparent.

Past industry experience has demonstrated that intensive quality assurance
efforts are required to assure achievement of the desired reliability, especially in
highly technically oriented areas where innovative components are involved (such as
in the aircraft and aerospace industries, and in the automated tool industry). Accord-
ingly, in ITER it will be necessary to apply the same assurance activities to achieve
the desired reliability in the components and to achieve the desired overall availabil-
ity goals.

The needed assurance activities will be derived from a strong reliability and
availability programme. This programme will be based upon proven experience and
procedures. Basic reliability data from industry must be applied to the components
for ITER. The judgement is that the development technology to be applied for ITER
is close to today's technology and the manufacturing industry will use mostly today's
standards in producing the ITER components.

The following sections briefly describe the foundation upon which the ITER
reliability and availability programme will be based and indicates the nature of the
programme to be followed. The discussion includes basic assumptions of the
programme, the availability goals of ITER, general reliability related design guide-
lines, analyses procedures, the information base, and an indication of future
programme.

VI.4.3.2. Basic assumptions

The reliability and availability procedures will be applied to ITER based on
known industrial experience, but adjusted to the ITER purpose using certain basic
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assumptions. These assumptions are invoked recognizing the experimental nature of
the overall ITER mission. Accordingly, the following basic assumptions are made:

1. All reliability and availability activities are focused on the technology phase
of ITER. The assumption is made that operating experience and understanding
will be derived from the physics phase.

2. The physics phase will be successful in learning how to preclude plasma
initiated failures that cause a plant shutdown. The physics phase will be used
to determine how to avoid or severely limit major plasma disruptions and how
to handle plasma/wall interactions in a manner that permits all such compo-
nents to function as intended. It is recognized that even after such knowledge
is gained, there may remain a need to provide for periodic (and perhaps fre-
quent) replacement for s;jme components.

3. Component design is performed such that no wear-out failures are expected
during operation. Components with high, or very uncertain, failure rates will
be replaced regularly or after periodic inspection.

4. The operating and testing programme foresees refurbishment periods which
allow for the needed replacements.

VI. 4.3.3. A vailability goals

The availability goals as established in the ITER terms of reference relate to
three specific targets. First, the overall availability of ITER in the technology phase
must be at least 10%. Second, during years of peak reliability, ITER should reach
availability levels as high as 25%. Finally, ITER will be required to operate at very
high availability (continuous operation) for periods lasting one to two weeks.

These goals, in total, are ambitious. The first and second goals are interpreted
to mean that these respective percentages are achieved factoring in all planned and
unplanned downtime of the device. Therefore, the overall availability must account
for the planned periods of refurbisi iment and or replacement of components that are
predicted to have lifetimes requiring frequent replacement. In addition, there will be
needed downtime to replace test modules or test samples. Finally, there will be
needed downtime for traditional preventative maintenance. Collectively, these
planned downtimes may require a significant fraction of the total calendar time.
Unplanned downtime resulting from failures requiring a plant shutdown adds to this
total. The net result is that to achieve the target ITER availabilities requires attention
not only to improve component reliability but also to develop approaches and
methods that limit all planned downtime as much as possible.

Figure VI-60 illustrates this situation. As indicated, during the technology
phase of operation, there will be various periods of operating time with intermediate
periods of downtime, for the reasons noted above. During the overall technology
phase, there will be numerous test campaigns (TC) which will perhaps be focussed
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RP > REFURBISHMENT PERIOD
TC » TEST CAMPAIGN
NC « INDEX OF TEST CAMPAIGNS
TR« TEST RUN
NR »INDEX OF TEST RUNS
SD « SCHEDULED DOWNTIME

FIG. VI-60. Schematic breakdown of technology phase.

on implementing particular tests. Between these test campaigns wi!i be periods of
scheduled downtime for refurbishment activities; these are designated refurbishment
periods (RP) on the figure. For a given test campaign, a series of test runs may be
needed to accomplish a given campaign. This is illustrated in the exploded portion
of the figure. As indicated, the test campaign would consist of a test run (number 1)
followed by a scheduled downtime. The next test run is made, followed by another
scheduled downtime. This is repeated until the series of test runs is completed, or
terminated for some reason. The point of the figure is to illustrate that there will be
periods of downtime for major refurbishment, for scheduled downtime between test
runs, and unscheduled downtime for whatever reason.

Since one of the goals is to achieve 25% availability during peak reliability
years, there will be a need to learn how to operate the device so as to minimize
planned as well as unplanned downtime. Further, the goal of achieving continuous
operation for periods lasting one to two weeks may require several trials before such
a goal is achieved. This could be one form of a repeated series of test runs, such
as illustrated in the exploded portion of Fig. VI-60.
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TABLE VI-26. RELIABILITY A N D AVAILABILITY NOMENCLATURE

1. AVAILABILITY

The ratio of operating time to operating time plus down-time. It is assumed that during

the operating time the machine operates at full power.

2. MAINTAINABILITY

Maintainability is a measure of the ability of an item to be maintained. Mean
preventative maintenance time, the operating time between maintenance, and the mean down-
time are commonly used indices of maintainability.

3. MEAN DOWN-TIME AFTER FAILURE (MDT, h)

The expected, or average, down-time following a failure.

4. MEAN TIME BETWEEN FAILURES (MTBF, h)

Inverse of failure rate (FR), This is the mean time between successive failures; esti-
mated by dividing the total operating time for like items by the total number of failures
encountered.

5. FAILURE RATE (FR, 1/h)

Mean occurrence rate of failures; may be given as a sum of the occurrence rate of all
modes of failure together with an average down-time or may be broken down into the occur-
rence rates of different failure modes which incur different down-times of the plant.

6. MEAN TIME TO REPAIR (MTTR, h)

Mean time to restore (repair or replace) a failed component.

7. RELIABILITY

This is a general term indicating that an item will perform its intended Junction without
failure for a specified interval under stated conditions, given that it is operable at the beginning
of the interval.

8. REPAIR RATE (RR, 1/h)

Inverse of mean time to repair (MTTR)

9. OUTAGE RISK

Product of the occurrence rate of failure (expressed by the failure rate, FR) and the con-

sequence of that failure (expressed by the mean down-time, MDT)

10. SCHEDULED DOWN-TIME FOR MAINTENANCE

This is the time that is provided in the schedule of operations to perform planned

maintenance.

11. PLANNED COMPONENT OPERATING TIME BETWEEN SCHEDULED
MAINTENANCE

This is the planned time for a given component, or system, to operate and perform its

intended function between scheduled down-times for maintenance.
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TABLE VI.-27. GENERAL RELIABILITY A N D AVAILABILITY DESIGN

GUIDELINES FOR COMPONENT DESIGN

1. Seek simple design solutions

Although the function of a given component may require complex designs, the reliabil-

ity of a component typically is the better the simpler the design.

2. Separate component functions

One component should be dedicated to one function; the more innovative a component
is the more important it is to have such a component dedicated to only one function.

3. Use existing, proven components

Components for which there is a good experience database should be used as much as
possible. Avoid wherever feasible the need to develop new components.

4. Design components for simple inspections

Every component should be designed for simple inspections at the manufacturing,
assembly, operating, and after repair stages.

5. Strive for resilient component design

Resilient components tend to have less failures.

6. Follow design codes

The use of design codes provides a well thought out approach to assuring a well
engineered design; the use of such codes should lead to wear-out failures that can be expected
to occur only after times sufficiently long compared to planned operating times.

7. Design to accommodate uncertainties

Some components will have to be designed to operate in conditions that are presently
difficult to predict with accuracy; there are recognized uncertainties in expected plasma condi-
tions which translate into uncertain requirements for component design. As much as possible,
components should be designed to accommodate these recognized uncertainties.

8. Provide for detection and location of failures

It is important that, when a failure occurs, it is easily detected, that it is detected soon
after occurrence, and that the location of the failure is easily and rapidly determined.

9. Consider repair scenarios and frequencies

The design process should identify as best possible the likelihood of failure of the com-
ponent or system and identify probable repair (or replacement) scenarios. Contingencies
should be included in these considerations.

10. Design for rapid component replacement

Some components may not be able to be designed for the desired operating time; for
these components, design should be for rapid preventive maintenance or rapid replacement *
of the component. I,
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TABLE VI-27 (cont'd)

11. In-situ repair for semi-permanent components

Semi-permanent components are expected to last the machine lifetime without failure.
However, where feasible, elements of the design that may be more prone to failure should
be considered for in-situ repair in the unlikely event of failure.

12. Minimize failure propagation

It is highly desirable to develop assurance that a given failure in one component should
not lead to a propagation of that failure in other components in that system or in adjacent
systems.

In developing the necessary programme to provide assurance activities that
will enhance the prospect of achieving the target availabilities, reliability and availa-
bility nomenclature has been defined. These definitions will be employed in all
descriptions and analyses related to the reliability and availability programme.
Table VI-26 provides a listing of this nomenclature and the associated definitions.

VI.4.3.4. General reliability related design guidelines

A set of general design guidelines to promote increased reliability in the design
of ITER components has been developed. This set of guidelines has a foundation in
good engineering practice and is based on industrial experience in which the goal has
been to achieve enhanced reliability in the design. This guidance, if followed, will
lead to component designs which to as large an extent as possible will be highly reli-
able. The listing is provided as a reminder to component designers since all, or most,
of these elements are well known in design engineering practice. The list of general
reliability related design guidelines is given in Table VI-27. By following these
general design guidelines, enhanced reliability of the design should be achieved.

VIA. 3.5. Analyses

Availability models to perform associated analyses exist in the national pro-
grams adequate to the needs of ITER. These models vary from relatively simple
point (or deterministic) models to relatively sophisticated stochastic models that
employ Monte Carlo methods in the analyses.

A parallel path to promoting enhanced reliability in the design, in addition to
following the general design guidelines discussed above, is to analyze in some detail
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the reliability of components. This process can be used to identify the driving sub-
components and elements contributing to unreliability and unavailability. This
process also can identify actions to lead to reliability improvement. The analysis also
includes an evaluation of the prospect of achieving the ITER availability goals.

The working procedure for the reliability and availability programme is sche-
matically indicated in Fig. VI-61. The overall programme begins with the setting of
overall plant reliability and availability targets. This has been done. For the general
design concept an initial plant level, Failure Modes, Effects and Criticality Analysis,
FMECA, is performed. These analyses are hardware oriented, follow well estab-
lished methods, are typically non-mathematical, and allow flexibility in regard to
design modifications. The technique is one in which all failure modes of every major
component are examined individually. The failure likelihood and the postulated con-
sequences are identified. The technique permits identifying all high consequence,
high likelihood failures and either designing ;them out of the component or providing
for such impact by other mitigating systems.

The results of an FMECA, performed on a plant level, provides an early indi-
cation of the component contribution to overall unavailability of the plant. These
results permit placing emphasis on component level FMECA during the design
phase. This process is illustrated in the left portion of Fig. VI-61. If the results of
the component FMECA are compatible with the plant targets, then the process has
been successful. If the results are not compatible with the plant targets, then
improvement of the design is needed and the process repeated.

The procedure of performing an FMECA is given on the right side of
Fig. VI-61. During the design phase, the components FMECA must be performed
in parallel with the ongoing design. These analyses comprise a breakdown of the
components to such detail that reliability information can be provided; this may be
to the level of fundamental deign elements. The components FMECA assessment
identifies those components critical for reliability and availability. Reliability
improvement actions can then be derived with the aim to achieve the previously
assigned target availabilities. These reliability actions become part of the design
process to try to improve those components critical to the achievement of the target
availabilities. The uncertainty of reliability data, especially for innovative compo-
nents, will lead to the definition of appropriate test programmes.

The results of all of the components together will be used to update the plant
FMECA performed earlier and as described above. These results will also be used
to check the prospects of achieving the overall ITER availability goals within the
foreseen overall operating time. The effect of uncertainties must be included. These
will be addressed in sensitivity studies.

A preliminary plant evaluation has been performed for ITER. A plant break-
down was developed and is given in Fig. VI-62. Based on prior evaluations of similar
fusion devices, failure rates (FR) and mean down-times (MDT) following a failure
were assigned to these major components and systems of ITER. The data are
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FIG. VI-6I. Procedures for performing FMECA.
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R&A ITEM DESCRIPTION

A Heat System
AAB First Wall
AAC Blanket
AAD Vacuum Vessel
AAE Dlvertor
AAF Limiter
AAG Shield

AB TF Magnet System
AC FF Magnet System
AE Overall Cryostat
AF RF System
AG NBI System
AM Fuelling System
AP Plasma Vacuum Pumping System (PVPS)
AQ Heat Transport System

C Reactor Auxiliary Systems
CA Auxiliary Steam System
CB Fire Protection
D Fuel Handling System
E Waste Handling
H Cooling Water System
HA Cooling Plant
HB General Water System
K Central Cryoplant
h Electric Power Supply
LA Component Power Supplies
LB Electric Power Distribution
P Auxiliary Systems
PA Air and Gas Systems
PB Labs, Workshops, Laundries (Nuclear)

Q Additional Installations (Conventional)
QA Labs, workshops, Laundries (Conventional)
QB Drainage, Sewerage, Non-Radwaste Disposal
R Buildings
W Assembly and Maintenance Equipment
Y Plant Protection, Instrumentation, and Control

(PIC)

FIG. VI-62. Plant reliability and availability breakdown.

presented in Table VI-28. The components above the horizontal line in the table have
been assigned target values for failure rates; the best estimates for the failure rates
for these components are greater than the target values assigned. Therefore, these
components require improvement to these target values, if possible, so as to
achieve enhanced reliability. The failure rate data for the components below the
horizontal line represent the best estimate values for those components. However,
these data require verification of the failure rate data.



TABLE VI-28. FAILURE RATE AND MEAN DOWN-TIME DATA

ID

AG
AC
AB
AF
AAD
D
AP
AQ
AAB
AAF
AAC
AAG

K
L
W

AAE
Y
AE
AM
C
AN
P
B
M
R

NOTES:

Description

NBI system
PF magnets
TF magnets
RF system
Vacuum vessel
Fuel handling
PVPS
Heat transport
First wall
Limiter
Blanket
Shield

Cryoplant
Elect. Power
Assembly&Main
Equipment
Divertor
Plant PIC
Cryostat
Pellet inj.
React, aux.
Gas inj.
Aux. S.
Eng. safety
Power transport
Buildings

FR = tst'Iure rate, 1/h

FR

0.002*
0.000024*
0.00007*
0.0011*
0.000025*
0.00073*
0.00032*
0.0010*
0.000044*
0.000044*
0.0004*
0.000011*

0.00024
0.00033
0.0003

0.00014
0.007
0.0001
0.01
0.00003
0.0001
0.0005
0.00014
O.OOOOi
0.000000005

SUM = 0.0153
MEAN OF ALL

MDT = mean down-time, h
EF = uncertainty range

EF

1
2
2
1
2
1
2
3
1
1
1
2

3
3
3

1
1
3
1
3
3
3
3
3
3

MDT VALUES

MDT

50
4200
1400
50
2160
50
100
30
600
600
600
2160

100
50
50

100
2
100
10
50
10
1
1
10
8760

= 46.9

EF

1
3
3
1
3
3
1
3
2
3
2
3

3
3
3

3
1
1
1
3
3
3
!
3
3

FR x MDT

0.1
0.1
0.1
0.057
0.054
0.036
0.032
0.031
0.026
0.026
0.024
0.024

0.024
0.0165
0.015

0.014
0.014
0.01
0.01
0.0015
0.001
0.0005
0.00014
0.0001
0.000044

ASSUMPTIONS:
1. Technology phase.
2. Learn in physics phase;

Learn to handle plasma-
wall interactions;
avoid disruptions.

3. Short life components
rapidly replaced (part
of plant down-time).

4. Replacement times scheduled.

* Represents target values

NOTE: Components above line
require improvement in
failure rate data to
achieve target values,
components below line
require verification of
failure rate data.

SUM = 0.717
= (SUM[FR x MDT]/SUM[FR])

1 = 1/vTO,
2 = 1A/5, :
3 = l/v/2. =

xvTO
xV5

2

os

58
<
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It is recognized that the data are uncertain, especially for the fusion specific
components and systems. Accordingly, uncertainty ranges were also assigned to the
data. Three categories of uncertainty were used. In the first category, the data were
considered to have an uncertainty of an order of magnitude; therefore, the range
about the nominal value was considered to exist from the nominal value divided by
VTO to the nominal value multiplied by VlO. The second and third categories were
for those data considered to have an uncertainty range of a factor of five (5) and two
(2) respectively. These categories are indicated in the table for each component.

Based on these data, the components are listed in Table VI-28 in a ranking
from largest to smallest value of the product of the failure rate times the mean down-
time following a failure. These rankings identify, in decreasing priority, the compo-
nents contributing most to unreliability, unavailability, or uncertainty and therefore
to the overall unavailability of the ITER device. Those components ranked above the
horizontal line are the key components for which component FMECA analyses
should be performed during the design phase so as to determine improvement actions
that might be taken to decrease primarily the failure rate but also perhaps the mean
down time following a failure.

The data given in Table VI-28, including the target data, in combination, are
judged adequate to achieve the ITER overall availability goal of 10% and also most
likely the goal of 25% during years of peak reliability. However, as has been indi-
cated, improvement in failure rate data toward the indicated target values will be
required. In addition, although no evaluation has been made of the amount of sched-
uled down time that will be required for ITER, the availability is directly affected
by the percentage of total time required for scheduled downtime. The failure rate
data in Table VI-28, if realized, should permit a reasonably large fraction of sched-
uled down time (perhaps up to 50%) and still provide a reasonable expectation of
achieving the ITER availability goals.

V/.4.3.6. Information base

Considerable information on failure rates of basic component or design ele-
ments exists in the literature and can be the source of data for the ITER reliability
analyses. Most of the data is non-fusion-specific, but in many cases can be justified
for fusion application by arguments of similarity of function and/or design. These
data will be incorporated into the detailed component FMECA reliability analyses.

VI. 4.3.7. Future programme

During the early design stages, it will be important to accompany the develop-
ment of design options and design details with parallel reliability assessments. The

Continuation of text on p. 375



TABLE VI-29. ITER COST CENTRE BREAKDOWN

Cost
centre

Description Responsible group
Cost
(1988 M$)

Definition of content

D.I Site and improvements

D.21 Nuclear buildings and
structures

D.22 Heat transport system

System analysis xx.xx Site investigation, preparation for construction (excavation and
filling), all site connections (road, rail, services), temporary con-
struction facilities, electrical supply line connections to main
transformer.

Basic device xx.xx Torus hall; primary cooling and steam generator structures; struc-
engineering tures for special power supplies of magnets and heating systems;

rooms for cryogenic, vaccum pumping and HVAC systems; struc-
tures for engineered safety features; inactive assembly and storage
areas; cold lock, warm cell, hot cell, active lock and active storage
structures; nuclear laboratories (including general outfitting);
maintenance control room (including basic office outfitting),
decontamination and cleanup system structures; structures for gas
storage, nuclear fuel storage and handling, radwaste management
(including general outfitting); laundry for contaminated items
(including outfitting); high, medium and low voltage power distri-
bution system structures; auxiliary electrical system structures and
health physics building.

Systems analysis xx.xx Either the structures enclosing intermediate heat exchangers and
partial pipework, if no power is generated, or building for tur-
bogenerator, condenser and feedwater heating systems, if power
is generated.



D.23

D.24

D.25

D.26

D.27

D.31

D.32

Cooling water system build- Systems analysis xx.xx
ings and structures

Electrical system building Basic device xx.xx
and structures engineering

Plant protection, instrumen- Basic device xx.xx
tation and control buildings analysis
and structures

Buildings and structures for Systems analysis xx.xx.
plant auxiliaries

Additional buildings and
structures

D.2S Site service buildings

First wall

Divertor

Systems analysis

Systems analysis xx.xx

Plasma facing
components

Plasma facing
components

xx.xx

Cooling towers and structures for water intake, pumping and
discharge.

Civil works in switchyard, energy storage and distribution system
structures, auxiliary, diesel and reserve power system structures.
Transmission line civil costs included in D.I.

Structures for plasma diagnostics and their control, and main con-
trol room. Fire fighting structures (e.g. foam risers, reservoirs,
etc.).

Fluid supply system structures. Conventional workshops, stores
and laboratories (including basic outfitting to fulfil function).

Site petrol station, garages, fire station, information centre,
health, safety and medical buildings, social facilities, canteen
and kitchens, laundry, guardhouse and site security structures. All
these items include basic outfitting to fulfil their function.

Site rail and road networks, fencing, electrical and coolant duct
channels, potable & non-potable water distribution structures,
grounding and lightning protection structures, water distribution
structures for fire fighting.

First wall systems including protective tiles, steel structure, cool-
ing systems and local instrumentation. (Support of the first wall
structure is included in D.34).

This system includes the divertor plates, divertor support struc-
ture, protective tiles, and local instrumentation.

3
X

1
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TABLE VI-29 (cont.)
0 0

Cost
centre

Description Responsible group
Cost
(1988 M$)

Definition of content

D.33 Limiter

D.34 Blanket

D.35 Shield

D.36 Vacuum vessel

D.37 TF magnet system

D.38 PF magnet system

Plasma facing xx.xx All limiters and sub-limiter and their support structures and
components instrumentation.

Blanket xx.xx Includes reference "driver" blanket and associated structural sup-
port, and local instrumentation. Replacement test modules are
included in operating costs (Blanket provides structural support
for the first wall, D.31).

Blanket xx.xx All shielding modules not specifically integrated elsewhere, for
instance in the blanket or vacuum vessel. Includes all penetration
shields for vacuum pumping, plasma heating systems, etc.
Includes support and local instrumentation.

Containment xx.xx Includes the vacuum vessel and shield inherent in the vessel,
structures vacuum vessel ports and port extensions, structural support,

plasma position control coils, resistive elements, bakeout, insula-
tion, leak detection and differential pumping ducts, as they exist.

Magnets xx.xx TF coils; intercoil, central and weight support structures, up to the
interface with warm structure; coolant feed line, busbar and
instrumentation connections at the coil terminals.

Magnets xx.xx All PF coils including OH coil and vertical stabilization coils, coil
supporting structures, local cryostats, and coolant feed lines, bus-
bar and instrumentation connections at the coil terminals.

i<



D.39 Overall cryostat Magnets

D.41 Plasma vacuum pumping Fuel cycle
system

D.42 Central cryoplant

I":.

Magnets

D.43 Heating and current drive Heating and current xx.xx
system drive

D.44 Fuelling systems Fuel cycle

D.45 Fuel handling system Fuel cycle

xx.xx Main coil cryostat including cooling system, structural support
and thermal insulation.

xx.xx Plasma vacuum systems including valves and pumps, and ducts
between primary pumps and backing pumps. Includes vacuum
pumping for machine components potentially contaminated with
tritium, including pump, flange and isolation valve, and lines to
fuel handling. Other ducts are included in vacuum vessel (D.36)
and fuel handling system (D.4S).

xx.xx Central cryoplant and connections to overall coil cryostat and to
local reservoirs near components as required.

For RF, from output of AC/DC convenors, up to and including
antennas and Faraday screens (for ICRH) or equivalent for other
systems. For NBI, from output of AC power supplies to the
sources, up to and including the torus shut-off valve.

xx.xx Complete injection systems (gas, pellet, etc.) out to gas supplies
from fuel handling system (D.4S). Includes vacuum vessel/port
isolation valve.

xx.xx Plasma exhaust, purge gas and blanket and shield coolant process-
ing systems for tritium removal; includes all connections to these
systems. Atmospheric detritiation systems and HVAC in nuclear
buildings. All tritium extraction, processing, storage and supply
systems. All lithium and lithium compound supply and control
systems.
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TABLE VI-29 (conO
O

Cost
centre

Description Responsible group
Cost
(1988 MS)

Definition of content

D.46 Heat transport systems Systems analysis

D.47 Component power supplies Basic device
engineering

xx. xx Primary active heat removal systems associated with removal of
heat from the Tokamak systems including first wall, divertor,
vacuum vessel, blanket and shield, up to the local connections to
the units themselves. Primary active cooling systems required for
major auxiliary systems such as the vacuum pumping system, and
the heating and current drive system. Associated piping, pumps,
valves, heat exchangers, and chemical and volume control of
coolants. Includes intermediate cooling cycles, if present, and
their heat exchangers to the secondary coolant side. If power is
generated, all steam generators, steam circuit pumps, and piping
out to connection to turbogenerator set and feedwater heating sys-
tem. These circuits also have the task of afterheat removal, but
emergency heat removal, if needed, is included in D.48.

xx.xx All specialized power supplies, out to the site distribution network
and in to local terminations, for TF coils, PF coils, auxiliary heat-
ing and current drive systems (RF and NBI), central cryoplant,
plasma vacuum pumping system, primary heat transport system,
fuelling and tritium processing systems. Busbars to the local unit
connections from the power supply compound, and any electrical
energy dump or protection systems. Energy storage systems and
their power supplies.



D.48 Plant protection, instrumen- Basic device
tation and control systems engineering

xx.xx.

D.49 Assembly and maintenance Maintenance
equipment

xx. xx

D.51 Electrical power distribution Systems analysis xx.xx

D.S2 Waste handling Systems analysis xx.xx

0.53 Cooling water system Systems analysis xx.xx

D.S4 Fluid supply systems Systems analysis xx.xx

All diagnostic systems required for scientific experiments. All
central site computer systems for protection, instrumentation and
control, and data analysis; all protection, instrumentation and con-
trol and data analysis equipment including all cabling and trays,
up to sensor interface to component; emergency heat removal sys-
tems; general safety systems not integrated elsewhere; site secu-
rity systems; fire protection and fighting systems in controlled
areas and where not included implicitly in building costs; nuclear
and chemical sampling systems.

Assembly, maintenance and repair installations throughout the
plant (unless subsystem specific); decontamination equipment;
reactor, turbine hall and hot cell cranes; intervention containments
and their built-in manipulators.

Switchyard, transformers, breakers and busbars, medium and low
voltage installations, reserve diesel generators, cables and trays,
auxiliary and general electrical service systems.

Treatment, conditioning, and packaging equipment for operating

radwaste. Non-radioactive solid, liquid and gas waste disposal.

Steam and water systems beyond the primary and intermediate
heat transport system; if required, turbine/generator, condenser,
and feed water heating systems.

General water systems aroung the site. Specialized systems for
demineralized water. Central gas supply, compressed air, and
laboratory gas systems. Heating systems for main cooling water
system startup. Auxiliary steam generation and steam/hot water
distribution systems.

i



TABLE VI-29 (com.)

Cost

centrei
Description Responsible group

Cost

(1988 MS)
Definition of content

D.S Initial spares

D.C

1.11

1.12

1.13

1.14

1.15

1.16

1.17

Contingency

AH

All

Project management per- Management
sonnel during construction committee

Project management Management
materials and expenses dur- committee
ing construction

Design and engineering Management
services during construction committee

Licensing Management
committee

Taxes, fees and insurances Management
during construction committee

Energy and services during Management
construction committee

Personnel training during
construction

Management

committee

xx.xx All spares held, at start of operation, as a contingency against

unexpected failure.

xx.xx Sum of maximum credible cost increase in each direct cost item.

xx.xx Direct manpower costs and their direct expenses, i.e. salaries,
wages, pensions, etc.

xx.xx Indirect manpower costs, indirect manpower expenses and
expenses of the project generally, i.e. temporary offices, equip-
merit, instruments, vehicles, travel, QA systems, legal
representation.

xx.xx Consultancies for detailed design review, contract control, and

computing.

xx.xx All preparations and procedure costs associated with obtaining
permission to build and operate plant on day 1.

xx.xx Including any fund raising costs.

xx.xx Electricity, water, gas, security, safety and cleaning services.

xx.xx

S



1.2 Launching costs AH

M.I

M.2

M.4

M.51

M.52

M.53

M.54

M.6

Project personnel during
operation

Project admin., materials

and expenses during
operation

Energy costs during
operation

General spares consumables
and services

Blanket replacements

First wal' replacements

Divertor replacements

Waste disposal

Management
committee

Management
committee

Management
committee

All

Blanket, maintenance

Plasma facing compo-

nents, maintenance

Plasma facing compo-
nents, maintenance

Systems analysis

XX. XX

XX. XX

XX. XX

XX. XX

XX. XX

XX.XX

XX. XX

XX. XX

Contingency covering: special design and cost studies, work prior
to novel prototypes; reviews of contractors detailed designs;
coordination between contractors; extra engineering for licensing
tests of novel equipment; recovery from design and manufacturing
errors and unforseen events; high QA and QC efforts due to lack
of database; consequences of delays; slower than expected
commissioning.

Direct manpower costs and their direct expenses, i.e. salaries,
wages, pensions, etc.

Indirect manpower costs, their indirect expenses and expenses

of the project, i.e. administration, monitoring systems, etc.

Power consumption for lighting, HVAC, and machine operation,
plus stand-by and stand-down power comsumption.

All parts replaced during operation, except replacement first

walls, blankets and divertors.

AH parts and labour associated directly with blanket replacement.

All parts and labour directly associated with first wall
replacement.

All parts and labour directly associated with divertor replacement.

Excludes processing and conditioning (included in D). High

medium and low-level waste disposal costs during operating phase

only (see R).

1



TABLE VI-29 (conO

Cost

centre
Description Responsible group

Cost
(1988 MS)

Definition of content

M.7

F.I

F.2

F.3

R.I

R.2

R.3

Insurance taxes and fees
during construction

Deuterium

Tritium

Lithium or lithium
compound

Planning and project
management

Decontamination and
dismantling

Waste disposal and
treatment

Management
committee

Blanket

Blanket

Blanket

Management
committee

Management

committee

Management
committee

XX. XX

XX.XX

XXX. XX

XX. XX

XX. XX

XX. XX

XX.XX

Cost of consumption and decay during operation period. >

Cost of all material irradiated or consumed during operation. 50
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results of these studies will be one element in the process of choosing from among
options, or in deciding on improvements that should be made in given component
designs. In general this will require FMECAs to be performed for the key compo-
nents according to the procedures outlined in Fig. VI.-61. These FMECAs will be
performed either by the designers directly, or by reliability engineers working
closely with the designers.

The early reliability and availability assessments of all other components will
be reviewed and updated as necessary. The results of the key component FMECAs
combined with all the components together will be used to update the overall plant
FMECA. The results will also be used to check the prospects for achieving the over-
all ITER availability goals. Compatibility of results from such analyses will be
assured by performing all such analyses to specified formats and other guidance
provided to all designers.

VI.4.4. Cost

A knowledge of device cost is an important input for selecting a device option.
However, for ITER, the design specifications, construction procedure, and operation
phase planning remain to be developed. Therefore, no meaningful estimate of the
absolute cost of an ITER device or project can be made until such information is
developed in some detail.

For purposes of aiding the concept selection, the existing costing models within
the national parametric analyses codes have been used to gain an understanding of
cost sensitivity as design parameters were varied. No single cost model for ITER was
developed during the Definition Phase studies, but neither was any major conflict in
cost trends and tendencies noted during the parametric studies.

VI.4.4.1. Cost centre breakdown

The major effort related to cost for ITER during the Definition Phase has been
the development of a cost centre breakdown. The purpose of this effort was to estab-
lish the basis for making cost estimates for ITER as the design evolves. Such a cost
centre breakdown is necessary to assure that all elements of the project are identified
and are properly placed in the appropriate cost centre.

The cost centre breakdown is given in Table VI-29. The breakdown defines
all cost components of the design. The major categories include direct and indirect
construction costs, operating and fuel costs, and decommisioning costs.



376 CHAPTER VI

The dominant construction costs are the direct costs. The major categories are:

Site and improvements
Buildings
Tokamak
Tokamak auxiliaries
Plant systems
Initial spares
Contingency

In the indirect construction cost area, the cost elements include project
management personnel, materials and expenses, design and engineeering services,
licensing, taxes, fees, insurance, energy and services, and training.

The operating costs include personnel, administration, materials, and
expenses. Also included are energy costs, general spares, and replacement compo-
nent costs such as first wall, divertor, blankets, etc.

Fuel costs include the costs for deuterium, tritium, and lithium or lithium
compounds.

Decommissioning costs include planning, administration, decontamination,
dismantling, and waste disposal and treatment.

Table VI-29 identifies the responsible group for each cost element. These
groups within the existing ITER organisation are responsible for providing all cost
information for the cost elements. These groups are also responsible for defining the
content of the cost element and defining clearly the boundaries for the cost centre.
Such definitions are necessary to ensure that all components and equipment are
included in the cost estimate. The table includes the current definition of the content
of each cost centre, and will be modified and updated as the design details are
developed.

VI.4.4.2. Future cost considerations

Developing a reliable cost estimate for ITER will require that consideration be
given to a number of issues. Such a multinational construction project can be
organized in a number of different ways to satisfy the international nature of the
project. The nature of such an organization will significantly influence the cost
estimate. Examples of such issues include:

Sharing of the design and construction work among the participants;
Sharing of the actual manufacturing and acceptance testing of components

among participants;
Distribution of responsibility and effort among a central project team and

industrial firms that are contracted to design and/or provide the hardware.
These issues, which are related to the international nature of the ITER

programme, will be addressed during the design phase.
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OPERATIONS
AND EXPERIMENTAL/TESTING PROGRAMME

VII. 1. OPERATING AND TEST PHASES

Although many of the main objectives of ITER can be met in the first few years
of operation, it is envisioned that ITER can have a long and productive lifetime. The
first six years, the physics phase, is primarily devoted to physics issues. After that,
the technology phase is mainly used for engineering and technology testing. There
will, of course, be a significant amount of engineering testing in the physics phase,
particularly with regard to operation of the basic device as well as a limited amount
of nuclear component testing. Similarly, some physics testing can be expected to
continue into the technology phase. Thus, there is not a sharply defined point in time
that marks a transition from physics to technology testing.

Prior to the initial operation in the physics phase there will be a significant
amount of commissioning tests of the components of the tokamak and its necessary
support systems such as TF and PF magnets, magnet power supplies, magnet protec-
tion systems, cryogenic systems, vacuum and fueling systems, plasma heating
systems, maintenance equipment, and reactor control and instrumentation systems.

The various operating phases of ITER are summarized in Fig. VII-1. The first
three years of the physics phase are carried out in H and D/He3 plasmas which
produce either zero or low neutron activation levels in the structure of the device.
This permits hands-on maintenance and verification tests of remote maintenance
procedures.

The first two years of the physics operation will concentrate on establishing
operational conditions in H plasmas through a sequence of ohmic discharges and chen
operation at the full capability of the magnetic field and plasma heating systems. The
next year will be devoted to optimizing plasma performance to prepare for DT opera-
tion in the physics phase.

During this initial 3-year period, the integration of the plasma heating systems
into the tokamak system is demonstrated, plasma control systems are checked out
under plasma transients, and the performance of high-heat-flux components (diver-
tor, first wall) is established. In addition, the response of in-vessel components
(vacuum vessel and shield) to plasma operations, including disruptions, is checked.

During DT physics operation (lasting approximately 3 years) emphasis is
placed on achieving ignition and studying driven plasma operation. In this phase, the %
operation of the plasma tritium processing system is verified. If the tritium produc- ,|,
tion ("driver") blanket is installed at this time, then a preliminary test of its perfor- '
mance will be carried out. Also some initial blanket tests (neutronics, liquid-metal
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FIG. VII-1. Possible operating phases for ITER.
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flow, etc.) will be conducted. This is referred to as the "pre-technology phase" por-
tion of the physics phase.

The neutron fluence through the physics phase will be quite low,
<0.05 MW-a/m2, resulting in damage levels to the first wall of <0.5 dpa.

The technology phase involves several stages. The first stage begins with a
period lasting about three years which is devoted to concept verification tests of
various power-reactor blanket options. Each of these tests will usually last 0.5 to one
year. Demonstrated operation of the tritium-production blanket will be necessary
during this period. Also expected during this period are tests of advanced divertor
and first wall concepts as well as surveillance testing of tokamak in-vessel compo-
nents to check their performance. The overall availability during this period is
expected to remain at modest levels, i.e. <10%. Success in this stage would, in
itself, mark a major milestone in the development of fusion energy because all of
the major components of a reactor would have been successfully operated in an
integrated reactor system.

Assuming successful completion of the first stages of operation, an extended
period of technology testing (for example 7 years) can be envisioned. This period
will emphasize concept verification and long-term tests of selected blanket options
from earlier tests. It is hoped that availabilities of >10%, perhaps approaching
25-30%, will be achieved to realize an average fluence of 3 MW-a/m2. This
period will result in data sufficient to select with confidence a blanket concept for
the device after ITER. It will also provide useful materials damage information as
well as reliability data on blanket, plasma-facing components, and tritium processing
systems. In addition, safety-related transient tests will be carried out; those of a more
severe variety will be done near the end of the operating period.

From a nuclear component testing point of view, the average neutron wall
loading should not be less than 0.8 MW/m2. The minimum fluence is 1 MW-a/m2

but higher values, up to 3-6 MW-a/m2, are preferred. Steady-state plasma opera-
tion is recommended. If a pulsing mode of operation is necessary, then a burn time
of 1-3 hours is desired with 600 s as the minimum value. The dwell time should not
exceed 70 to 200 s. Continuous operation (in steady-state or pulsed mode) of 1 to
2 weeks at very high availability (~ 100%) is required. Space required for blanket
tests includes 8 modules (1 m x 2 m x 0.5 m) and two outboard poloidal sectors
assuming that most of the test program needs of the four parties can be combined.

The above discussion outlines the general features of the operating schedule
for ITER. The specific details and exact schedule will depend, however, on several
key decisions to be made during the design and physics phase. Examples of possible
scenarios based on selected key decisions are shown in Fig. VII-2. The first major
decision, made at the beginning of detailed engineering design, is whether to proceed
with a base-line design or on extended design allowing for higher physics perfor-
mance. At the end of the H-portion at the physics phase (3 years), a decision is made
on whether to use the baseline or extended performance during the DT physics
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HIIMII Major Machine Modification
Noie:Siart Technology Phase Year 6 or 7

Baseline

FIG. V1I-2. ITER decision logic.

period. At the state of the technology phase, a decision is made on the operating
mode, i.e. pulsed or steady-state for the early years of the technology phase. It is
assumed here that the base line design (permitting more room for shielding) and
steady-state operation are utilized for the long-term testing period of the technology
phase. As indicated, the completion of the ITER mission may take up to 16 to
19 years depending on the specific choices made regarding these operating options.
The length of the technology phase could be shortened by learning how to operate
at higher wall loadings and/or higher availabilities.

Vn.2. PHYSICS PHASE

ITER operation will be carried out in two phases: a physics phase devoted
mainly to achieving the plasma physics objectives, and a technology phase devoted
to engineering objectives and the testing programme. From the viewpoint of the acti-
vation level of in-vessel components, the physics phase of the ITER can be sub-
divided further as follows: (i) the zero activation phase (an initial operation with
hydrogen as a working gas), (ii) the low activation phase (operation with D and
3He), and (iii) the high activation phase (D/T operation).
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FIG. VII-3. Tentative physics operating phase.

During the physics phase, ITER will operate at a reduced blanket thickness
with the reference parameters as follows: R = 5.8 m, a = 2.2 m, I = 22 MA,
B = 5.0 T, k = 1.9. The physics phase will last ~ 6 years and will require about
15000 shots. The tentative schedule of operation during this phase is shown in
Fig. VII-3. It is assumed that about 20 shots are performed per working day and that
there are about 200 working days per year.

The H/D plasma studies should be as complete as necessary to predict with
high confidence the plasma characteristics during D/T operation. On the other hand,
the D/3He plasma operation phase should be as short as possible (just sufficient to
test the isotope effect) to allow restricted hands-on maintenance during the prepara-
tion for the D/T ignition studies.

VII.2.1. Zero activation phase

The main task of the zero-activation phase is the assessment, on the basis of
experiments with hydrogen plasmas, of the confinement capability of ITER and of
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the parameter space accessible in ITER for the ignition studies and for steady-state
operation.

During this phase, the various tokamak subsystems will be tested. A number
of physics problems important for the subsequent D/T operation, such as the density
limit, q-limit, disruption characteristics, elongation and triangularity control, impu-
rity control, plasma fueling, and rapid plasma shutdown will be verified.

The duration of the zero-activation phase should not be too short to make sure
that the hydrogen plasma performance in ITER is well established. On the other
hand, this task should not delay the approach to the main ITER objectives. A
2.5-year period seems to be the lower limit for this phase which will demand very
aggressive efforts during both the initial ohmic operation and the experiments with
powerful auxiliary heating. All tokamak subsystems including those for plasma heat-
ing should be installed and ready to work at their full capability prior to tokamak
start-up. Extensive testing of tokamak components and of the plasma diagnostics on
test beds is necessary before integrating them into the ITER device.

VII.2.1.1. Initial Ohmic operation (hydrogen, B < 3.5 T, 6 months)

During the initial operation with ohmic discharges, the procedures for machine
clean-up and first-wall conditioning will be established, and the procedures for
breakdown and current ramp-up will be optimized.

The pulse duration and plasma current will gradually increase to > 100 s and
~ IS MA, respectively, at the end of this period. To achieve this goal, feedback con-
trol has to be optimized, including the plasma shape control and stabilization of the
axisymmetric instability for elongated plasmas.

Divertor operation will be tested at a relatively low power and an initial assess-
ment of the performance of plasma-facing components will be made. Initial energy
confinement results will be obtained and the validity of confinement scaling predic-
tions for an ohmic plasma at low to moderate density will be tested.

This period will require about 2000 shots.

Vll.2.1.2. Full field and heating system tests (hydrogen, B < 5 T, 3 months)

During this period, engineering tests of the machine will be conducted with the
magnetic field up to its design value (5 T at R = 5.5 m) and in the presence of a
plasma current. The plasma current will be brought up to its design value (22 MA
in the base-line option).

The tests of the auxiliary heating system will be performed in plasma experi-
ments, gradually increasing the heating power up to the design value (—100 MW).
An initial assessment of the performance of the plasma-facing components under a
high heat flux will be made.

It is expected that this period will require ~ 100 full-parameter and -500
reduced-parameter shots.
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VII. 2.1.3. Hands-on maintenance shutdown, test of remote maintenance (4 months)

After testing of the machine approaching full parameters, a maintenance period
with a vacuum opening will be necessary to repair or replace some internal structures
(if necessary) and to install additional diagnostics. The machine activation will be
low, if any, and hands-on access to all machine components will be possible. In situ
tests of the remote maintenance equipment will be done during this shutdown.

V1I.2.J.4. Physics studies: energy confinement and plasma-wall interactions
(hydrogen, B < 5 T, 7 months)

After machine clean-up and first-wall conditioning, which can occupy up to
2 months, extensive studies of plasma behaviour with emphasis on energy confine-
ment and plasma-wall interaction will be performed.

Transition into the H-mode, i.e. in the most interesting operational regime, is
e~ pected in discharges with high-power auxiliary heating in the presence of a diver-
tor configuration. It is assumed that proper techniques for preventing an uncontrolled
density rise and impurity accumulation in the H-regime will be known by that time.
The stable operating space (density and safety factor) will be determined at high elon-
gations and high plasma currents using gas puffing in combination with pellet injec-
tion for plasma fueling.

In the absence of an active stabilization method, the fraction of disruptive dis-
charges during these studies will be relatively high (up to 30%) and will limit long-
term operation close to operational limits. A characterization of disruptions and an
assessment of their effects on the machine components at full parameter operation
will be performed and active stabilization techniques will be tested.

Confinement scaling predictions for discharges with high-power auxiliary
heating will be tested and an assessment of the machine parameters required to reach
ignition will be m&de taking due account of the results from smaller tokamaks.

The interaction of plasma with protective tiles covering the first wall and diver-
tor plates will be studied and the behaviour of tiles made of different materials will
be compared. The compatibility of the tiles with the working conditions in ignition
studies will be assessed.

VH.2.1.5. Shutdown: change of plasma facing components, demonstration of
remote maintainability (3 or 5 months)

Major changes of the protective tiles covering the first wall and/or the divertor
plate could be made during this shutdown if needed for the ignition studies. In this
case, the shutdown period will last for at least 5 months. If the behaviour of the origi-
nal tiles will prove to be acceptable, the shutdown period will be shorter (3 months
or less) during which replacement of damaged tiles and repair of any in-vessel hard-
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ware will be the most time-consuming tasks. Full scale tests of the remote main-
tenance systems should be made during this period.

Vll.2.1.6. Physics studies: steady state (hydrogen, 6 months)

Physics studies will continue with emphasis on experiments with non-inductive
current drive. The auxiliary power needed to support the full current is expected to
be around 100 MW at moderate plasma density. The current drive efficiency as a
function of density will be studied and the parameter space acceptable for steady state
operation will be determined. Non-inductive current initiation and ramp-up, to save
volt-seconds, and to prolong the pulse length will be studied as well. It is anticipated
that these studies will require about 2000 shots over a period of 6 months.

VII.2.2. Low activation phase

VII.2.2.1. Pre-ignition optimization: ion mass effect, He-pumping (D/He, 4 months)

The next phase of ITER operation will be mainly devoted to the tests of ion
mass effects on plasma confinement and to the studies of the efficiency of helium
removal during the discharge (helium will be added into the plasma by gas puffing
or by injection of high-energy neutral helium beams). An increase in energy confine-
ment time (proportional to N/AJ or to N/AJ /ZJ) as well as an increase in the con-
finement time of impurity ions is expected when operating with D-plasma.

Deuterium operation with high-power auxiliary heating will activate the
machine components. Hence, it is necessary to minimize the number of full energy
deuterium pulses to allow restricted access to the vessel at least after a short (one
to two weeks) cool-down period.

The final assessment of the ITER confinement capability and of its ability to
achieve ignition will be made at the end of this operation period. The configuration
of in-vessel hardware will be selected for the following DT ignition studies.

VII. 2.2.2. Shutdown: internal changes for DT ignition studies (5 months)

Final preparations for DT operation will be made during this shutdown includ-
ing changes of in-vessel components. Blanket will be installed if it has become clear
that the ITER confinement capability is high enough to achieve ignition with a plasma
size and current as anticipated for technology phase (a = 1.8 m, I = IS MA). The
main work during this shutdown will be carried out using the remote maintenance
systems with limited manual help in case of faults.
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VII.2.3. High activation phase (D/T, 2 years)

The next two years of ITER operation will be devoted to achievement of one
of the main ITER goals, i.e., the demonstration of controlled burn of a D/T plasma;
here the external heating power needed for burn control will be small compared with
the a-particle power (Q > 30). After initial experience in D/T operation, the experi-
ments will evolve from low Q ( — 2-5) discharges through "flash" ignition (a high-Q
state lasting for ~ 10-30 tE) to about 200 s controlled burn and then to the long-
pulse driven operation with noninductive current maintenance.

The most favorable conditions for ignition are expected at modestly high (3 and
the highest possible plasma current. The a-particle power will be about 200 MW.
A period of several months to 1 year will be necessary to establish operational proce-
dures and to prolong high-Q operation to ~ 100 s where effective helium ash removal
will become essential. Physics studies of a-particle effects on the energy confine-
ment time, MHD activity, and on operational limits will be performed during this
phase.

A significant effort will be necessary to optimize helium ash removal and to
limit the a helium concentration in the burning D/T plasma to a level not higher than
5-10% of the electron density. After that, controlled burn lasting ~200 s will be
demonstrated in an inductive mode of operation. Though this stage will be, in many
aspects, preparatory for the technology phase (He-pumping optimization, control of
divertor plate heat loading), many critical issues related to the physics of burning
plasmas will be studied during this period (energy and particle transport, control of
sawtooth, impurity transport, ELMs and fishbone activity, disruption control).

The final experimental campaign during this period will be preparation of the
technology phase devoted mainly to the demonstration of high-Q (> 10) long-pulse
(> 1000 s) driven operation with noninductive maintenance of the plasma current.

VII.3. NUCLEAR OPERATIONS AND TESTING

VII.3.1. Objectives of nuclear test program

ITER will provide the first opportunity for testing fusion nuclear components
in the actual fusion environment. ITER is considered a crucial step in fusion technol-
ogy to accomplish the following objectives:
(1) Provide fusion integrated testing data to calibrate results from non-fusion facil-
ities and to verify theoretical models and design codes.
(2) Provide data for comparison of candidate concepts for nuclear components; the
data should be definitive enough to permit selection of the best reactor relevant con-
cepts for the devices beyond ITER.
(3) Demonstrate tritium self-sufficiency.
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(4) Demonstrate performance levels that extrapolate to reactor conditions.
(5) Demonstrate adequate level of reliability for the fusion nuclear components.

VII.3.2. Testing requirements on ITER design and parameters

Successful testing requires that the physical and operating characteristics of the
test facility meet certain requirements. These can be classified into two major areas:

(a) requirements on the engineering design of the facility, and
(b) requirements on the major parameters of the device

VH.3.2.1. Requirements on engineering design

There are testing requirements on the engineering design of both the "device
core" and the rest of the facility outside the device core. These include:
(1) provide access to place, remove and exchange test elements in the shortest pos-
sible time, preferably hours for small material specimens and up to one or 2 weeks
for large modules.
(2) Configuration and maintenance schemes must allow for widely different types
of testing vehicles ranging from submodules, to modules, to outboard sectors.
(3) Provide sufficient space and flexible layout to accommodate the test program
ancillary equipment. The volume required for the tritium and heat rejection systems
is about 200 m3. The preferred location for the ancillary systems is below the reac-
tor. There are other requirements associated with hot cells, and movement of the test
elements from the reactor to various types of storage facilities.
(4) The design choices for the basic device must be compatible with the test
program.
(5) The engineering design of the basic device and test vehicles should permit
accommodation of most failures in test elements.

Vll.3.2.2. Requirements on device parameters

The most important test requirements are those related to the major parameters
of the device such as wall load, fluence, burn and dwell times, and device
availability.

The purpose of tests in ITER is to provide information useful to predicting the
performance in devices beyond ITER up to commercial reactors. The majority of
ITER parameters will most likely be lower than those for a demonstration reactor
(DEMO) and commercial reactors. Therefore, if the test modules are designed to
"look like" components in DEMO and commercial reactors, stresses and other
operating parameters are reduced and information from the tests is, generally, not
useful. Therefore, "act alike" modules must be designed using engineering scaling
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TABLE VII-2. PARAMETERS FOR ITER BASED ON TEST PROGRAM

REQUIREMENTS

Parameter Value

Average neutron wall load, MW/m2 1-2 [a]

Neutron fluence for machine, MW-a/m2

— concept scoping 1-3
— concept verification 3-5

Maximum desirable duration of technology test phase, years 10

Continuous operating time, weeks 2 [b]

Plasma mode of operation steady state
[c] or long
burn time
(1-3 hours)

Test area per module at first wall, m2 1-2

Test area for sector tests outboard

sector [d]

Number of modules/sectors [e]

Total test area [e]

a — Minimum value during technology phase is - 0 . 8 MW/m2; minimum

value during physics phase should be determined only from physics

considerations

b — minimum value: > 1 week

c — If pulsing is unavoidable the plasma bumtime must be greater than
600 s. However, there is uncertainty in specifying the maximum acceptable
dwell time. Some calculations indicate < 10 s while other calculations indi-
cate < 7 0 s, even up to 200 s.

d — Toroidal width varies from 1 m for some tests to a full width (c/n,
where c is the toroidal circumference and n is the number of toroidal field
coils) for other tests

e — This area needs serious study within ITER to find ways to accommodate
and combine the testing needs for various parties. There is no space in ITER
to accommodate the sum of the test programs needed by the 4 parties. In any
case, it appears that substantial space is required for the test program.
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to preserve important phenomena so that data from tests at "scaled down" condi-
tions can be extrapolated to reactor conditions. Engineering scaling involves altering
physical dimensions (e.g. increasing the thickness of a solid breeder plate in a
blanket to increase thermal stress in a lower-wall-load module) and changes in
operating conditions (e.g. reducing the mass flow rate of the coolant in a blanket
module). However, there are limits to engineering scaling. Therefore, there are
minimum values for the major parameters of the fusion testing device below which
the testing information is not useful because results can not be extrapolated to reactor
conditions.

Table VII-1 shows the relationships between the parameters of the fusion test
device and the main categories of blanket performance. These relationships must be
evaluated in detail in developing engineering scaling relationships and deriving the
recommended values for the device parameters.

It should be clearly indicated that the design of a facility such as ITER involves
complex tradeoffs between cost, benefit and risk. The values in Table VII-2 are
recommended based on the technical benefits to the test program.

Neutron wall load: The desired value of the neutron wall load is determined by
two factors: (1) engineering scaling requirements to obtain meaningful test informa-
tion, and (2) fluence requirements.

The neutron wall load is a measure of the primary energy input which heats
the components. It determines temperature gradients, thermal stresses and all reac-
tion rates such as tritium and gas production, transmutation and atomic displace-
ments. To obtain test information that extrapolates to fusion machines beyond ITER
requires "engineering scaling" of the test modules. This can be technically
supported only for about a factor of 2 scaling in power density. Machines beyond
ITER vary in their wall load goal among the parties but they are generally in the
range of 2-5 MW/m2. Thus, a value for ITER in the range of 1-2 MW/m2 is
reasonable.

TABLE VII-3. RELATIONSHIP BETWEEN WALL LOAD AND
AVAILABILITY FOR 3 MW-a/m2 FLUENCE AND 10 a TEST TIME

Neutron wall load
MW/m2

1.0
1.5

2

Availability
%

10 years test time

30
20
15

Availability
%

15 years test time

20
13
10
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The other factor in determining the desired wall load is fluence requirements.
In order to obtain the maximum desired test information in 10 years of technology
testing at 15-20% availability, a neutron wall load in the range of 1-2 MW/m2 is
required for 3 MW-a/m2 fluence as shown in Table VII-3. Lower wall loads will
require higher availability to achieve the same fluence.

Neutron fluence: One of the most important ITER. parameters of primary interest
to testing is fluence. Before discussing the fluence testing requirements some defini-
tions are introduced to ensure clarity.

Definitions: Machine lifetime fluence (Id): Refers here to the time-integrated neu-
tron wall load at the first wall during the machine lifetime

Id = Pnw X A X td

where Pnw = average neutron wall load (at the first wall) in MW/m2

A = average machine availability, i.e., the fraction of time the test machine
is operated (averaged over tj)

t,j = machine lifetime in years. This refers to the lifetime for which the per-
manent components of the machine (e.g., magnets, shield, and maybe the first wall)
are designed.

Test module fluence (Im): This is the time-integrated wall load (fluence) as
received at the test module.

Im = Pnw X A X t,,, X T X f

where Pnw = neutron wall load (as above)
A = machine availability averaged over t̂ ,
tm = the time the test module is placed in the machine in years (i.e., time

between insertion a nd removal of test module)
T = transmission factor, i.e., fraction of neutron wall load that actually

reaches the test module (T is less than 1.0 because of neutron attenuation, e.g., in
first wall, in-vessel components, and test module enclosure wall, if any)

f = peaking factor to allow for poloidal variations.

Distinction between Im and l&: The machine life fluence is much greater than the
test module fluence for three reasons. First, no test module is inserted for the entire
lifetime of the machine. As explained below, there are at least two sequential stages
of nuclear tests: scoping and concept verification. Different test articles are used in
each stage. Thus tn, is much less than tj. Second, the fluence received at the test
module is lower than that at the first wall because of attenuation in the first wall,
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test module enclosure (if module is not directly exposed to plasma) and other in-
vessel components (e.g., graphite protection tiles on first wall). This is reflected in
the T factor above. Thirdly, some test elements and modules will fail and will need
to be removed for repair or replacement representing irradiation time loss for these
elements and modules.

Fluence requirements: ITER will be operated in two phases: A physics phase for
checkout and physics testing, and a technology phase for technology testing. During
the physics phase, some limited nuclear tests can be performed for a short time,
(e.g., neutronics tests and some liquid metal fluid flow tests). However, most nuclear
tests require reproducible (steady-state) plasmas and will have to wait until the tech-
nology phase.

During the technology phase, most nuclear tests will likely proceed in two
stages: Stage 1 for concept performance scoping tests, and Stage 2 for concept verifi-
cation tests. Stage 1 will bs the first opportunity for fusion tests. Small size test
elements will be used to scope a number of blanket concepts under the fusion
environment and calibrate results to those obtained from a non-fusion facility. In
Stage 2, larger size and more prototypical test modules will be inserted for a small
number of blanket concepts. The objective of Stage 2 is concept verification tests.

The nuclear scoping stage requires — 1 MW-a/m2 and the concept verifica-
tion phase requires - 3 - 4 MW-a/m2 for reasons briefly summarized below.

10 20

thermophysipal property bumup effects on chemistry,
changes (lhsfni.il conductivity) compatibility and breeding

MW-a/m2

| solid breeder tritium transport and inventory

thermal j cracking radiation-induced
sintering j grain growth

breeder porusity
may close

solid breeder/clad mechanical interaction
onset of L>2p and breeder swelling clad swelling potential clad failure
multiplier swelling dominates dominates (316SS)

I ?
• breeder/clad ——•
• chemical interaction
| — —
• insulator degradation _

radiation-induced thermal and electrical swelling
conductivity initial stress conductivity changes embrittlemenl
effects imicqocracking)

fission reactor
data base

FIG. VH-4. Example of fluence-related effects in solid breeder blankets and insulators.
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TABLE VIM. CONTRIBUTORS TO THE REQUIRED FLUENCE LIFETIME
OF ITER

Contributor Approximate fluence
MW-a/nr

Physics phase <0.2

Technology phase
Nuclear Stage 1: scoping 1
Nuclear Stage 2: concept verification 2-3

Allowance for enclosure
attenuation and test module
replacement (25%) 0.5-1.5

Some tests such as neutronics or heat transfer tests require short time (fluence
~0.01 MW-a/m2). Some tests, such as the effect of irradiation on thermophysical
properties, require low fluence (—0.2 MW-a/m2). Many effects occur at medium
fluences of about ~2-4 MW-a/m2. An example of such effects is shown in
Fig. VII-4 for solid breeder blankets and insulators. The scoping stage fluence can
be moderate (~1 MW-a/m2) and this will achieve many important objectives of
nuclear testing. The concept verifications stage should be long enough to activate
those critical effects important to determining the viability of concepts. Therefore,
a machine fluence (I^) of 3-5 MW-a/m2 is desirable based on the requirements
summarized in Table VII-4. Lower fluences (e.g. 0.2 MW-a/m2) will help in
eliminating concepts for which early response to the fusion environment is not
acceptable.

Maximum duration of technology test phase: It is recommended that the maxi-
mum duration of the technology test phase be limited to 10 years. This allows ITER
to provide data for fusion development on a reasonable time scale. If the machine
continues to operate reliably and economically beyond 10 years, then it can be used
for additional tests.

Continuous operating time: Many studies and calculations indicate a clear need
for periods of continuous machine operation. These are periods of 100% availability
(regardless of whether the plasma is operated in pulsed or steady state mode). For
some tests the interruption of machine operation prior to completion will signifi-
cantly degrade the usefulness of the test. The example most studied was tritium
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release from solid breeders. The estimates for the minimum continuous operating
time varied for the various technical examples from one to 4 weeks. A value of
2 weeks is recommended with a minimum of one week.

Plasma mode of operation: The test program favors steady state plasma operation.
If the pulsing mode of operation is unavoidable from the physics standpoint, then
long plasma burntimes y - 3 hours) are recommended. The possibility that steady
state or long burntime may not be achieved in ITER was considered and an attempt
was made to define a minimum value for the burntime and a maximum value for the
dwell time. Many technical calculations show that the burntime must be greater than
600 s but there are difficulties in defining precisely "how much greater". The maxi-
mum value of the dwell time is problematic and there is divergence in the opinions
of the technical experts. Short dwell times can be a severe requirement on ITER.
Careful evaluation of the cost/benefit tradeoffs is recommended particularly in this
area. One key reason for striving for the short dwell times is that most tests (e.g.
tritium recovery in solid breeders, corrosion in liquid metals, many radiation effects
in structural materials) depend on the thermal conditions of the test. Thermal time
constants are generally short. Furthermore, cessation of the fusion power during the
dwell time results in instantaneous termination of tritium production and nuclear
heating. Tests that are not strongly influenced by the dwell time are those that can
either be completed during the plasma burn time or do not depend on the thermal
conditions of the tests; examples: include neutronics and fluid flow tests. Therefore,
substantial increase in the burn time (e.g. increasing the burntime from 100 sec to
one hour) can help compensate for not attaining very short dwell times for many
tests.

The recommendation of steady state plasma operation (or long burn time of
1-3 hours if true steady state is not achievable) is based on many technical considera-
tions for the tests. All parties indicated that steady state is a desired goal for future
fusion reactors and the conclusions are based on this. The results from testing in
pulsed machine are difficult to extrapolate to performance in future steady state
machines. While the technical details are too complex to summarize here, a simple
example will illustrate the case.

Many nuclear responses have the following time dependence:

During burn F = Fo (1 - e'/r)
During dwell F = F! e'Vr

where r is a characteristic time constant. Many of the nuclear effects (e.g. tritium
release from solid breeders, corrosion/redeposition in liquid metals) depend on many
processes that have short and long time constants. In particular, there is critical
dependence on temperature. For example, for certain materials tritium diffusion
varies by an order of magnitude for a 5% change in temperature. If a 5% change
is specified as a limit, then the burn time should be > 3 r and the dwell time < 0.05 r.
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A typical time constant for temperature response in a 1/2 cm solid breeder plate
is about 100 s. This implies a maximum dwell of about 5 s. For some materials, the
time constant for tritium release is many hours and for tritium inventory is several
weeks. This example results in a very long burn time. For all practical purposes, the
specification of such very long burn time and short dwell time amounts to specifying
steady state.

A concern is that pulsing might activate new phenomena (threshold effects) and
alter others. Examples of threshold effects are DBTT in martensitic steels and mass
transport in solid breeders.

There are some issues that can be tested with 600 s burn time. These are neu-
tronics, radiation shielding and some fluid flow processes. However, there are many
critical issues that require striving for steady state. These include: tritium recovery
from solid breeders, liquid metal corrosion/redeposition in self-cooled concepts,
structure response and subsystem interactions.

Test area per module

It is recommended that die area at the first wall for each test module be
1-2 m2. This area will accommodate single module tests or a number of elements
and submodule tests.

Test area for sector tests

It is concluded that some tests will require the full outboard region of a sector.
The toroidal width will vary, depending on the test, from 1 m to a value equal to
C/n, where C is the toroidal circumference of the machine in the outboard region
and n is the number of toroidal field coils.

Number of modules/sectors and total test area

The total test area required in ITER will depend on the number of modules and
number of sectors. This is a very important specification that needs to be made.
However, it was very difficult to estimate during the definition phase because it
depends on

(a) the strategy of testing and the types of desired tests by each party, and
(b) how to allocate space among parties.

The total sum of the space needed by each national program was too large
(approximately half the machine outboard surface area) to accommodate. Therefore,
a study is needed to investigate the degree to which it is possible to combine some
of the similar tests for the parties into common tests. Collaboration among the parties
on the test program poses issues somewhat different from those for the design and
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construction of ITER. This subject should be studied in some more detail by the
ITER team.

As a minimum, ITER will need to provide testing space of 2 poloidal sectors
and 8 module locations; each is 1 m x 2 m at the first wall. The actual space require-
ments for the complete test program can be substantially greater than this minimum.

VII.3.3. Overall strategy of test program

Very little work has been carried out yet to define the details of the test pro-
gram for ITER. However, some overall features and guidelines can be developed
based on discussions in the test program specialists' meeting held in July 1988.

ITER will operate in two phases. The physics phase (Phase I) will last for
= 6 years and the technology phase (Phase II) is assumed to be « 10 years. The
physics phase is devoted primarily to the physics issues but some nuclear tests can
be performed once plasma operation becomes stable and reproducible. Nuclear tests
in Phase 1 include neutronics tests, radiation shielding tests and some fluid flow and
heat transfer tests and instrumentation checkout.

! Physicj Phase | -»—•

0 6

•—Technology Phase

12 16 YEARS

MODULE
CONCEPT*!

MODULE
CONCEPT H

CHECKOUT

SYSTEMS
INTEGRATION

NEUTRONICS

INSTRU-
MENTATION

MODULE
CONCEPT #3

MODULE
CONCEPT M

TOPRANKED CONCEPTS
LONG TERM EXPOSURE

CONCEPT «
CONFIGURATIONS

CONCEPT n
CONFIGURATIONS

MATERIALS TEST MODULE

FIG. Vll-5. Space-time utilization of an HER test program*
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TABLE VII-5. GENERAL CLASSIFICATION OF TESTS IN ITER
ACCORDING TO PHYSICAL SIZE AND LEVEL OF INTEGRATION

Specimen
Material behavior, properties

Element
Specific issues in the fusion environment (e.g., liquid metal bulk heating)
Sub-scale interactive effects (swelling/creep, etc.)

Channel
Special purpose vertical channel to permit rapid insertion and replacement of material
specimen on small size element tests

Sub-module
Several elements
Class of issues
Interaction among elements

Module
Integrated component behavior
Boundary conditions may not be prototypic

Sector (all modules in a toroidal segment)
Interactions among modules
Proper poloidal boundary conditions
More prototypic configuration/maintenance

fc Phase II wil l most l ikely be broken into sub-phases o f increasing dev i ce availa-
l bility. Furthermore, ITER will provide the first opportunity for fusion testing. Confi-
| dence in the operation o f test module s must be obtained in ITER itself. T o min imize
' cost and risk to the basic machine a testing strategy based o n gradual increase in the
*•• physical s ize and level o f integration in the tests appears prudent. Figure VII-5 i l lus-
, trates the space-t ime utilization in such a strategy and Table VII-5 shows', the general

classification o f ITER tests according to physical s ize and level o f integration.
V. During the technology testing phase , the initial emphasis o f nuclear testing wi l l
;' be short term scoping tests. Scoping tests a l low for concept screening to m a x i m i z e

the space available for the most attractive concepts . This data can a l so provide
; valuable information to help improve the availability o f the test program and perhaps
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even the basic machine operation. Scoping tests can include small elements, sub-
modules, modules, and even sectors, depending on the issues addressed. The essen-
tial characteristic is relatively short test time — of the order of days to weeks. An
example of an element screening test is comparison of tritium release in alternative
solid breeder materials and purge conditions, including radiation effects. These tests
may require several thousand hours of exposure in total. An example of a larger
screening test is a large module or full sector test of self-cooled liquid metal blanket
options.

Another important feature of the testing strategy is the attempt to achieve the
maximum exposure time in at least one or two of the top concepts which are favored
at the start of the testing phase. Two test ports are reserved for long-term testing,
starting at the beginning of the nuclear testing phase. These test modules may ulti-
mately require replacement, but if they operate successfully, the accumulated fluence
will be maximized.

Some safety tests involve hazardous materials and/or operating conditions.
Complementary facilities can address many safety issues, but some types of transient
tests will be desirable for fusion testing. Soft transients can be tested during normal
operations; in fact, such tests will occur naturally as the plasma is turned on and off.
Tests involving hard transients and off-normal conditions (such as over-power opera-
tion) are reserved for the latter part of the life of ITER. This reduces the risk to the
test program, since most of the important tests will be completed. The severity of
the transients allowed in ITER will depend on the safety guidelines of the basic
device.

The test schedule must contain sufficient flexibility to be readjusted on a fre-
quent basis as test information comes in. This level of flexibility requires planning
for adequate down-time for module replacement. Planned down-time should be more
frequent during the scoping phase — at least several times per year. This can be
extended as the test schedule progresses to longer-term tests.

VII.3.4. Description of test program

Nuclear tests in ITER can be divided into several areas: 1) blanket, 2) neu-
tronics and shielding, 3) tritium processing, 4) high heat flux components and
S) materials.

Many of these tests also require support or ancillary equipment (e.g. heat
rejection system) outside the machine. In addition to the active tests inserted into the
machine, there will be surveillance tests on the basic machine.

A detailed study by the ITER team of all these tests is required immediately h
following the definition phase. Some general remarks about tests in these areas 1
follow. s-
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Blanket testing

Blanket tests will constitute the largest portion of the nuclear test program in
ITER. The types of blankets to be tested may include:

— self-cooled liquid metals
— separately-cooled liquid metals
— water-cooled solid breeders
— helium-cooled solid breeders

The key issues to be addressed in the tests are:

— tritium self sufficiency
— breeder/multiplier thermomechanical behavior
— structure response
— corrosion/compatibility and mass transfer
— tritium inventory, transport and recovery
— failure modes and rates

The ultimate goal of blanket testing in ITER is to provide sufficient data to
select with confidence the most suitable blanket concept for demonstration and com-
mercial reactors. The blanket tests will proceed from early short term screening tests
in small submodules to the performance and engineering tests which will require
longer exposure time and larger size module, and in some cases sector, tests. Loca-
tion of the test modules for the blanket is most favorable in the central part of the
outboard region of the machine because it permits easier horizontal access and higher
neutron flux and nuclear heating: In addition to sectors, the maximum space required
for blanket performance testing is in modules with each about 1 m x 2 m x 0.5 m.
Some blanket verification and demonstration tests require the outboard segment of
a sector (i.e. outboard space between the top and bottom divertor plates).

Neutronics and radiation shielding tests

The key neutronics and radiation shielding issues to be addressed in ITER are:

(1) Demonstration of tritium fuel self sufficiency.
(2) Verification of methods and data for predicting local and integrated neutronics

parameters.
(3) Direct verification of adequate radiation protection of machine components and

personnel.

The neutronics parameters of interest are measurements of tritium production,
nuclear heating, reaction rates, neutron and gamma spectra, induced radioactivity
and decay heat. It is envisioned that some special purpose blanket modules will be
constructed for neutronics testing primarily during the physics phase. These neu-
tronics modules can be used for other blanket tests during the technology phase. It
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should be noted that most other blanket tests (e.g. for tritium recovery, thermal
hydraulics) will require measurements of some neutronics parameters (e.g. local
nuclear heating) to provide data for interpreting the results. Furthermore, surveil-
lance type tests will be performed on many of the components of the basic machine,
outside the machine in reactor hall, and outside the biological shield.

Tritium processing tests

ITER will provide the first opportunity to test the entire tritium processing sys-
tem, including the plasma processing and vacuum systems, the breeding blanket, and
the interface between these two ems. It will also be the first device to breed and burn
kilogram quantities of tritium.

Tritium tests include four areas: the plasma processing system; the tritium-
production blanket and test modules and their associated tritium processing equip-
ment; the hot cell, where test modules will be dismantled, irradiated samples pre-
pared, and non-specialized tests performed on the irradiated samples; and the
divertor system, including its coolant. These tests address the key issues for fusion
integrated testing, which are:

(1) integral tritium system performance
(2) tritium mass balance in the fuel processing system
(3) tritium recovery from individual blanket modules
(4) tritium mass balance for individual blanket modules
(5) tritium mass balance in the hot cell area
(6) tritium implantation and movement in the divertor
(7) tritium mass balance in the divertor

Tritium system tests will be carried out through the entire operating life of
ITER. Early tests will concentrate mainly on the reliable operation of the fuel
processing system (plasma exhaust, fueling, storage, clean-up). Experiments on
tritium permeation and retention in the divertor and first wall would be carried out
in all phases of operation. Early in the technology phase, initial operation and
integration of the tritium recovery systems for each blanket type will be demon-
strated. A variety of processes will be tested including, for example, molten salt
extraction from lithium, counter-current helium flow for lithium lead, and helium
purge gas for ceramic blankets. Data taken later in the technology phase would pro-
vide information on the reliable operation of the entire tritium processing system for
a fusion reactor.

Plasma facing components tests

Testing for plasma-facing components requires a different approach than for
blanket testing because the impurity control components directly affect plasma per-
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formance. In general, tests of components that receive high particle and heat fluxes
must be closely coordinated with the plasma physics portion of the test program. The
types of tests that would fall into this category are the testing of an alternative impu-
rity control concept or the changing of the plasma facing material. Examples of these
tests include the replacement of the divertor with a pumped limiter (INTOR used a
design where either a divertor or pumped limiter could be accepted), or the replace-
ment of a low-Z plasma facing material, like carbon with a high-Z material, like
tungsten. Although it may be desirable to test a variety of impurity control concepts
and materials, it is not clear to what degree this can be accomplished in ITER, and
further analysis is required.

On the other hand, there are a class of engineering tests which can probably
be performed in ITER without significantly affecting plasma performance. These
tests would focus on the engineering performance of the underlying impurity control
structure and design. For example, it should be possible to explore the performance
of reactor relevant divertors in ITER with a single test module having the same
overall geometry and plasma facing material as the baseline divertor. The test
module would be used to examine high temperature operation for useful heat
recovery, alternative structural materials and coolants, and long term reliability. The
information obtained from these tests would be similar to those obtained in the
blanket test program. Specifically, the interaction of heat transfer, stress, corrosion
and radiation damage could be investigated for a number of candidate designs and
several test ports could be allocated for this purpose. It is desired to have at least
one module with direct exposure to the plasma in order to test firstwall materials.

Materials testing

Materials testing in ITER will benchmark materials behavior in a prototypic
fusion reactor environment and provide a test of model predictions for materials
behavior. The focus of materials testing in ITER will be fission/fusion correlations,
a surveillance program for ITER, support for the ITER blanket tests, and engineer-
ing data at low to moderate fluence. Models will be developed and corroborated from
material properties tests in fission reactors and the 14 MeV neutron source. Materials
testing in ITER will benchmark these models in a prototypic fusion neutron environ-
ment which will help to extrapolate our broad understanding of neutron irradiation
effects on materials properties at high fluences to the fusion environment. The
materials surveillance program will form the basis for the assessment of ITER safety,
reliability, and ultimate lifetime. Materials tests will also be performed to support
the other blanket module tests proposed for ITER. This support testing will include
element scoping tests for various blanket module concepts. ITER materials testing
will also provide engineering design data applicable to the next higher fluence fusion
device.
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Representative material test matrices for ITER have been generated to assess
facility requirements. First, the size of the test matrix and the desire to maximize
the fluence accumulation on the specimens dictate the need for an ITER module
(1 m X 2 m) devoted to materials testing. A modular design approach is recom-
mended for materials testing in ITER. The need to provide cryogenic and room tem-
perature to 650°C irradiation temperatures dictates the use of multiple assemblies
within the sector to provide the required temperature control. The need to provide
constant temperatures during irradiation dictates either steady state operation for
ITER or a very complex temperature control system utilizing external heaters for the
material assemblies. The desire to maximize the fluence accumulation on the
material specimens dictates material assembly design and facility operation which
permit timely specimen reconstruction into new irradiation vehicle hardware and a
test schedule which maximizes the fluence accumulation. Finally, significant facility
support will be required for the materials testing program in ITER. ITER facility
design must provide for the following support services: adequate floor space for the
support equipment for the material assemblies and the active test equipment hot
cell(s) for the disassembly of the assemblies between the ITER reactor, and the hot
cell(s).

VH.3.5. Test program R&D

R&D prior to fusion testing is needed for the test program for several reasons:
(1) Any component inserted into ITER, including test elements, will probably
require extensive qualification to demonstrate safe performance and acceptable avail-
ability. The availability of test modules can be enhanced through pre-ITER testing.
In general, the advan:ced components that need to be tested have different R&D
needs from the basic machine, and the operating conditions in these components will
be more severe due to the need to demonstrate high performance and the recovery
of useful heat.
(2) Some examples of the test needs for solid breeder and liquid breeder blankets
can be described. The key issues for solid breeder blankets are breeder neutronics,
solid breeder development and characterization; tritium inventory, transport and
recovery, tritium permeation and release, radiation damage in the solid breeder and
multiplier; chemical interactions, thermal-hydraulics and thermomechanical
behavior, and beryllium characteristics and development. The key issues for liquid
breeder blankets are tritium recovery, corrosion and chemical interactions; heat
transfer; resolution of safety needs, and overall thermomechanical response of the
first-wall/blanket structure. Resolving these issues requires a strong program of
modelling and experiments in fission reactors and in non-neutron test stands.

(3) The two important issues in the tritium area are (1) extraction of bred tritium
from the fluid used to transport it from the blanket and (2) tritium permeation.
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(4) Successful operation of plasma interactive components (PIC) is necessary for
the basic operation of ITER. Therefore, substantial R&D will be required indepen-
dent of the test program. Since ITER will operate with reactor-relevant PIC, the
R&D needed for the basic machine will share many similarities with the R&D for
the test program. However, in some cases, the nature of the issues for commercial
component development is different. These include some thermomechanical,
thermal-hydraulic, and tritium related issues, which result from higher wall load and
longer required lifetime. In some of these cases, the necessary effort may be
combined with other technology areas.

TABLE VII-6. ENGINEERING SYSTEMS TESTED IN THE ZERO
ACTIVATION PHASE

N

1

2

3

System

Toroidal field

coils system

and support
structure

Poioidal field
coils system

Vacuum vessel

Testing Programme

— thermal and mechanical stress measurements
— AC loss measurements,

— protection system testing,

— TFC power supply testing

— stress measurement and analysis,

— power supply and protection systems testing

— FW cleaning procedures and testine.
- thermomechanical stress measurements,

- divertor plate testing at relatively low power

loads

Fuelling

system

Pumping
system

Cryogenics
systems

RF/NBI

systems

— engineering testing

— engineering testing

— heat loads measurement and testing
of engineering components

— integration into a reactor system systems
and testing
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TABLE VII-6. (cont.)

403

N System Testing Programme

10

Maintenance

system

Diagnostics,
data aquisition,
control system

Plasma control
system

— in-vessel components (divertor
plates, protection, blanket,
diagnostic modules etc.). maintenance
procedures

— full engineering testing

— diagnostics testing
— poloidal field control (plasma

current, position, shape, null-point position
control),

— separatrix sweeping regime at low heat loads
— engineering consequences of a plasma

disruption (e/m and thermo loads in TFC,
PFC, VV, overcurrents

in PFC, overvoltages in VV gaps)

— TFC/PFC protection system testing in
disruption regime

4. ENGINEERING OPERATIONS AND TESTING

ITER operation will be carried out in two phases: a physics phase and a tech-
nology phase. The first six years are devoted to physics and engineering issues. The
next phase, the technology phase, is mainly used for technology testing and engineer-
ing test programmes. From the viewpoint of the radiation level, the physics phase
can be subdivided further as follows: the zero activation phase (hydrogen plasma)

— ~ 2 years — the low activation phase (D/3He plasma) 1 year — and the
high activation phase (D/T plasma) — ~ 3 years. The engineering test pro-
gramme will be developed in accordance with the activation level of the vacuum ves-
sel and in-vessel components. During the first phase (zero activation) the various
engineering systems will be tested. The engineering tests carried out during the
initial operation with ohmic discharges are shown in Table VII-6. The tests of the
auxiliary heating system for hydrogen plasmas will be done with gradual increases
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of heating power up to the design level. Also the experiments with non-inductive
current ramp up will be done in this period. In the physics phase (low and high acti-
vation level) the tests of all engineering systems must be continued. During this
period, the integration of thv plasma control system and plasma heating systems into
the reactor are demonstrated, and the performance of in-vessel components (divertor
plates, FW elements) under high heat flux conditions are established. In experiments
with DT plasmas the pumping system will be tested, physics studies will continue
with non-inductive current drive experiments (hydrogen plasma, ~ 6 months). The
main objectives of the CD/heating systems in this period are as follows: (1) perfor-
mance of RF/NB system under initial steady state operation, (2) heating/CD system
tests and operation in D-plasnn, (3) testing of RF/NBI components under fusion
radiation conditions (with tritiun. plasma).

The performance tests of the vacuum vessel include mainly:

— the thermohydraulic properties and measurements of the temperature profiles
for the vacuum vessel/shield for the various transient and stationary regimes
and measurements of the thermomechanical stresses.

— the strains in the vacuum vessel and in-vessel components measured during
plasma current disruption and vacuum vessel thermal behaviour in transient
processes.



Chapter VIII

ITER PARAMETERS AND DESIGN PHASE SCHEDULE

VIII. 1. ITER PARAMETERS

The ITER parameters which have been selected during the Concept Definition
Phase are shown in Table VIII-1. For details of each item, see the corresponding
chapter or section.

The radial builds for the basic and extended configurations in the physics phase
and technology phase configurations are shown in Figs VIII-1 to 3.

VIII.2. DESIGN PHASE SCHEDULE

The principal time schedule for the Design Phase is shown in Fig.VIII-4.
Design activities in 1989 at the technical site, IPP, Garching mainly consist of the
joint work from June io October and the workshop from February to March. The
organization established in the Definition Phase will continue to be used during the
Design Phase. Two design reports will be produced during the Design Phase: an
intermediate report at the end of the joint work in 1989 and a final report at the end
of October 1990.

y
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TABLE VIII-1. ITER DESIGN PARAMETERS

BASIC

Major radius R (m)
Minor radius a (m)

Aspect ratio

Elongation K (95%)

Triangularity S (95%)

Safety factor q^ (95%)

Plasma current Ip

Toroidal field on axis (T)

Plasma volume (m3)

Total fluence (MW-a/m2)

DESIGN PARAMETERS

Physics
phase

5.8

2.2

2.6

1.9

0.4

3.2

22.0

5.0

1040

0.01

Technology

phase

5.5

1.8

3.1

2.0

0.4

3.1

18.0

5.3

700

3

OPERATION MODES

Burn time (s)

Energy multiplication factor Q

T/jyon coefficient g

Effective charge (Zeff)

Wall loading (MW/m2)

Fluence (MW-a/m2)

Electron density (1020m'3)

Average temperature (keV)

Energy confinement

Time TE (S)

Power for CD/heating (MW)

Fusion power (MW)

Physics

phase
inductive

>200

>30

1.9

1.8

1.0

—

1.1

10

3.1

—

1000

Technology

phase
hybrid

>600

- 1 0

2.0

1.8

1.0

1.0

1.3

10

1.7

90

880

CD

continuous

-9 .1

3.0

—

0.9

1.0

0.8

18

1.8

90

820
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TABLE VIII-1. (cont.)

SYSTEM PARAMETERS

TOROIDAL FIELD COILS

Number 16

Conductor Nb3Sn

Stabilizer Cu

Maximum field (T) 12

Bore height (m) 13.0

Bore width (m) 7.3

Average cable current density (MA/m2) 40

Inner leg overall curren;
density (MA/m2) 13

POLOIDAL FIELD SYSTEM

Total volt-seconds required (phys./tech.) 280/250

Conductor:

inner coils Nb3Sn
outer coils NbTi

Maximum field at coil:

inner coils (T) 12
outer coils (T) 8

OH current ramp time (s) 40
Breakdown eiectric field (V/m) 0.3
Maximum allowable stray

field at breakdown (T) < 5 x 10'3

(The stray field is commputed inside of torus with 5.8 m in major radius and 1.0 m minor
radius)
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TABLE VIII-1. (cont.)

CHAPTER VIII

CURRENT DRIVE AND HEATING

Technique for steady state current drive:
for plasma center

for outer plasma region

Technique for profile control,

plasma breakdown:

NB (scenario 1)
EC (scenario 2)
IC (scenario 3)
LH (in all scenarios)

EC (in all scenarios)

Technique for ramp-up assist,
(prof, cont., current init.) LH (in all scenarios)

scenario 1 (NB)

Total injected power for
CD (NB + LH) (MW)

NB:

LH:

EC:

Number of ports
Beam energy (Mev)
Power (MW)
Power density (MW/m2)

Number of launchers
Frequency (GHz)
Power (MW)
Power density (MW/m2)

Number of ports
Frequency (GHz)
Power (MW)
Power density (MW/m2)

- 1 0 0

2-3 (TBD)
0.7-2.0 (TBD)
(TBD)
(TBD)

(TBD)
4-8(TBD)
(TBD)
(TBD)

(TBD)

100-200 (TBD)
10-20 (TBD)
(TBD)
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TABLE VIII-1. (com.)

409

scenario

Total injected power for
CD (EC + LH) (MW;

EC: for CD

(A separate system for plasma breakdown and
Number of ports
Frequency (GHz)
Power (MW)
Power density (MW/m2)

LH:
Number of ports
Frequency (GHz)
Power (MW)
Power density (MW/m2)

scenario

2 (EC)

profile control

3(IC)

- 1 5 0

might be required, see above)
(TBD)
180-200 (TBD)
(TBD)
(TBD)

(TBD)
4-8 (TBD)
(TBD)
(TBD)

Total injected power for
CD(IC + LH) (MW)

IC:

LH:

EC:

Number of ports
Frequency (MHz)
Power (MW)
Power density (MW/m2)

Number of ports
Frequency (GHz)
Power (MW)
Power density (MW/m2)

Number of ports
Frequency (GHz)
Power (MW)
Power density (MW/m2)

100

(TBD)

35-100 (adjustable in step)
(TBD)
(TBD)

(TBD)
4-8 (TBD)
(TBD)
(TBD)

1

100-200 (TBD)

10-20 (TBD)
(TBD)
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TABLE VIII-1. (cont.)

CHAPTER VIII

IMPURITY AND PARTICLE CONTROL

Mode of impurity control

Mode of fuelling

double/semidouble null
poloidal divertor
gas puffing, pellets

FIRST WALL

Material

Coolant
Maximum temperature of structure
Protection

austenitic SS
H2O
300°C
graphite, 10-20 mm

DIVERTOR PLATE

Surface material

Heat sink material

Coolant
Coolant temperature
Coolant pressure
Lifetime

C,W, (W alloy), Mo alloy

Cu, (Cu alloy)
Mo, (Mo alloy)
H2O
<100°C
< 1 MPa
1 year

SHIELD

Inboard material
Inboard thickness (phys./tech.)

(incl. blanket & vacuum vessel) (m)
Outboard material
Outboard thickness (phys./tech.)

(incl.blanket & vacuum vessel) (m)
Coolant
Maximum temperature of structure

SS, H2O

0.75/0.85

SS,H2O
1.65/2.4 space available
1.1/1.8 shield thickness
H2O

100°C operation
180°C baking
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TABLE VIII-1. (cont.)

TEST FACILITIES

Type Modules, sections
Location Outboard
Module surface area (m2) - 2
Section surface 1/48 (Outboard)

TRITIUM FUELLING SYSTEM

D-T flow rate (mbar-L/s) 150-200
Consumption (at 25% availability) 12 kg/a

TRITIUM BREEDING BLANKET

Number of segments
inboard 32
outboard 48

Structural material SS
Coolant H2O
Coolant temperature (inlet/outlet) 50/100°C
Thickness (incl. first wall)

inboard (m) 0.25
outboard (m) 0.85

Tritium Breeding ratio ~ 1.0

VACUUM SYSTEM

Vacuum boundary material SS
Plasma chamber exhaust composition

D-T in molecular form (%) 94
He (%) 5-10
Other (%) 1-3

Initial base pressure (mbar) 4 x 10~7

Pre-shot base pressure (mbar) 4 x 10"5

Nominal pumping speed at entrance
of divertor chamber pumping duct
for He and D-T during burn (m3/s) 500

CRYOGENIC REQUIREMENTS

He refrigeration requirement at 4 K
(kW) 100
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TABLE Vffl-1. (com.)

CHAPTER VIII

PLASMA DISRUPTION SPECIFICATION

Plasma energy (phys./tech.):
thermal WIh (MJ)
magnetic Wm (MJ)
fast ion Wf (MJ)

Number of disruptions (phys./tech.):

thermal and current quench
at nominal parameters

thermal quench at reduced
parameters (W^* = 0.3 X W,h),
current quench at nominal
parameters

Thermal quench:
time (ms)
total energy

energy deposition
— first wall

— divertor

Current quench:
current decay rate (GA/s)
energy deposition
— first wall (radiation)

(fast electrons, up to 100 MeV)

600-900/600
400-1000/400
0.1 x Wth — inductive op.

0.3 x W,h — steady state

1000/ < 300

1000/-

0.1-3.0
0.8 x WIh ± Wf or
0.8 x Wlh* + Wf

(reduced case)

0.5 x (total energy),
peaking factor 5
0.5 x (total energy),
3 times enlarged
scrape-off layer width

1.0

0.2 0.6 x Wm or
0.2 x W,,,* + 0.6 x Wm

(reduced case),
peaking factor 2
0.1 x Wm

Note: more details are given in Section VI. 1.3.
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Chapter IX

RESEARCH AND DEVELOPMENT

IX. 1. INTRODUCTION

In the Terms of Reference for the ITER Conceptual Design activities the
following guidelines are given concerning the R&D for ITER:

' 'The R&D effort specific to ITER should focus on the feasibility issues critical
to a conceptual design that meets the ITER objectives. The R&D tasks will include
the physics and the engineering technology required for the realization of ignition,
and also the development of a physics database, the auxiliary current drive technol-
ogy and the nuclear technology required for the realization of steady-state operations
and testing. The R&D plan should include a definition of the ITER specific R&D
tasks; a division/sharing of the tasks betweeen the Parties, a specification of the R&D
milestone; required results and schedule. Such R&D will need to be identified
promptly and conducted expeditiously in order to provide the results in time for the
design work. Each Party will make equal contributions to the R&D activities antici-
pated to be equivalent to approximately $10 M per year." In addition, the activities
considered should be completed or have achieved a main milestone by mid/end 1990
to be included in the conceptual design of ITER. In the Terms of Reference the date
1993 is mentioned as a target date for construction, implying that by this date the
R&D essential to support the ITER design and objectives should be completed.

Extensive fusion R&D activities are being carried out in the national pro-
grammes of each Party. It is obvious that a great deal of information essential to
ITER will be generated from those R&D activities, and therefore one should assume
naturally that such information will be provided to the ITER design. The ITER
design rests on the essential assumption that the on-going national programmes of
the Parties will be carried out basically as planned.

The specific physics R&D needs to ITER are listed in Table IX-1. The tasks
are divided into two groups: the first group (PH-1 to PH-13) covers a number of
crucial design-related physics R&D issues on which additional information is
urgently required to enable, in 1990, the confirmation of the technical working
assumptions on which the ITER concept is based. The second group (PH-14 to
PH-23) covers general issues of plasma performance (energy confinement, opera-
tional limit, burn control, long pulse operation), crucial for ITER to enable it to
reach its objectives, but not sufficiently covered by the ongoing f ..ion programmes.
The contributions from the Parties to each task are still under discussion.

The specific technology R&D needs for ITER are listed in Table IX-2 and they :
cover issues which are considered essential to prove that the main components of the i
apparatus can achieve the required performance. The tasks give major emphasis to

415
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TABLE IX-1: ITER RELATED PHYSICS R&D TASKS

PHI: Power and helium exhaust conditions.

PH2: Helium radial distribution in high-temperature tokainak discharges.

PH3: Viability of a radiative edge.

PH4: Sweeping of the divertor target load.

PH5: Characterization of low-Z materials for plasma-facing components.

PH6: Characterization of high-Z materials for plasma-facing components.

PH7: Characterization of disruptions.

PH8: Disruption control.

PH9: RF plasma formation and preheating.

PH10: RF current initiation.

PH11: Scaling of volt-second consumption during inductive current rampup

in large tokamaks.

PH12: Alpha-particle losses induced by the toroidal magnetic field ripple.

PH13: Compatibility of plasma diagnostics with ITER conditions.

PH14: Steady-state operation in enhanced confinement regimes (H-mode and

"enhanced" L-mode).

PH15: Comparison of theoretical transport models with experimental data.

PH16: Control of MHD activity.

PH17: Density limit.

PH18: Plasma performance at high elongation.

PH19: Alpha-particle simulation experiments.

PH20: Electron cyclotron current drive.

PH21: Ion cyclotron current drive.

PH22: Impact of Alfven wave instability on neutral beam current drive.

PH23: Proof of principle of fuelling by injection of field-reversed compact

toroids.

the milestones to be achieved by 1990 but it should be understood that most of these
tasks will only be completed by 1993. The tasks are divided into six areas:
"Blanket", "Plasma Facing Components", "Magnets", "Fuel Cycle", "Heating
and Current Drive", and "Maintenance". For each task detailed proposals have
been received from the Parties: the assessment of these proposals suggests that the
balance of effort between the technical areas is generally appropriate and
corresponds to the need of the programme.
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TABLE IX-2. ITER TECHNOLOGY R&D

Summary of the Tasks and of the Proposals from the Parties

EC J USSR USA
(MECU) (¥) (Mroubles) (M$)

135 - 0.57
2.1

0.85
0.75

2.0 1.00

Area: PC Plasma Facing Components (PC)

0.93

3.39

Area:

BB1
BB2
BB3
BM
BS

Blanket (B)

Ceramic breeder
LiPb breeder
H2O/Li solution breeder
Beryllium
Structure material

1.1
0.7
2.1
-
3.0

PCI
PC2
PC3
PC4

Area:

MT
MP
MI
MS
MA
MC

Low Z materials
High Z materials
First wall test
Divertor test

Magnet (M)

Toroidal coil
Poloidal coil
Insulation materials
Structural materials
Radiation tolerant magnets
Cryogenics

3.1
-
1.8
0.7

494
80
247
145

0.4
1.0
-
2.9

1.9
3.5
0.2
0.5

375
756
55
_

4.4
-
0.3
2.0

1.65

0.47

8.75
155 2.1

Area: Fuel Cycle (FC)

FC1 Fuelling 1.0 486 0.3 0.90
FC2 Pumping
FC3 Fuel purification

Area: Heating and Current Drive (HD)

HD1 Source: EC: 150-250 GHz 0.9 - 5.0 1.575
HD2 Source: LH: 6-8 GHz 0.9
HD3 Source: NB: negative ions 2.0 697 3.0 5.865

1.0
1.4
1.0

486
288
_
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TABLE IX-2. (cont.)

Area:

RH1
RH2

Maintenance (RH)

Components qualification
In-vessel operations
demonstration

Total

EC

(MECU)

0.5

0.8

27.1

J
(¥)

350

4263

USSR
(Mroubles)

25.5

USA

(M$)

26.70

Clearly both Technology and Physics Tasks could not be allocated within the
budget of $120 M till the end of 1990, envisaged in the Terms of Reference. Since
most of the ITER Physics Tasks can be executed by a change of emphasis in the
ongoing programmes, the choice was made to include in the "ITER R&D budget"
only the Technology Tasks specific to the ITER Design: this choice does not imply
any priority status between Physics and Technology Tasks.

Finally it should be noted that the R&D needs for ITER have been identified
on the basis of the information available at the early phase of the ITER concept defi-
nition: R&D plan will therefore be kept under review during the design phase and,
when necessary, alterations and additions will be incorporated.

IX.2. ITER PHYSICS R&D

The R&D in physics relevant to ITER is fully described in a document com-
piled during the Definition Phase [ITER-TN-PH-8-5]. In this section only physics
R&D issues crucial to the ITER design, which therefore need resolution by 1993,
are listed. Of course a broader range of invaluable operational experience will be
provided by large tokamaks such as JET, TFTR, JT-60, T-15 and CIT.

Two areas of physics investigations have been identified as particularly critical
to the design:
(i) the working conditions of the plasma-facing components ("plasma-wall inter-

action") and
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(ii) the impact of plasma disruption. It appears that, if an effort commensurate with
the importance of these issues were made in the world fusion programme, the
necessary information could be obtained relatively soon and certainly within
the coming 5 year period considered here. Of course, in the present situation
it also remains essential to demonstrate that

(iii) satisfactory operation with enhanced energy confinement is possible.

A number of crucial design-related physics R and D issues on which additional
information is urgently required to be able, in 1990, to confirm the technical working
assumptions on which the ITER concept is based are listed in 2.1. General issues
of plasma performance (energy confinement, operational limits, burn control, long-
pulse operation), crucial for ITER being able to reach its objectives and not suffi-
ciently covered by the ongoing fusion programmes, are given in 2.2. This section
also contains a few areas where work is urgently needed to clarify the potential of
unproven approaches, in order to be able to optimize the ITER concept.

For each issue it is stated what the reasons for its importance are, which objec-
tive is to be achieved, and whether results are expected to become available before
or after summer 1990. In addition, a dedicated theoretical and modelling effort is
needed in almost all areas.

In the near future, with a procedure similar to the one adopted for the Technol-
ogy Tasks, a concise description of the work proposed by the Parties for each task
will be prepared.

IX.2.1. Specific design related R&D tasks

TASK: PH 1

TITLE: Power and helium exhaust conditions

IMPORTANCE: The requirements for power exhaust are very demanding. Present
analyses indicate that erosion rates for the divertor plates are likely to be large
(~meters/year). Reduction of the erosion will require optimization of the
plasma conditions at the plasma edge. In addition, the pumping speed needed
for helium exhaust cannot be satisfactorily quantified at this time.

OBJECTIVE: Development of an experimental characterization and an understand-
ing of the physics properties of the plasma in the scrape-off layer and in the
divertor (including impurity production mechanisms and transport, helium
transport, hydrogen transport, non-ambipolar plasma transport, impact of edge
density and fluctuations, fuelling with gas puffing and with pellets, recycling
properties of different first wall materials, etc.) for conditions prototypical of
ITER (high power flux density in double and single null divertor configura-
tions), including transient effects, is needed. This would include the develop-
ment and validation of models for predicting the plasma edge conditions that
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would be expected in ITER. In addition, methods for actively controlling the
plasma edge conditions need to be explored.

SCHEDULE: preliminary results in 1990; for reactor-relevant conditions a target is
1993.

TASK: PH 2

TITLE: Helium radial distribution in high-temperature tokamak discharges

IMPORTANCE: The pumping speed required for helium exhaust can presently not
satisfactorily be quantified.lt depends on the spatial distribution of thermal
helium all over the discharge. The radial distribution of the helium concentra-
tion in the hot plasma column is an important element.

OBJECTIVE: The radial distribution of helium in the core plasma must be inves-
tigated for reactor-relevant plasma conditions and confinement regimes.

SCHEDULE: basic results in 1990; extension to a wider range of plasma regimes
after 1990. For relevant conditions a target is 1993.

TASK: PH 3

TITLE: Viability of a radiative edge

IMPORTANCE: Under nominal operating conditions, including steady- state opera-
tion, ITER will have to be sufficiently far from the density and q limits while
a significant part of the power flux from the plasma core must be exhausted
by radiation to mitigate the demanding working cpnditions of the divertor
plate. The respective power exhaust fluxes to the first wall and divertor target
are an important element in this trade-off.

OBJECTIVE: Detailed knowledge of the physical conditions of the edge plasma
(neighboured of q = 2 surface and scrape-off layer) in a separatrix-bounded
discharge at densities (somewhat) below the density limit is needed. See also
task PH 17.

SCHEDULE: 1990

TASK: PH 4

TITLE: Sweeping of the divertor target load

IMPORTANCE: It appears necessary to widen the effective power and particle
deposition profile on the divertor target by active oscillation of the separatrix,
to reduce the divertor peak power flux and erosion.
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OBJECTIVE: A detailed comparison of experimental results on the temperature pro-
file and erosion on the target plate with predictions as well as an investigation
of the possible impact of the periodic change in magnetic topology are needed.

SCHEDULE: 1990

TASK: PH 5

TITLE: Characterization of low-Z materials for plasma-facing components

IMPORTANCE: The demanding working conditions of the plasma-facing compo-
nents also require careful selection of the materials used for protection. Life-
time is a major issue.

OBJECTIVE: The behaviour of low-Z protection materials (graphite, carbides, Be,
etc.) in interaction with a tokamak plasma must be investigated under reactor-
relevant conditions and for the range of temperatures anticipated for the
plasma-facing components. Issues are: physical and chemical erosion, redepo-
sition, the properties of redeposited material both for high and low incident
particle flux, hydrogen retention, recycling, outgassing, impact of high local-
ized heat loads due to fast electrons/ions, etc. See also task PC 1.

SCHEDULE: preliminary results in 1990; an ongoing effort is required.

TASK: PH 6

TITLE: Characterization of high-Z materials for plasma-facing components

IMPORTANCE: see task PH 5

OBJECTIVE: same as task PH 5, but for high-Z protection materials (W, Mo, etc).
See also task PC 2.

SCHEDULE: partial results in 1993; an ongoing effort is required.

TASK: PH 7

TITLE: Characterization of disruptions

IMPORTANCE: Presently, the loads on the plasma-facing components caused by,
and the electromechanical consequences of, a major plasma disruption, in
ITER, cannot be satisfactorily quantified. They represent very demanding
design requirements.
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OBJECTIVE: Detailed knowledge about the disruption mechanism and the impact
on plasma-facing components is needed. This includes: time scales of energy
and current quench, energy deposition profiles during both these phases,
scatter of these quantities, plasma conditions as well as power and particle
losses during current quench, runaway electron generation and losses, scaling
relations. Information referring to poloidal divertor configurations is of partic-
ular interest.

SCHEDULE: 1990; an ongoing effort is required in divertor tokamaks.

TASK: PH 8

TITLE: Disruption control

IMPORTANCE: Active control of tokamak discharges that allows the occurrence of
disruptions to be reduced to a rare fault event would very much ease ITER
design, and will eventually be required for a tokamak reactor.

OBJECTIVE: Candidate methods for disruption control are current profile control,
both global and local around the q = 2 surface, as well as feedback control
of 2/1 islands around q = 2. The viability of active disruption control is to be
demonstrated.

SCHEDULE: results on feedback control of 2/1 islands and global current profile
in 1990; an ongoing effort is required.

TASK: PH 9

TITLE: RF plasma formation and preheating

IMPORTANCE: The ITER concept requires that the discharge can be started relia-
bly with a maximum induced electric field of 0.3 V/m.

OBJECTIVE: It is to be demonstrated in a large tokamak that this can be done rou-
tinely if start-up assist by electron cyclotron or lower hybrid waves is applied.
The working conditions (configuration, gas pressure, stray fields, mode and
frequency of RF waves, power requirement, scaling with size of discharge
chamber, etc) must be investigated. Other techniques, e.g. using ion cyclotron
waves, must also be explored.

SCHEDULE: 1990
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TASK: PH 10

TITLE: RF current initiation

IMPORTANCE: If reliable current initiation by noninductive means is possible, the
maximum induced electric field needed can be reduced to 0.1 V/m or less. In
this case, the ITER concept can be further simplified.

OBJECTIVE: It is to be demonstrated in a large or medium-size tokamak that reli-
able noninductive current initiation is routinely possible using electron cyclo-
tron and/or lower hybrid waves. The working conditions (see task PH 9) must
be explored.

SCHEDULE: 1990

TASK: PH 11

TITLE: Scaling of volt-second consumption during inductive current rampup in
large tokamaks

IMPORTANCE: Precise knowledge on volt-second consumption during current
rampup in ITER is essential to be able to predict the pulse length capability
of the device.

OBJECTIVE: The volt-second consumption in clean, optimized discharges in large
tokamaks should be more systematically investigated and better characterized.
Issues to be resolved are:
(1) dependence of resistive and (transient) inductive flux usage on plasma
parameters (size, density, confinement time, impurity content), and
(2) comparison of flux consumption for "fast" current rise (defined as MHD
influenced) with that of "slow" diffusion-limited scenarios.
Validation of semi-empirical codes for current penetration is required. Deline-
ation of stable and unstable regimes in q(0)-q(a) (or L rq ) operating space is
needed. The most useful information will come from elongated tokamaks.

SCHEDULE: 1990

TASK: PH 12

TITLE: Alpha-particle losses induced by the toroidal magnetic field ripple

IMPORTANCE: Losses of fusion alpha-particles induced by the toroidal magnetic
field ripple and the power fluxes, including their spatial distribution, onto the
plasma-facing components caused by these losses represent potentially a
demanding design requirement and can presently not be satisfactorily quanti-
fied for the range of anticipated working conditions of ITER.
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OBJECTIVES: Experiments on ripple-induced fast ion losses are needed to validate
the models being used to predict ripple-induced fusion alpha-particle losses in
ITER. Also the impact of plasma fluctuations must be studied.

SCHEDULE: 1990

TASK: PH 13

TITLE: Compatibility of plasma diagnostics with ITER conditions

IMPORTANCE: Plasma diagnostics, in ITER, must be consistent with the working
conditions of a reactor. The main issues are: compatibility with neutron and
gamma radiation as well as the presence of tritium; reliability; remote main-
tainability; lifetime; adequacy for long steady-state pulses.

OBJECTIVE: An assessment of the critical issues must be performed urgently to be
able to define die development needs in time.

SCHEDULE: partial results in 1990; full assessment in 1993

IX.2.2. Performance related R&D issues needing more emphasis

TASK: PH 14

TITLE: Steady-state operation in enhanced confinement regimes (H-mode and
"enhanced" L-mode)

IMPORTANCE: Achievement of the objectives of ITER (ignition and long pulse
burn at Q > 5) will require a level of energy confinement consistent with
moderately favourable 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 addi-
tion, the development of techniques for active control of the plasma confine-
ment is needed to be able to control the operating point in ITER during burn.
Active control of the impurity content might also allow a reduction of the
power exhaust requirements for the divertor plate.

OBJECTIVE: The development, characterization and demonstration of steady-state
operation with "enhanced" energy confinement (enhanced over "L-mode")
and acceptable impurity levels at low and high plasma beta are required for a
large tokamak with high power auxiliary heating. This includes the identifica-
tion and characterization of techniques for enhancing the confinement such as
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divertor operation (in both L-mode and H-mode) and the characterization of
the role of profile effects such as the heating and density profile in determining
confinement. Obtaining information on the scaling of energy confinement (in
particular with plasma current, size, aspect ratio, elongation) is crucial. The
compatibility of enhanced confinement regimes with plasma heating schemes
like ion cyclotron and lower hybrid heating must be demonstrated. Approaches
for the active control of the energy and impurity confinement, particularly the
role of the plasma edge conditions and of the beta limit, also require
investigation.

SCHEDULE: partial results in 1990; an ongoing effort is required with 1993 as a
target for sufficient information for being able to predict ITER confinement
properties satisfactorily

TASK: PH 15

TITLE: Comparison of theoretical transport models with experimental data

IMPORTANCE: see PH 14

OBJECTIVE: To develop an understanding of the relevant transport mechanisms in
tokamak plasmas, a systematic comparison of theoretical transport models and
experimental data from well documented tokamak discharges must be per-
formed. (Note that this also requires that the appropriate information from
experiments be made available and easily accessible for theoretical analysis.)

SCHEDULE: see task PH 14

TASK: PH 16

TITLE: Control of MHD activity

IMPORTANCE: Significant MHD activity (sawteeth, fishbones) in the hot plasma
core impairs the overall confinement properties of the discharge. Conversely,
some amount of activity is beneficial in counteracting impurity accumulation
in the plasma interior.

OBJECTIVE: Ways to control the MHD activity in the core plasma must be inves-
tigated. This includes, e.g., noninductive current drive to optimize the current
profile and generation of an appropriate population of fast ions.

SCHEDULE: partial results in 1990; full information in 1993
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TASK: PH 17

TITLE: Density limit

IMPORTANCE: Some extrapolations of the present experimental data on the density
limit imply much more stringent performance limitations in ITER (and, still
more so, in tokamak reactors) than those imposed by the anticipated limitation
on the plasma beta.

OBJECTIVE: The mechanism causing the density limit as well as the scaling derived
from it must be elucidated. In particular, the role of the power balance of the
edge plasma and plasma transport properties in leading to plasma conditions,
around the q = 2 magnetic surface, for which plasma disruption occurs, must
be investigated. In addition, the plasma edge conditions for which quenching
of the H-mode in divertor configurations occurs must be analysed. The impact
of heating power and radiative losses, the role of the fuelling method, and the
influence of plasma elongation must be studied. Models must be developed and
compared. See also task PH 3.

SCHEDULE: partial results in 1990; for complete information a target is 1993

TASK: PH 18

TITLE: Plasma performance at high elongation

IMPORTANCE: Operating tokamak plasmas at an elongation beyond 2, typically up
to 2.S, may be attractive to improve plasma performance.

OBJECTIVE: The impact of operation at high elongation on confinement, opera-
tional limits (beta, safety factor, density) and the MHD behaviour of the
plasma must be explored and operational experience with highly elongated dis-
charges must be obtained.

SCHEDULE: 1990

TASK: PH 19

TITLE: Alpha-particle simulation experiments

IMPORTANCE: The presence of a significant amount of fusion alpha-particles in
a tokamak plasma may have an important effect on the stability properties of
the plasma itself and affect the transport of the alpha-particles and energy
transfer from the alpha-particles to the plasma.
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OBJECTIVE: Simulation experiments using neutral beam injection and/or ion cyclo-
tron minority heating appear to be a way to provide early experimental infor-
mation on these issues. The potential of such experiments must be further
analyzed and experiments conceived and performed as far as possible.

SCHEDULE: preliminary results in 1990; an ongoing effort is required

TASK: PH 20

TITLE: Electron cyclotron current drive

IMPORTANCE: Electron cyclotron current drive, if efficiently possible, would be
an attractive option for maintaining the plasma current in the core of the dis-
charge, and is the only means for local control of the current profile, e.g., to
control disruptions (see task PH 8).

OBJECTIVE: A proof of principle of noninductive current drive by electron cyclo-
tron wave and an investigation of its working conditions are needed. This
includes continuous/low power flux as well as pulsed/high power flux opera-
tion. Important questions are the current drive efficiency (mainly for upshifted
modes), its scaling and a comparison with theory, as well as application to cur-
rent profile control.

SCHEDULE: proof of principle in 1990; full information in 1993

TASK: PH 21

TITLE: Ion cyclotron current drive

IMPORTANCE: Ion cyclotron current drive, if efficiently possible, would be an
attractive option for maintaining the plasma current in the interior of the
discharge.

OBJECTIVE: A proof of principle for the various possible current drive modes (via
coupling to electrons or minority ions) and an investigation of their working
conditions are needed in a large tokamak. This includes the current drive effi-
ciencies, their scaling and a comparison with theory, as well as application to ;.:
current profile control. 4

SCHEDULE: proof of principle in 1990; full information in 1993
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TASK: PH 22

TITLE: Impact of Alfve'n wave instability on neutral beam currrent drive

IMPORTANCE: The current drive efficiency of neutral deuterium beams, at particle
energies exceeding significantly 0.5 MeV, may be strongly deteriorated by the
presence of Alfve'n wave instability.

OBJECTIVE: The stability conditions for Alfve'n waves in the presence of fast ions
and the consequences of the Alfve'n wave instability on fast ion behaviour and
on the current drive efficiency must be investigated.

SCHEDULE: 1990

TASK: PH 23

TITLE: Proof of principle of fuelling by injection of field-reversed compact toroids

IMPORTANCE: If feasible, injection on field-reversed compact toroids could be a
means for deep fuelling and density profile control in the core plasma of ITER.

OBJECTIVE: A proof of principle of this scheme must be given before this option
can be taken into consideration.

SCHEDULE: 1990

IX.3. ITER TECHNOLOGY R&D

ITER technology R&D has been divided into the six "Areas": "Blanket",
"Plasma Facing Components", "Magnet", "Fuel Cycle", "Heating and Current
Drive" and "Maintenance". The safety related issues have not been separately
listed, but incorporated as an integral part of individual component development. For
each area the rationale for the choice of the tasks and the objectives of each task are
given: the work proposed by the Parties is then described in a series of "Task
Sheets". In Table IX-2 the work proposed by each Party and the corresponding
effort are summarized.

IX.3.1. Rationale for the R&D on blanket

A bulk tritium production blanket is required for ITER to supply tritium fuel
for the technology phase of its mission. In addition proper radiation shielding must
be provided for both the physics and technology phases of operation. Five R&D tasks
have been identified at this time based on a selection of a reference coolant (low/tem-
perature water), structural material (austenitic stainless steel), and the identification
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of three blanket candidates (aqueous-lithium salt, solid-breeder materials, and a
lithium-lead eutectic material). In addition, because of the need to obtain a high local
tritium breeding ratio, there is the need for most blanket options for a neutron mul-
tiplier such as beryllium.

The R&D efforts on the first wall and blanket structure material (BS-1) focus
on adding to the database of austenitic steel 316 in selected areas of immediate con-
cern to ITER such as irradiation effects on low temperature fracture toughness (a
particular concern with low-temperature water cooling), cyclic fatigue, and crack
growth (concerns created by disruptions). There is also a need for data on joints (eg.
welds, brazing) without and with irradiation effects. There is also a need to deter-
mine the effect of stress corrosion cracking including the effects of lithium salts
(BB-3). Some effort should also be devoted to investigation of lower/activation
austenitic steel alternatives to 316.

Solid breeder materials (SB) are a promising option for ITER's bulk-
production blanket. Because of ITER's choice of a low-temperature water coolant
and the need for the SB to be at high temperature for tritum release, there are some
special issues (BB-1) for solid breeders not currently covered by national R&D pro-
grams. Chief among these is the necessity of providing a thermal insulation between
the structure and SB. Various methods for this must be tested.

Lithium-lead is another promising option to be used with a low-temperature
water coolant. Key issues include tritium release, thermo-mechanical interactions
and interactions with air and water. The impact of changes from the solid-to-liquid
state and back must be determined (BB-2).

ITER blankets will likely use large amounts of Be. There is a need for data
on irradiation effects such as swelling, tritium retention and compatibility with other
materials (BM-1).

These R&D items are only for the basic "driver" blanket and do not include
items for blanket test modules.
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IX.3.2. Blanket R&D tasks

TASK: BB1
TITLE: Ceramic breeder material

OBJECTIVE: To develop additional database on preparation and manufactur-
ing of ceramic materials and to assess their performance under
ITER operating conditions.

TASK: BB2
TITLE: Lithium-lead breeder

OBJECTIVE: To develop additional database on LiPb and its interactions with
other materials (eg. steel, water). Assessment of tritium recov-
ery systems.

TASK: BB3
TITLE: Water lithium solution breeder

OBJECTIVE: To develop additional database on water lithium salt solution
breeder and on interaction with other materials (eg. steel, beryl-
lium). Assessment of tritium recovery systems.

TASK: BM
TITLE: Neutron multiplier: beryllium

OBJECTIVE: To develop further database on beryllium properties particularly
under irradiation with high He production and to assess prepa-
ration and fabrication methods of Be elements.

TASK: BS
TITLE: Blanket structural materials

OBJECTIVE: Determine the extent of irradiation — induced embrittlement of
austentic steel structure at projected operating temperatures
(<300°C).
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Task: BB1-1 - EC

TITLE: Ceramic breeder

OBJECTIVE:

To perform engineering tests of a water-cooled ceramic blanket test element simulat-
ing ITER relevant tritium production rates and heat distribution.

CONTENT:

1. Out of pile testing of breeder temperature control methods.
2. In-pile test of individual breeder elements.
3. Preparation of water-cooled, vented steel capsule with breeder material and

perhaps multiplier in typical configuration.
4. Facilities:

— To be irradiated at 1014 n-cm"2 s"1 thermal and 1013 n-cm~2-s~' fast flux
up to 0.5 to 1 % burnup.

— Available test space: 10 cm e x 100 cm length
— Tritium handling system available, but to be upgraded to 10-100 Ci/d

(presently 1-10 Ci/d).
— Tests over several months possible at high reactor availability.

MAIN MILESTONES:
88: Choice of material(s) and form; capsule design
89: Fabrication of materials and test module
End 89: Insertion and commissioning
End 90: End of tests

RESOURCES: 0.8 MUC

COMMENTS: Reactor position available as of Sept. 1988.
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Task: BB1-2 — EC

TITLE: Ceramic breeder

OBJECTIVE:

To develop the database concerning the system ceramic-beryllium-steel under irradi-
ation, in particular on compatibility and tritium release.

CONTENT:

Irradiation in a fast neutron flux (1 x l O ' V c m " 2 ^ " 1 , E > 1 MeV) for 2000 h
at 550°C of stacks of ceramic beryllium and steel disks with in-pile tritium extrac-
tion. Post-irradiation experiment to study compatibility beryllium/ceramic and
beryllium/steel.
Comparison of tritium release with capsules containing only ceramics.
Ceramics investigated: LiAlO2, Li4SiO4, Li2ZrO3, Li2O.

MAIN MILESTONES:

Early 89: Irradiation
Mid 89: Post-irradiation experiments
Mid 90: Test results compilation

RESOURCES: 0.3 MUC

COMMENTS:

Collaborative activity between EC and USA
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Task: BB2 — EC

TITLE: Lithium-lead breeder

OBJECTIVE:

Large scale Li17Pb83 water and steam interaction studies
— to study the kinetics of the interaction of water with Li-Pb.
— to assess safety aspects related to ir^O/Li-Pb interactions.

CONTENT:

1. Experimental determination of reaction kinetics data of H2O with Li-Pb in the
temperature range 350 to 800°C.

2. Measurement of hydrogen production rates in these reactions as a function of
H2O flow and sample temperature.

3. Experimental simulation of off-normal conditions for Pb-17 Li as a function
of H2O leakage in the range 350-800°C and assessment of safety aspects.

MAIN MILESTONES:

End 89: reaction kinetics data up to 500°C
End 90: completion of measurements and simulation

RESOURCES: 0.7 MUC
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Task: BB3 - EC

TITLE: H,O/Li solution breeder

OBJECTIVE:

To develop database on aqueous lithium salt solution (LiOH, LiNO3, Li2SO4) and
on interaction with other materials (steel, beryllium, resins, potential materials for
primary loop, e.g. Inconel). Assessment of radiolysis control, chemistry control, and
tritium recovery systems.

CONTENT:

1. Assessment of available data and, if needed, measurement of additional basic
properties of highly concentrated salt solutions up to saturation at temperatures
up to 120°C.

2. Corrosion loop experiments including long term weight loss and stress corro-
sion cracking for a range of salt concentrations up to saturation, primarily at
tempertures between 60 and 120°C, but also up to 250°C for baking
compatibility.

3. Small scale radiolysis tests with gamma source and in-pile capsules to deter-
mine radiolysis rates and control methods. Design of an in-pile test loop for
providing information on combined corrosion-radiolysis effects.

4. Test of resins for salt compatibility, impurity removal efficiency and lifetime
in high molar salts.

5. Compatibility test of beryllium and salt solutions at high concentrations and
low temperatures.

MAIN MILESTONES:

Mid 89: Basic properties; closed capsule test results; intermediate results on
corrosion; preliminary selection of salt and chemical process.

Mid 90: Vented capsule test results; in-pile loop design; resin and corrosion
test results.

End 90: Full assessment of radiolysis, chemistry control and tritium recovery.

RESOURCES: 2.1 MUC
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Task: BS1 — EC

TITLE: Structural material

OBJECTIVE:

Determination of the cyclic fatigue life of irradiated and non-irradiated CEC refer-
ence 316L in solution-annealed and welded condition.

CONTENT:

On parent material (plate) and welded material (EB, TIG; no post-weld treatment)
the tests will be performed under the following conditions:
— irradiation level: 0.3, 5 and 10 dpa
— irradiation and test temperatures: 350-500-600-700 K
— strain range 0.2 to 2%; rate 10"6 < e < 10"3 s"'
The data to be produced following ASTM-606 (or equivalent) will include
— fatigue life
— effect of frequency and hold time
— cycling hardening

MAIN MILESTONES:

Mid 89: Parent material: 5 dpa, 500-700 K
Mid 90: Parent material: 10 dpa, 500-600-700 K
End 90: Parent material: 0.3 dpa, 350 K

Weldments: 0.3 and 10 dpa, 350-500-600-700 K

RESOURCES: 1.4 MUC
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Task: BS2 - EC

TITLE: Structural material

OBJECTIVE:

To determine the fatigue crack growth rate, threshold of the stress intensity factor
and fracture toughness for irradiated and non-irradiated CEC reference 316 L in
solution-annealed and welded condition.

CONTENT:

For parent and EB-welded 316 L material (without post-weld treatment) the tests will
be performed under the following conditions:
— specimen type: CT
— irradiation level: 0.3, 5 and 10 dpa; He/dpa - 12
— irradiation and test temperatures: 350-500-600-700 K
— hold time tH up to 300 s; AK: < 100 MPa-Vin

The data to be produced following ASTM-E-647 and E813 will include:
— crack growth rate da/dN as a function of T, R, dpa, tn
— AK,hreshoid as a function of T and dpa
— Fracture toughness and tearing modulus

MAIN MILESTONES:

End 89: Parent material (5 dpa, 600-700 K) and non irradiated EB welds
Mid 90: End of test of specimens irradiated up to 10 dpa at 500, 600 and 700 K.
End 90: End of test of specimens irradiated up to 0.3 dpa at 350 K.

RESOURCES: 0.6 MUC
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Task: BS3 - EC

TITLE: Structural material

OBJECTIVE:

To determine the extent of irradiation-induced embrittlement of CEC reference
316 L below 300°C. The investigations will be performed on bulk material, welded
material (E.B., MIG) and brazed joints (Nibras).

CONTENT:

1. Post-irradiation tensile tests of E.B. and MIG welded specimens of AISI 316 type
steel, irradiated up to 10 dpa at 250°C and 300°C.

2. Post-irradiation tensile tests of brazed joints of AISI type 316 steel irradiated up
to 0.3 and 1 dpa at 100°C.

MAIN MILESTONES:

End 89: Tests completed

RESOURCES: 0.5 MUC
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Task: BS4 - EC

TITLE: Structural material

OBJECTIVE:

To determine the extent of irradiation-induced embrittlement of low activation
Cr-Mn austenitic steels (AMCR). This study will include bulk and welded material.

CONTENT:

1. Post-irradiation tensile tests of bulk and MIG-welded Cr-Mn steels irradiated in
HFR Petten up to 10 dpa at 250°C.

2. In-beam fatigue crack growth of Cr-Mn steels in the Ispra Cyclotron at 100, 200,
300°C at a damage rate of 10'7 dpa-s'. Tests under irradiation will also be per-
formed with relevant time-load profiles (hold-times).

MAIN MILESTONES:
Mid 89: In-beam tests completed.
End 89: Post irradiation tensile tests completed.

RESOURCES: 0.5 MUC
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Task: BB1 — Japan

TITLE: Ceramic breeder

OBJECTIVE:

To perform engineering tests on water-cooled ceramic blanket materials under ITER
relevant conditions

CONTENT (METHODS, TESTS AND FACILITIES):

(1) Out of pile compatibility testing of Li2O with structure materials
(2) Thermal-hydraulic tests of ceramic breeder packed bed with high temperature

helium stream
(3) Cyclic stress tests of ceramic breeder packed bed under high temperature
(4) Safety evaluation tests of Li2O packed bed under high temperature:

(i) Reaction experiment with constant leakage of water
(ii) Reaction experiment with accidental large leakage of water

(5) Facilities:
Item 1 by blanket compatibility test facility
Item 2-A by TPL

MAIN MILESTONES:

Manufacture of sample materials for compatibility tests, and preparation of ceramic
breeder packed beds: 1988
Conduct tests and accumulate database: 1989-1990

RESOURCES:

Manufacture of samples and some initial tests: 35 M¥ (1988)
Conduct test and evaluation: SO M¥ (1989)

50 M¥ (1990)
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Task: BB2 — USSR

TITLE: Lithium-lead breeder (eutectic LiJ7 Pb83).

OBJECTIVE:

To develop additional database on LiPb and its interactions with other materials (e.g.
steel, water). Assessment of tritium systems.

CONTENT:

1) Radiation growth, swelling, creep and change of physical properties of solid
eutectic.

2) Eutectic production technology. Eutectic interaction with water and its vapour
(T = 5O-35O°C).

3) Eutectic thermophysical and mechanical properties in liquid and solid state.
Hydrogen diffusion in the eutectic.

4) The study of the interaction of lithium-lead eutectic with austenitic stainless
steel (corrosion, erosion, mass transport, etc.).

5) Development of the technology of the T cyclic accumulation and recovery
from LiI7Pbg3 (T = 100-300°C).

6) Study of thermomechanical interaction of LIPb eutectic with structure during
melting/solidification.

FACILITIES:

1) fission reactor IRT-2000, thermal neutrol fluence up to 1021 n-cm2

2) the model of the channel for solid and liquid eutectic.

MATERIALS: Eutectic - LiI7Pb83.

COST: 2.1 million roubles.
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Task: BS — USSR

TITLE: Blanket structural materials

OBJECTIVE:

Determine effects of radiation embrittlement of austenitic stainless steels at projected
operating temperatures (< 300°C) including He and H production effects.

CONTENT:

— dose dependence of embrittlement, long term strength, strengthening of SS with
and without gas production

— effects of neutron irradiation on thermal fatigue and cyclic strength
— neutron irradiation and simulation testing of weldments
— simulation studies of radiation creep and He and H effects on radiation swelling
— mechanical properties and effects of strengtheaing and implantation on SS bom-

barded by energetic particles
— influence of He on hydrogen permeability of materials.

FACILITIES:

1) Ion beams:
a) ILU-2 (one ion beam); type of ions: H, He, D, etc.; E = 200-4C0 keV,
up to 1016 i -cm^-s" 1 ;
b) ILU-6 (two ion beams): type of ions: H+He, many ion combinations; the
first beam: 1016 i -cm"2^"1 , the second beam: 1017 i -cm"2^"1 ;
c) cyclotron: H, He, D, heavy ions; up to 1 MeV, up to 1016 i-cm~2-s~';
d) heavy ion accelerator, E < 5 MeV.

2) Electron beams:
a) electron accelerator E < 225 MeV;
b) electron accelerator E < 8 MeV.

3) Reactors:
a) BOR-60, up to 3- 1022ncm"2 by 1990, E > =, 1 MeV, Tin = 300°C,
Tfcs, = 300°C

b) CM-2, up to 1022n-cm-2, E > 0.1 MeV, Tin = 100°C.

MATERIALS: Austenitic steels

COST: 2.0 million roubles
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Task: BB1 — US

TITLE: Ceramic breeder materials

OBJECTIVE:

Experiments on solid breeder materials to investigate tritium release kinetics,
BE/solid breeder compatibility, vapor transport, thermal gap conductance and purge
flow in sphere-packed beds.

CONTENT:

Irradiation Effects on Be/Solid Breeder Compatibility
With respect to blanket design in which Be and ceramics are used the use beryl-

lium in intimate contact with the ceramics simplifies the blanket design, improves
tritium breeding, and improves heat transfer. A principal concern with the use of
beryllium in contact with the ceramics is its potential oxidation with consequent
reduction of the ceramic breeder. Laboratory capsule tests on beryllium/ceramic
compacts have shown little or no reaction. However, due to the large free energy
driving force for oxidation, a question is rised as to whether or not irradiation effects
will change the currently observed reaction rate. Therefore, testing of beryllium
ceramic compacts in an irradiation environment is required to assess their compati-
bility. Irradiations are scheduled to begin in the SILOE reactor in Grenoble, France,
the first quarter of CY 1989 with irradiation for three months at 550°C. The post
irradiation examination is scheduled for the latter half of CY 1989 with information
available January 1990.

Vapor Transport from Li2O and Li4SiO4

The transport of lithium by vaporization of LiOH from lithium ceramics, par-
ticularly Li2O and Li4SiO4 poses a constraint to the maximum operating tempera-
ture for ceramic breeding blankets. Temperature limits imposed by excessive vapor
transport must be determined to evaluate the performanece of candidate concepts.
LiOT (g) transported and condensation in a cool region could mitigate tritium recov-
ery. Such a condition could impact on tritium inventory as well as cause a loss of
recoverable fuel.

Solid Breeder Blanket Thermal Conductance Experiments
All solid breeders must operate within a specific temperature range to meet the

requirements of tritium removal and material stability. The greatest uncertainies in
designing a solid breeder blanket which can meet the temperature requirements are
in the thermal conductance properties, which include the gap conductance between
the structure and breeder and the heat transfer characteristics though the solid
breeder. Thermal conductance measurements have been made for many materials
and configurations, but there are only limited data for solid breeder materials. Con-
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ductance tests would be initiated in late 1988 and would continue for two years. Dur-
ing that time, designs o8f the leading solid breeder blankets would be tested.

Purge Gas Flow Characterization in a Sphere-Pac Bed
For breeder blanket designs using helium purge for tritium recovery, the con-

cept of using a ceramic breeder in spherical form is attractive. Better thermal-
hydraulic behaviour and overall thermal conductance, ease of tritium recovery, and
reduction of ceramic fracture are significant advantages. A data base is required to
give support to the advantages touted for ceramics in spherical form. The purge flow
characteristics of a bed must be examined and flow/pressure drop characteristics
need to be described.

MAIN MILESTONES:

— Initial results on gap conductance in 1988
— Vapor transport results on Li2O on 1989
— BE/Solid breeder irradiation results in 1990

RESOURCES: $570 000
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Task: BB3 - US

TITLE: Aqueous stress corrosion of stainless steel

OBJECTIVES:

Develop additional data base on aqueous stress corrosion of austenitic steels
with pure water and water/Li-salt solutions.

CONTENT:

Aqueous stress corrosion cracking (SCC) of austenitic steels has been identi-
fied as a critical issue for ITER. Of particular concern are effects of hydrogen trans-
mutation, radiation hardening of steel, and the effects of weldments. Several effects
that generally enhance SCC will be present in ITER-(l) high thermal stresses in the
first wall, hydrogen transmutation, radiation hardening, radiolysis and electrolysis,
and extensive weldments. The sensitivity of austenitic steels to SCC, particularly
important since attractive alternates are not readily apparent. Aqueous stress corro-
sion cracking (SCC) has been identified as a critical issue for the self-cooled lithium
salt blanket concepts. Data also indicate that small concentrations (few ppm) of simi-
lar salts exacerbate SCC of these steels. Experiments must be conducted on austenitic
steels at low temperatures (~ 100-200°C) in LiNO3 and LiOH including hydrogen
and radiation effects anticipated for fusion applications.

MAIN MILESTONES:

— Results on effects of salts-1989
— Results on hydrogen effects-1989
— Radiation effects in 1990

RESOURCES: $850 000



RESEARCH AND DEVELOPMENT 445

Task: BM — US

TITLE: Neutron multiplier: beryllium

OBJECTIVE:

To develop further database on Be properties, particularly under irradiation.

CONTENT:

Irradiation Effects on Beryllium (Be)

All of the baseline blanket designs for ITER make extensive use of Be as a neu-
tron multiplier. The permissible operating range for BE depends in large part on its
response to neutron irradiation. The most important effect is possible high swelling
due to the generation of helium during the irradiation. It is anticipated that swelling
can be minimized by operating at low temperatures, but the maximum permissible
temperature is not well established. Irradiation will also alter the mechanical proper-
ties and could result in loss of integrity and fragmentation. Tritium will be generated
during irradiation and could be built up over time to produce a large tritium inven-
tory. Irradiation data are available for some forms of Be, but there are no data avail-
able for cold-pressed and sintered Be which has been recommended in the
aqueous/Li-salt design. There are data available at low temperatures ( ~ 100°C) but
the data are limited at elevated temperatures.

Beryllium Fabrication
Both the swelling and the mechanical integrity of irradiated berryllium as well

as the costs will be strongly influenced by the fabrication methods used. Further
development of optimal fabrication techniques is required to provide desirable
microstructure and geometries economically.

Beryllium Development
There are uncertainies in the level of tritium breeding which can be achieved

due to uncertainies in the level of tritium breeding in the Be integral cross-sections.
An experiment is planned in the USA which will determine the values for the Be
cross-sections, but there is a need to incorporate detailed calculations into the
experimental program.

MAIN MILESTONES:

— Begin irradiations in 1988
— Provide pressed pellets and balls for testing in 1989
— Results in 1990

RESOURCES: $750 000
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Task: BS - US

TITLE: Austenitic steel for ITER

OBJECTIVES:

To investigate low activation options and assess low temperature fracture
thoughness on austenitic steels for ITER.

CONTENT:

Recent experiments indicate that the ductility of austenitic steels is substantially
reduced after low temperature (<350°C) irradiation to modest (~ 15 dpa) fluences.
This raises concern regarding the fracture toughness of these steels at the low operat-
ing temperatures proposed for ITER. Extensive weldments which generally have
even lower fracture tougness will be required and hydrogen effects may also exacer-
bate the problem at low temperature. This is high priority since austenitic steel is
the primary candidate structure.
There is an interest in investigating reduced-activation austenitic steels (e.g. Mn-
steels) to reduce waste management concerns for ITER. Various heats of modified
alloys (to reduce Ni, Mo, Nb and N content) will be made and tested for mechanical
and irradiation properties.

MAIN MILESTONES:

— Initiate low temperatures irradiations in 1990
— Samples tested to 10 dpa in 1990

RESOURCES: $1 000 000
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IX.3.3. Rationale for the R&D on plasma facing components

For the R&D requested on PFC up to 1990 emphasis is given to feasibility
issues for the first wall and divertor.

Carbon based materials are recommended as armor both on FW and divertor
during the physisc phase. Crucial R&D issues are T-retention and diffusion, outgass-
ing of impurities, thermal shock resistance including irradiation effects up to 2000°C
and erosion-redeposition data for a wide range of possible, mostly new materials
such as fine grain graphites and carbon fiber composites.

High Z materials such as W, Ta, Mo will probably be required for adequate
divertor lifetime during the technology phase. Data are required mainly on
T-retention/permeation, chemical erosion, irradiation effects and disruption damage.

The FW steel structure will be manufactured in solution annealed, type 316 L
austenitic steel and cooled by low temperature water such as the rest of the blanket
structure. Consequently, the R&D effort on the structure materials for the FW is
included under the blanket tasks. For the FW emphasis should be given on the
demonstration of manufacture and fatigue life on prototypical mock-up, considering
the large uncertainty of theoretical lifetime predictions and the anticipated influence
of the manufacturing methods and disruption effects on the fatigue life.

The FW protection tiles of carbon based material can be bonded or mechani-
cally attached to the FW structure. Such tiles including their attachment have to be
developed with the aims of rapid remote maintainability and minimum impact on the
FW structure. Of particular importance is manufacture, thermo-mechanical and
irradiation testing of tiles with the different attachment schemes.

Divertor target plates will most probably consist of armor (carbon based or
high Z) attached via bonding or mechanically onto a water cooled heat sink structure
in Cu-, Mo-, or V-alloys. The development of such "duplex" divertor plates should
focus on manufacturing aspects, lifetime testing under normal and disruption condi-
tions and the study of irradiation effects.

Advanced divertor targets such as liquid metal targets or other unconventional
solutions should be studied considering the present uncertainty whether any one of
the proposed divertor solutions will provide an adequate lifetime for the technology
phase.
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IX.3.4. Plasma facing components R&D tasks

TASK: PCI
TITLE: Low-Z protection materials (graphite and carbon composite)

OBJECTIVE: Study of graphite and carbon composite, tritium retention
and diffusion, erosion, fatigue, irradiation and interaction
with air and water.

TASK: PC2
TITLE: High Z materials (W, Ta.Mo)

OBJECTIVE: Study of chemical erosion, radiation effects, tritium retention
and permeation and effects of disruption.

TASK: PC3
TITLE: First wall test

OBJECTIVE: To develop technologies for structure fabrication and for tile
(graphite and c/c composite) manufacturing and attachment
on first wall (metallurgically bonded, mechanically attached):
to test the performance of the first wall and to verify analy-
sis method.

TASK: PC4
TITLE: Divertor plates: test

OBJECTIVE: To develop manufacturing technology for duplex structure
such as W/Cu, graphite/Cu, CFC Cornposite/Cu etc. and
monolithic structure of Ta and Mo to test performance and
verify analysis methods. Proof of principle of unconventional
and advanced divertor plates.
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Task: PC1-1 - EC

TITLE: Low Z materials

OBJECTIVE:

To establish the changes in thermal, mechanical and physical properties which ojcur
in candidate low Z protection materials during neutron irradiation.

CONTENT:

Materials: Graphites — fine grain and ultrafine "isotropic";
CFCs — with widely varying fibre types, weaves, fibre volume frac-
tions and fabrication routes; SiC — monolithic and SiC fibre
reinforced

Irradiation conditions:
0.1,1,5,10 and 30 dpa at temperatures in the range of 400-1500°C

Testing: Pre- and post-irradiation determination of flexural strength, elastic
modulus, thermal conductivity, thermal expansion coefficient and
density.
Determination of thermal shock resistance using 15 kW EB facility.

MAIN MILESTONES:

Mid 89: Pre-irradiation characterization
Mid 90: Irradiations complete
End 90: Post irradiation analysis

RESOURCES: 2.0 MUC
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Task: PC 1-2 - EC

TITLE: Low Z materials

OBJECTIVE:

High heat flux (10 MW/m2) and thermomechanical testing of candidate protection
materials and materials combinations. Selection of the best material combinations.

CONTENT:

— Screening thermal shock tests on simple flat samples (50 X 50 mm), monolayer
or bonded multilayer, passively cooled, until failure followed by metallographic
post-test examination (crack formation and propagation). Finite element ther-
momechanical analysis for failure interpretation.

— Thermal cycle testing on selected actively cooled samples that promise to survive
104 cycles at heat flux levels as high as 10 MW/m2. Post-test examination and
theoretical support as for thermal shock tests.

— Test equipment: plasma flame gun.

MAIN MILESTONES:

Nov 88: Sample definition and upgrading of existing plasma spray facility
Mid 89: Thermal shock testt,
Mid 89: Specification of samples for thermal cycle testing
Mid 90: Thermal cycle tests

RESOURCES: 0.6 MUC
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Task: PC 1-3 - EC

TITLE: Low Z materials

OBJECTIVE:

— Investigation of carbon erosion by H-isotopes and oxygen impurity as a function
of target temperature, particle energy and flux density.

— H-isotopes retention in graphite as function of fluence and target temperature.

CONTENT:

— Radiation enhanced sublimation by H-isotopes and O-impurity, particularly at
high flux density, H > 1020 c m ^ s 1 and T > 1300 K

— Synergistic effects on the chemical erosion by H-isotopes and O-impurity.
— Investigation of the effects of metallic impurity in graphite on chemical erosion

and H-retention.
— Investigation on H-retention by co-deposition.
— Outgassing kinetics of inherent gas species in graphite, including adsorption und

desorption of H2O.
— Irradiation effects on H-retention.

MAIN MILESTONES:
End 89: Completion of measurements on H-enhanced sublimations
End 90: Completion of H-retention. Effect of metallic impurity

RESOURCES: 0.5 MUC
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Task: PC3-1 — EC

TITLE: First wall test

OBJECTIVE:

To improve the confidence in the prediction of the FW thermal fatigue life by:
— development of manufacturing technology
— validation of analysis methods
— tests to failure of prototypic mock-ups.

CONTENT:

— Manufacture of prototypic FW mock-up of 0.1-0.2 m2 surface without/with pro-
tection tiles.

— Exposure to > 104 heating cycles up to 1 MW-m"2.
— Temperature and strain measurements compared to analytical predictions.
— Testing to crack initiation and failure by coolant leakage.
— 150 kW thermal fatigue facility in operation.

MAIN MILESTONES:

End 88: Testing of benchmark components
Feb. 89: Complete 2 small and 4 medium size (250-500 mm) mcck-ups without

tiles
Mid 90: Testing of mock-ups

RESOURCES: 1.0 MUC
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Task: PC3-2 — EC

TITLE: First wall test

OBJECTIVE:

Basic characterisatioFn of replaceable protection tiles

(radiative and conductive) and their mechanical attachment with respect to heat trans-
fer and thermomechanical behaviour.
Testing scale: 1 tile.

CONTENT:

— Sample design and fabrication

— Development and test of conductive compliant material for conductive tiles
(papyex). Measurement of heat transfer enhancing effect of a compliant layer ai
relevant temperatures and heat fluxes.

— Manufacture of prototype mock-ups (1 tile —50 cm2 mechanically attached on a
cooled steel structure)

— Heat transfer tests: thermal characterization in steady state and cyclic operation.
— 30 kW EB and NBI existing facilities

MAIN MILESTONES:

Oct.88: First test of small conductive tiles with NBI test bed
March 89: Test of first prototypic mock-up tiles (30 x 100 mm) with EB facility
End 90: Complete tests of 2 mock-ups for conductive and radiative tiles

- 2 0 0 cm2

RESOURCES: 0.8 MUC
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Task: PC4 — EC

TITLE: Divertor test

OBJECTIVE:

— To develop and demonstrate the manufacturing technology of divertor plates with
C armour on Mo alloy heat sink.

— To perform cyclic thermomechanical testing, validation of analysis and lifetime
prediction.

CONTENT:

— Industrial manufacturing studies leading to mock-up divertor plates.
— Thermal cyclic testing up to 104 cycles and 10 MW/m2 of a 200 x 600 mm

divertor section.
— Theoretical evaluation of lifetime and correlation with tests.
— A solar facility (1 MW solar furnace, peak flux 9 MW/m2) is presently being

investigated.

MAIN MILESTONES:

Mid 89: Mock-up manufacture
1990: Testing

RESOURCES: 0.7 MUC
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Task: PCI — Japan

TITLE: Low-Z protection materials: graphite and carbon composites

OBJECTIVE:

(1) High heat flux testing of carbon-based materials to evaluate erosion and ther-
mal fatigue characteristics.

(2) Neutron irradiation effects on CC composites
(3) Development of bonding low-Z tiles to metal structures

(4) High heat flux testing of low-Z and metal bonded structure to evaluate thermal
shock and thermal cycling durability

CONTENT (METHODS, TESTS):

(1) Make small standardized samples out of various kinds of graphites and CC
composites

(2) Impose high heat flux to simulate disruptions heat load.
(3) Investigate deterioration of thermal properties due to thermal cycles.
(4) Examine vaporized loss and thermal shock resistance of materials.
(5) Investigate failure modes of low-Z materials.

(6) Apply thermal shock and thermal cycling to test pieces made of low-Z and
metal bonded materials.

(7) Evaluate neutron irradiation effects on thermal properties of CC composites.

FACILITIES:

(1) Electron Beam Irradiation Facility (EBIF)
' (2) Particle Beam Engineering Facility (PBEF)

• (3) Fission reactors

I MAIN MILESTONES:

i (I) Construction of EBIF 1988

: (2) Thermal testing of low-Z materials 1989-1991

RESOURCES:

390 M ¥ (1988)
54 M ¥ (1989)
50 M¥(1990)
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Task: PC2 — Japan

TITLE: High-Z materials (W, Ta, Mo)

OBJECTIVE:

High heat flux testing of high-Z materials including a W tile bonded to a Cu substrate

CONTENT (METHODS, TESTS):

(1) Prepare small samples of W/Cu bonded plates
(2) Thermal cycling tests
(3) Thermal shock tests

FACILITIES:

(1) Electron Beam Irradiation Facility (EBIF)
(2) Thermal cycling tests
(3) Thermal shock tests

MAIN MILESTONES:
(1) Preparation of small samples 1988-1989
(2) Thermal shock test 1988-1989
(3) Thermal cycling test 1989-1991

RESOURCES:
10 M¥ (1988)
20 M¥ (1989)
50 M¥ (1990)
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Task: PC3 — Japan

TITLE: First wall, stainless steel structure testing

OBJECTIVE:

(1) To develop manufacturing technology of first wall panel structure
(2) To test the performance of panel structures under steady-state and pulse-wise

high heat flux

CONTENTS (METHODS, TESTS)

(1) Manufacture stainless steel panels structure with a surface area of
0.01-0.2 m2

(2) Apply steady-state heat flux compatible with ITER first wall conditions
(3) Apply intense heat pulses which simulate heat load due to disruptions
(4) Test stainless steel materials by applying intense heat pulses to establish data-

base for lifetime analysis and for design criteria
(5) Manufacture stainless steel panels with low-Z tiles bonded or attached.
(6) Apply steady-state high heat flux to investigate thermal performance of panels

with low-Z tiles
(7) Apply intense heat pulses to investigate disruption effects

FACILITIES:

(1) Electron Beam Irradiation Facility (EBIF)
(2) Particle Beam Engineering Facility (PBEF)

MAIN MILESTONES:

(1) Preparation of small panels (0.075 m2) without armor tiles (with and without
water cooling) 1988-1989

(2) Thermal shock and thermal cycling tests on these panels by PBEF1988-1989
(3) Preparation of medium-sized panels (0. IS m2) without armor tilesl989-1990
(4) Thermal shock and thermal cycling tests on medium-sized panel by EBIF

1989-1991

RESOURCES:

47 M¥ (1988)
100 M¥(1989)
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Task: PC4 — Japan

TITLE:

Divertor plates: test

OBJECTIVE:

(1) Development of manufacturing technology for duplex structure such as W/Cu,
graphite/Cu, CC/Cu, etc.

(2) Testing of performance of the duplex structures

CONTENT (METHODS, TESTS):

(1) Manufacture scaled models of a divertor plate with duplex structures
(2) High heat flux testing of the models for normal and off-normal conditions

FACILITIES:

(1) Electron Beam Irradiation Facility (EBIF)
(2) Particle Beam Engineering Facility (PBEF)

RESOURCES:
50 M¥ (1989)
95 M¥ (1990)
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Task: PC-1 - USSR

TITLE: Low Z protection materials

OBJECTIVE:

Complete graphite/c-composites properties under irradiation and data on tritium
behaviour in them.

CONTENT:

— kinetic behaviour study of tritium in graphite and carbon containing materials
— chemical effects of tritium interaction with graphite
— effects of temperature cycling on tritium behaviour

FACILITIES:
(1) ILU-2 (one ion beam)
(2) ILU-6 (two ion beams)
(3) fission reactor IRT-2000 (thermal neutron flux ~ 10 l 3ncm" 2 -s ' )

COST: 0.4 million roubles
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Task: PC2, PC4 - USSR

TITLE: High Z materials, divertor plates

OBJECTIVE:

Study of high-Z materials properties (W, Mo, V, Ta) to use for designing and fabri-
cation of divertor plates. Development of manufacturing technology for divertor
plate duplex structure.

CONTENT:

— radiation testing (swelling, creep) of refractory metals (W, Mo, Ta, V and
alloys on their basis

— investigation of plasma disruption influence on W, Ta, Mo and alloys
— study of ion erosion of structural materials
— manufacturing and testing small mock-ups of duplex structure Mo-Cu, W-Mo,

Mo-V, W-Cu, C-Mo

FACILITIES:

fission reactors: CM-2, fluence 1022n/cm2, Tirr = 5O-3OO°C; Bor-60 fluence
3 x 1022n/cm2, V" = 400-650°C

Cyclotrons: MGC and U-150, EH-He = 24/40 MeV

Accelerators: EG-ST, EH- He. AZ = 1/4 MeV

SVICH, EH, He. AZ = 30-150 keV

Electron guns:

N:l - Ee = 10/20 keV, q ^ , = 30 kW/cm2

T H « = 20/100 ms, N,ot = 60 kW

N:2 - Ec = 100 keV, qmax = 1-2 MW/cm2

0.1 ms, Nfc, = 0.5 kJ/pulse
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Plasma guns:

N:l - E,- = 25 eV, qmax = 2-5 MW/cm2

TpUise = 0.1 ms, Ntot = 1 kJ

N:2 (MK-200) qmax = 0.4-1 kJ/cm2

Tpulse = 0.1-20 ms

COST: 2.9 + 1.0 million roubles

••$'••
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Task: PCI - US

TITLE: Irradiation effects on graphite/carbon composites

OBJECTIVE:

To develop a database on irradiation effects on graphite and carbon composite
material.

CONTENT:

Carbon/carbon composites have been recommended for use as first wall pro-
tection because of enhanced thermal shock resistance and flexibility in design and
fabrication. At this time, there are almost no radiation data available to indicate how
well these materials will survive in the ITER environment. The particular items to
be addressed are radiation swelling (including high helium content), degradiation of
thermophysical properties, and the influence of radiation induced traps on tritium
retention.

There are radiation effects data available on several grades of nuclear graphite
up to temperatures of ~ 1200°C. There are essentially no data available on C/C com-
posites. C/C composite specimens will be inserted in high flux fission reactors
(FFTF and HFIR) beginning in October 1988. Irradiation will last for a period of
about 1 year, and the specimens will then be examined. Further tests will be con-
ducted to determine the potential for tritium trapping in the irradiation specimens.
Work will be completed by October 1990.

Graphite tiles in ITER are likely to operate at temperatures up to 2000°C. If
a water leak should occur into the plasma chamber, there could be a reaction between
the high temperature graphite and the water leading to the formation of hydrogen
gas. This possibility raises concerns related to safety and minimizing damage during
an accident.

MAIN MILESTONES:

— Results of C/H2O tests in 1989
— Irradiation results in 1990

RESOURCES: $930 000
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Task: PC3 and PC4 — US

TITLE: Fabrication methods of divertor and first wall armor and studies of
erosion/redeposition

OBJECTIVE:

To test methods of bonding first wall and divertor armor including radiation
effects on such bonds and to determine the effects of erosion/redeposition on net
material loss and material properties.

CONTENT:

It is necessary to establish the feasibility and operational limits of both low-Z
and high-Z armor for divertor plates and first-wall protection.

A key step is to scope out a few fabrication methods for bonding armor to sub-
strates such as brazing and plasma spray. A variety of small-size samples will be
tested by applying long-pulse heat loads and off-normal heat loads using the Plasma
Materials Test Facility (electron and ion beams). Also, bonded samples will be
irradiated in FFTF to examine neutron-irradiation effects. In addition, analyti-
cal/computer methods of thermals stress and fatigue will be improved. Measure-
ments will be made of crack initiation and growth.

Another key issue for divertor and first-wall armor is the amount of erosion
and redeposition that occurs as the result of plasma-wall interactions. The physical
and mechanical properties of the redeposited material must be determined. Plasma-
based facilities (e.g. PISCES) will be used to bombard select samples of carbon-
based materials. Net erosion rates will be determined for plasma conditions typical
of divertor plates and f>rst walls.

It is also desirable to improve our knowledge of disruption and runaway-
electron events. Off-normal events in tokamaks will be characterized as to cause, fre-
quency and energy deposition history. Experiments will also examine innovative
plate configurations including reentrant design and electrically biased plates.

MAIN MILESTONES:

— High heat flux tests of brazing and plasma spray bonds in 1989
— Erosion/redeposition results from PISCES in 1989
— Irradiation effects on bonds in 1990

RESOURCES: $2 100 000
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Task: PC4 — US

Title: Advanced divertor concepts PC4 — US

OBJECTIVE:

To investigate advanced divertor concepts, particularly liquid metal concepts
and helium burial/pumping, to alleviate the concern with current designs regarding
disruption resistance, life time, and pumping capacity.

CONTENT:

Current divertor plate concepts employ either low-Z (carbon based) materials
disruption resistance but suffer from short lifetimes or high-Z materials for longer
life but exhibit limited disruption resistance. There is a need for new ideas that might
combine adequate life time with disruption resistance. One possibility is liquid-metal
divertors. The R&D effort would focus on key issues and possibly perform small-
scale feasibility experiments. Studies of liquid metal response to plasma bombarde-
ment would use state-of-the-art fluid mechanics. Additional considerations include
liquid metal magnetohydrodynamics, corrosion/compatibility, vapor transport in to
the plasma chamber and liquid-metal safety issues.

Other advanced development efforts will also be studied. For example by
selecting appropriate materials for lining the divertor chamber, helium will be selec-
tively trapped compared to hydrogen. By continuously laying down fresh material,
helium pumping an be achieved for long periods of time. The helium burial would
significantly reduce the required pumping capacity of ITER, reduce the size of
vacuum pumping ports and reduce the tritium throughput in the plasma fuel handling
system.

Laboratory tests are required (and are underway) to establish the ability to
create thin layers (Ni) and measure trapping rates of helium in the presence of
depositing new layers. Tokamak experiments are planned in TEXTOR in 1989. This
experiment will study the ability to pump helium from the plasma using a helium
burial chamber in back of a pumped limiter.

MAIN MILESTONES:

— Result of analysis in 1989
— Initial scoping experiments in 1990
— Test helium burial concept in TEXTOR in 1989

RESOURCES: $1 290 000
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IX.3.5. Rationale for the R&D for magnet

A large ignited/burning plasma as in ITER will require higher steady-state
magnetic fields than previously achieved. Toroidal field coils (task MT) of 12 T and
large size require the development of high current niobium-tin superconductors to
operate under conditions of high stress, cyclic fatigue and nuclear heating. Achieve-
ment of ignition places large demands on the poloidal coil system (task MP) because
a very large energy is required for start-up an burn of the plasma. Accordingly the
conductors need to operate near 40 kA and about 12 T in the central solenoid.
Quench protection and structural considerations require prototype construction and
testing to ensure reliable cyclic operation.

Neutron fluences in ITER will produce damage in magnet insulators that limit
the lifetime fluence of the machine. Lifetime dosage limits must be found for epoxy-
glass insulators (task MI) that are compatible with coil construction techniques.
While structural materials in the magnet are not expected to be severely damaged
by neutrons, they will operate at high stresses (600 MPa). Characterization of
advanced cryogenic structural alloys and welding development (task MS) will largely
determine the magnet envelope and influence the configuration of the tokamak.

If the magnets can make more radiation tolerant (task MA), then the neutron
shielding may be reduced to permit a smaller tokamak or conversely a larger, higher
current plasma to achieve ignition. Insulators such as polyimides, or advanced
epoxy-glass together with forced flow conductors, capable of high neutron heat
removal even with radiation damaged copper stabilizers, are being studied to see if
this goal can be achieved. Of course large cryogenic components (task MC) will be
needed to remove the nuclear heat loads and pulsed field losses. These large compo-
nents should exhibit better reliability for reactor availability.

IX.3.6. Magnet R&D tasks

TASK: MT
TITLE: Toroidal coil

OBJECTIVE: Prove that a TF conductor relevant for an ITER TF coil can
be successfully operated at ITER relevant conditions and
determine the conductor mechanical, electrical, and thermal
characteristics. Develop coil manufacturing technique, con-
struct and test prototype solenoid/pancake section in the ITER
relevant conditions.
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TASK:
TITLE:

CHAPTER IX

MP
Poloidal coil

OBJECTIVE: Prove that conductors relevant for an ITER poloidal coil can
be successfully operated at ITER relevant conditions, and
determine the conductor mechanical, electrical, and thermal
characteristics. Develop coil manufacturing technique, con-
struct and test prototype solenoid/pancake section in the ITER
relevant conditions.

TASK: MI
TITLE: Development of coil insulation materials

OBJECTIVE: Determination of the allowable radiation dose limits for coil
insulation systems (eg. epoxy/fiber, polyimide).

TASK: MS
TITLE: Qualification of structural-casing materials

OBJECTIVE: Qualification of structural materials for use as magnet coil
cases operating under fatigue loading at 4K.

TASK: MA
TITLE: Radiation tolerant magnets

OBJECTIVE: Demonstration of feasibility of high-performance, radiation-
tolerant magnets using non-conventional bonding/insulation
procedures.

TASK: MC
TITLE: Critical component of large capacity system

OBJECTIVE: To develop full-size cryogenic components such as turbo-
expander and cryogenic pump for constructing large scale
cryogenic system with a capacity of more than 30 kW at 4K.
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Task: MT - EC

TITLE: Toroidal coil.

OBJECTIVE:

Prove that a TF conductor relevant for an ITER React and Wind TF Coil can be
manufactured and successfully operated at ITER relevant conditions and determine
the conductor mechanical, electrical and thermal characteristics.

CONTENT:

A 16 kA, Nb3Sn force-cooled conductor made by the react and wind process will
be developed in two versions.
— Develop conductor and components (basic superconducting strand, stabilizer,

conduit material) for sub-size and full-size conductors in short lengths including
terminations.

— Develop the fabrication techniques suitable for industrial production
— Measure the conductor properties in range appropriate to TF coils

Mechanical: elastic constant, stress/strain behaviour, mechanical hysteresis, etc.
a t 4 K
Electrical: Jc (B,T,e) AC losses (hysteresis and coupling)
Thermal/hydraulic: pressure drop, stability

MAIN MILESTONES:

Sub-size conductors developed — 1988
Full-size conductors — short length — 1989
Measurements — 1989 (excluding full-size Ic due to unavailability of facility)

RESOURCES: 1.9 MUC

COMMENTS:

The qualification of a full-size conductor is still subject to discussions with the
associated laboratories.
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Task: MP - EC

TITLE: Poloidal coil

OBJECTIVE:

Prove that conductors relevant for ITER PF coils can be successfully operated at
ITER relevant conditions, and determine the conductor mechanical, electrical and
thermal characteristics. A Nb3Sn wind and react conductor will be developed for
the central solenoid and a NbTi conductor will be developed for the outer EF coils.

CONTENT:

A wind and react force-cooled Nb3Sn 40 kA conductor will be developed in two
versions for the central solenoid.
— Industrial fabrication of short lengths of full-size central solenoid conductor

including: basic superconducting strand, cable, jacket and cable/jacket assembly,
and terminations.

— Develop conductor insulation system suitable for wind and react process
— Measure the conductor properties in range appropriate to central solenoid

Mechanical: elastic constants, stress/strain behaviour, mechanical hysteresis, etc.
a t 4 K .
Electrical: Jc (B,T,e) AC losses (hysteresis and coupling).
Thermal/hydraulic: pressure drop, stability.
A force-cooled NbTi 40 kA conductor will be developed for the outer EF coils
including industrial fabrication of short length of full-size conductor and measure-
ment of the mechanical, electrical, and thermal properties in a range appropriate
to the EF coils.

MAIN MILESTONES:

Fabrication of full-size conductors — short lengths — end of 1989 (first version),
1990 (second version)
Measurements — 1988-1990 (except full-size L, due to unavailability of facility)

RESOURCES: 3.5 MUC

COMMENTS:

The NbTi conductor will also be tested with He II as a back-up solution for the
central solenoid.
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Task: MI - EC

TITLE: Insulation materials

OBJECTIVE:

Determine the allowable radiation dose limits on shear bond strength of conventional
coil insulation systems (e.g. vacuum-pressure impregnated epoxy/fiber system)
a t4K.

CONTENT:
— Manufacture small test specimens of various compositions of epoxy and fibers of

kapton impregnated between steel as lap shear test specimens
— Irradiation of the test specimens at 4.5 K up to 5 X 108 rad
— Measure shear bond strength at 77 K and some samples at 4 K

Facilities: Low temperature irradiation facilitiy
Low temperature laboratory

MAIN MILESTONES:

Manufacture of specimens: 1988
Irradiation of specimens: 1988-1989
Shear bond strength measurements: 1989

RESOURCES: 0.2 MUC
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Task: MS - EC

TITLE: Structural materials

OBJECTIVE:

Qualification of structural casing materials for use as magnet coil cases operating
under fatigue loading at 4 K.

CONTENT:

— Mechanical investigation of austenitic materials for the ITER coil case and inter-
coil structure at low temperature including:

— weldments up to 75 mm thick
— tensile, fracture and fatigue measurements of thick weldments at 4 K
— fatigue response of surface cracks at 4 K
— defect size assessment
— fracture toughness and tensile measurements in bulk materials at 4 K

MAIN MILESTONES:

Weld process established — 1988
Surface crack growth behaviour at 4 K — 1988
Fatigue at 4 K and under vacuum: 1989

RESOURCES: 0.5 MUC
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Task: MT — Japan

TITLE: Development of 12 T superconducting TFC conductors

OBJECTIVES:

1. Development of 12 T, 30-40 kA superconducting (SC) toroidal field coil
(TFC) conductor

2. Demonstration of fabrication feasibility and reduction of the cost by accumula-
tion of experience

3. Measurement of the mechanical and electrical properties of the conductor
important for the design of the TFC

CONTENT:
Methods and tests

1. Design 12T, 30-40 kA, SC TFC conductors
2. Fabricate elements of the conductors and make verification tests
3. Revise the fabrication design of the conductor based on the verification test

results
4. Develop fabrication machine system
5. Fabricate full-size conductors
6. Demonstrate winding technique relevant to each conductor configuration
7. Measure the properties of the full-size conductor.

Test Facilities

Verification tests of the conductors will be carried out at the JAERI Superconducting
Engineering Test Facility (SETF). The SETF has the DC power supplies up to 30
kA and conductor test magnets from 8T to 15T.

MAIN MILESTONES:

Major milestones which correspond to task units indicated in the above "methods
and tests" are as follows.

Task units 1 and 2: October 1988
Task units 3, 4 and 5: March 1989
Task units 6 and 7: October 1989
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RESOURCES:

1. Conductor development 143 M¥(1988)
2. Test facility 53 M¥(1988)
3. Operation cost 63 M¥(1988)

* Total cost in 1988 259 M ¥
* Total cost in 1989 116 M¥
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Task: MP — Japan

TITLE: Development of the Demo poloidal coils

OBJECTIVE:

1. Development of NbTi SC PF coils 30 kA, 7 T/s, lm ID
2. Development of Nb3Sn SC PF coils 10 kA, 10 T/s
3. Development of large capacity cryogenic system 4 K, 350 g/s
4. To establish technology on the control of large-current pulsed SC coils

CONTENT:

Method and Facilities

1. Design and fabricate 30 kA NbTi and 10 kA Nb3Sn pulsed coils (Demo poloi-
dal coils).

2. Proceed with component development and construct a 4 K 350 g/s cryogenic
system.

3. Construct a power supply system with the utilization of die existing JT-60
power supplies (±92 kA x ±2.5 kV, and +58 kA 8.6 kA x ± 5 kV),
and data acquisition and control system.

Test

1. Measure the performance of the cryogenic system including developed
components
— supply of supercritical helium at 4K, 350 g/s, and 1 MPa.
— operational performance of circulation pump and cold compressor.
— demonstration of the performance and reliability of 30 kA current leads and

large storage dewars.

• 2. Test the power supply system with protection circuits and interlocks:
— pulse operation up to 30 kA

• — pulse operation with superimposed current ripple of 10 Hz 1 kA sine-wave

3. Install and test NbTi and Nb3Sn coils:
— design pulse operation (1 s charge and 1 s discharge) and bipolar pulse

operation.
— measurement of stability of the coils.
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MAIN MILESTONES:

1. Construction and teat of the cryogenic system: 1988
2. Construction and test of the power supply system: 1988
3. Construction and test of the data acquisition and control system: 1988
4. Installation and test of the Demo poloidal coils: 1988-1990

RESOURCES:

1. Coil system: 74 M¥(1988)

2. Supporting test facilities: 83 M¥(1988)
3. Operation cost: 95 M¥(1988)

* Total cost in 1988 252 M¥
* Total cost in 1989 252 M¥
* Total cost in 1990 252 M¥
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Task: MI — Japan

TITLE: Development of high strength and high dose insulator for super-
conducting coil

OBJECTIVE:

1. Development of high strength and high dose insulator for superconducting coil
2. Fabrication in the process of real coil manufacturing
3. Measurement of the mechanical electrical properties after gamma radiation

CONTENTS (METHODS, TESTS AND FACILITIES):

1. Development parts:
(1) Pro-stage tape for turn-to-turn insulator
(2) Three dimensional FRP for TFC insert insulator
(3) Clay for bladder
(4) Filament winding insulator or ceramics for shear pin

2. Test range of radiation:
(1) Gamma ray: 2-5 x 109 rad
(2) Neutron: 2-5 x 1018 n/cm2

3. Test standard: develop the test standard for
(1) Compression test
(2) Bending test
(3) Shear test
(4) Adhesive strength test

MAIN MILESTONES:

Selection materials: 1988
Gamma-ray irradiation test: 1989
Neutron irradiation test: 1990

RESOURCES:

Selection materials: 10 M¥(1988)
Gamma-ray irradiation test: 20 M¥(1989)
Neutron irradiation test: 25 M¥(1990)

Total: 55 M ¥
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Task: MC — Japan

TITLE: Critical component of large capacity cryogenic system

OBJECTIVE:

To develop prototypical cryogenic components such as turbo-expander and
cryogenic pump for construcing large scale croygenic system with a capacity of more
than 30 kW at 4 K.

CONTENT (METHODS, TESTS AND FACILITIES):

Develop and manufacture large cryogenic test benches, which are composed
of heat exchangers, cryogenic piping and valves, for testing full-size turbo-expander,
cryogenic pump and helium compressor.

Full-size cryogenic components are installed and tested by using a medium size
helium cryogenic system. Each test bench is designed to have a capability for testing
prototypical cryogenic component with a capacity of more than 1000 g/s.

Develop, fabricate and test prototypical turbo-expander and cryogenic pump.
A 100 kW of refrigeration capacity at 4 K would be required for cooling mag-

net system, vacuum system and fuel system in an ITER-like machine. This refrigera-
tion load should be shared by 4 unit refrigerators from reliability point of view. In
that case, the capacity of key components such as turbo-expander, cryogenic pump
and helium compressor should be required larger than 1000 g/s which corresponds
to around 10 times larger than a present day component capability.

MAIN MILESTONE:

Design test bench: 1989
Initiate construction: 1990
Perform prototype cryogenic component: 1991

RESOURCES:

1989 Design 15 M¥
1990 Test bench 50 M¥

Turbine 50 M¥
Pump 40 M¥
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Task: MT — USSR

TITLE: Toroidal field coil conductor

OBJECTIVE:

Prove that a conductor relevant for an ITER TF coil (20-25 kA, 12 T, 0.2 T/s) can
be manufactured and successfully operated at ITER relevant conditions. Determine
the conductor mechanical, electrical and thermohydraulic properties.

CONTENT (METHODS, TESTS AND FACILITIES):

— Develop conductor and its components (basic superconducting strend, cable,
stabilizer, conduit);

— Fabricate conductor in short lengths;
— Measure the conductor properties

mechanical — elastic constants, e(a)
electrical — AC losses, Jc (B,T,e)
thermohydraulic — stability, pressure drop.

— Develop the fabrication techniques suitable for industrial conductor production.

Facilities:
mechanical — Kurchatov Institute
electrical — Efremov and Kurchatov Institutes

MAIN MILESTONES.

Conductor short length fabrication:
— sub-sized conductor — 1988
— full-sized conductor — 1989
Conductor property measurements — 1989-1990
Development of fabrication machine — 1990

RESOURCES:

1988 — 1.4 million roubles
1989 — 2.0 million roubles
1990 — 1.0 million roubles

COMMENTS:

For full-size L. measurements a superconducting direct current transformer will be
used.
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Task: MI — USSR

TITLE: Development of coil insulation systems

OBJECTIVE:

Determination of the allowable radiation dose limits for coil insulation systems (e.g.
epoxy/fiber, polyimide)

CONTENT (METHODS, TESTS AND FACILITIES):

— Manufacture and test small specimens and mock up coils using different insulation
systems.

— Irradiate speciments.
— Measure mechanical (tensile, shear, compressive) and electrical properties.

Facilities: Kurchatov Institute — 7-irradiation in the In-Ga loop of the reactor
IRT-2000, (Pirax - = 8 MR/h). 7-irradiation in the fission reactor.

MAIN MILESTONES:

Test specimens preparation — 1988
Irradiation of specimens — 1988-1989
Measurement of properties — 1990

RESOURCES:

1988 — 0.1 million roubles
1989 — 0.1 million roubles
1990 — 0.1 million roubles
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Task: MS — USSR

TITLE: Qualification of structural casing materials

OBJECTIVE:

Qualification of structural materials for use as magnet coil cases operating under
fatigue loading at 4 K.

CONTENT (METHODS, TESTS AND FACILITIES)

— Measure the static and dynamic mechanical characteristics of steels:
03X20H16A 6 - = 1300 MPa; = 1800 MPa at 4.2 K
03X13H9 19AM2 - = 1500 MPa; = 2000 MPa at 4.2 K

— Manufacture large forgings and rolled plates in the thickness required for the •
ITER magnet support structures. i

— Measure tensile and fracture characteristics of specimen made of large forgings j
and plates. '

MAIN MILESTONES:

Static and dynamic characteristics — 1988-1989
Manufacturing of large forgings and plates —1989-1990
Tensile and fracture measurement on thick plates and
forgings - 1990-1991

RESOURCES:

1988 — 0.4 million roubles
1989 — 0.8 million roubles
1990 — 0.8 million roubles
1991 — 0.8 million roubles '
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Task: MC — USSR

TITLE: Critical component of large capacity system

OBJECTIVE:

To study the possibility of development of the optimized cryogenic unit or its
components to reach 40 kW thermal load at 4.5-3.S K with the efficiency
300-400 W/W. The needed parameter (estimation) for ITER: compressor:
4000 kg/h, 2.5-3.0 MPA; refrigerator: - 3 0 0 0 W; liquefier: 2400-5000 L/h

CONTENT (METHODS, TESTS AND FACILITIES):

To design and to manufacture prototypes of the cryogenic equipment needed for
ITER. To test the prototypes. To study non-conventional types of compressor. To
analyze ITER CS conception and to generate project specifications.

MAIN MILESTONES:

To manufacture: liquefier 2400 L/h — 1989
To test: compressor 800 kg/h, 25-30 MPA; refrigerator RH = 2200,
P = 2.2kW; liquefier 800 L/h - 1989
To develop (if needed) liquefier 5000 L/h; to test liquefier 2400 L/h,
to test refrigerator RH - 2100 P = 2.1 kW — 1990

RESOURCES:

1988 — 0.1 million roubles
1989 — 0.8 million roubles
1990 — 1.2 million roubles
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Task: MA and MI — US

TITLE: Radiation tolerant magnets and magnet insulations

OBJECTIVE:

High performance, radiation tolerant magnets will be developed using
advanced conductors (generally applicable to PF as well as TF systems) and non-
conventional bonding/insulation techniques. Model coils, full scale model conduc-
tors, and insulation system will be fabricated and tested.

CONTENT:

Techniques for achieving smaller, more cost-effective yet highly reliable
magnet systems will be developed by a carefully integrated and coordinated approach
that emphasizes Nb3Sn cable-in-conduit conductors with improved performance in
the 12 to 15 T range, wind-and-react coil fabrication techniques, efficient use of the
steel sheath as structural support, tolerance of high nuclear heat loss, and tolerance
of radiation exposure to 108 Gy and 1023 n/m2. The conductor systems to be
developed will have application (with minor variations) in either TF or PF magnet
systems. Insulation systems based on polymides and selected epoxy-glass systems
will be irradiated and tested. Conductors, materials, and winding pack models will
be carefully characterized, electrically and mechanically, to develop data for conduc-
tor performance under multi-axial loading, for winding pack bond strength, etc.
Proof-of-principle model coils, with subsized conductors, and full size model con-
ductors will be fabricated and tested to characterize special features of the developed
concepts. Later in the 1993 time frame, prototypical coil modules will be fabricated
and tested as verification of the ability to fully integrate the conductor, structure,
insulation coil winding, and cryogenic concepts developed in this program, on a
scale directly applicable to ITER.

FACILITIES:

HFTF (11 T, 0.4-m ID magnet and conductor and materials test facilities as
follows: wire tensile tester with computer data acquisition and control, conductor
tensile tester providing loads to 200 kN and fields to IS T, cryogenic materials
mechanical tester providing loads to 90 kN, 2-m ns 4-m diameter cryostats, refriger-
ation of about 450 W at 4.5 K orliquefaction of about 150 L/h, 10 kL liquid helium
storage, and dc power supplies providing up to 40 kA), ORNL Reactor and Low
Temperature Irradiation Facility, INEL Reactor.
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MAIN MILESTONES:

— Wire characterization vs field, temperature, and uni- axial strain in 1988.
— Small coil fabrication and test demonstrating 1ST performance with production

quantities of wire conductor system characterization vs field, temperature and
multi-axial loading in 1988-89.

— Insulator system selection and test in 1988-89.
— High-performance, full-scale conductor fabrication and test in 1989-90.
— Proof-of-principle coil fabrication and test demonstrating 15 T and A/mm2 in

1990.
— Concepts Integration Coil fabrication and test demonstrating full JTER perfor-

mance in a prototypical module in 1993.

RESOURCES: $10,870,000

COMMENT: Program Leader, John Miller, LLNL
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IX.3.7. Rationale for fuel cycle R&D

Fuel cycle design elements include plasma fueling and exhaust, the processing
of plasma exhaust and blanket tritium streams for fuel preparation, and the recovery
of tritium from various gaseous and liquid streams such as NBI cryopanels, water
coolants, air and inert cover gases. Tritium recovery from solid wastes such as first
wall and blanket/shield structural materials may also be routinely required on ITER.
Three R&D tasks have been identified as essential for ITER fuel cycle design.

FC1 concerns the development of fueling mechanisms capable of introducing
DT fuel at the desired rate and location in the plasma. For pellet injectors critical
issues are higher velocity, repetition rate, and reliability, lower impurity and propel-
lant introduction to the plasma, and continuous, high-strength pellet formation.

Advanced fuelling techniques such as compact toroids require proof-of-
principle experiments, as well as a parallel engineering effort to ensure a credible
engineering solution exists for application of the concept to ITER.

Plasma exhaust pumping (FC2) requires development of turbo and compound
cryopumps. For turbopumps, the critical issues are related to the scaleup required
for ITER application (e.g. 10-30 m3/s), and the modifications required to make
them compatible with the ITER environment, especially with respect to tritium, neu-
tron irradiation, electromagnetic fields, and dust. For cryopumps, the major issue
are the behaviour of the He cryosorbents subject to impurity contamination and the
lifetime of the bond between cryosorbent and substrate under repeated deep thermal
cycling. Inert gas spray can also be used as a He pumping substrate; however, this
approach requires demonstration of the separation technology for DT from the
process gas, which may be of equal or greater volume. Pump operation will depend
on high-quality sealing of large regeneration valves which must cycle every few
hours. New valve concepts are required to achieve the necessary reliability and
leaktightness.

FC3: Fuel cycle design for ITER will require the development of a design data
base for tritium interaction with materials, and the behaviour of pilot processes for
tritium separation and purification under a wide range of process compositions and
conditions. This can best be done by a combination of integrated test-loop experi-
ments and laboratory testing aimed at understanding the underlying phenomena.
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IX.3.8. Fuel cycle R&D tasks

TASK: FC1
TITLE: Fuelling

OBJECTIVE: To develop reliable pellet injector with repetition rates and
injection velocities necessary for ITER. Proof of principle of
advanced/unconventional concepts of fuel injectors.

TASK: FC2
TITLE: Pumping

OBJECTIVE: To demonstrate reliability of He-pumping cryopanels. To
demonstrate scale-up of turbomolecular pumps to ITER-relevant
throughputs, and suitability to ITER-nuclear/magnetic
environment.

TASK: FC3
TITLE: Fuel purification and isotope separation

OBJECTIVE: To demonstrate the performance of essential elements for a flex-
ible high capacity extraction process for impurities in the fuel
and blanket loops, and for separation of hydrogen isotopes.
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Task: FC1 - EC

TITLE: Fuelling

OBJECTIVE: Development of high speed pellet injector

CONTENT:

Develop and test a prototype of 2 stage light gas gun for JET.
Test characteristics:
— one pellet per plasma pulse: 4-5 mm diam.
— aim 2-5 km/s: status 2.7 km/s for unsupported pellet

3.8 km/s if sabots are used
— pellets supported by plastic sabot

replacement and reliability of gun components:
— sabot: replacement for every shot
— piston: replacement after 1 week of operation
— other components: replacement after 6 months of operation

MAIN MILESTONES:

Mid 89: complete prototype gun installation
End 90: tests completed

RESOURCES: 1.0 MUC
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Task: FC2-1 - EC

TITLE: Pumping

OBJECTIVE.

To demonstrate performance and reliability of helium pumping cryopanel.

CONTENT:

Basic studies on suitable sorbent materials, substrates and attachment techniques
(1) Thermal cycling tests of sorbents/wall bonds followed by post-examination.
(2) Sorption capacity screening tests.
(3) Comparative cryopumping tests.
(4) Endurance cryopumping tests on selected test panels including:

— optimization of regeneration cycle
— long term contamination studies
— optimization of reactivation
— consequences of dust exposure

(5) Design of argon spray pump and argon separation system.
(6) Design of large ( -1 .5 m diam.) regeneration valve.

MAIN MILESTONES:

Mid 89: Results on thermal cycling and He sorption capacity
Mid 89: Results on He cryopumping. Selection of best samples.
End 90: Results on endurance cryopumping.

Completion of design studies.

RESOURCES: 1 MUC
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Task: FC2-2 - EC

TITLE: Pumping

OBJECTIVE:

Examine critical elements in 10-20 000 L/s turbo molecular pumping development

CONTENT:

— Magnetic bearings
— Emergency bearings
— Rotor dynamics study
— Casing design
— Tolerance of dust, plasma disruption, sudden venting
— Lifetime test of oil bearings in full tritium service.

MAIN MILESTONES:

1. Mid 89: Analysis of critical design issues
2. Mid 90: Complete bearing studies
3. End 90: Complete pump concept design

RESOURCES: 0.4 MUC
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Task: FC3 - EC

TITLE: Fuel purification

OBJECTIVE:

To demonstrate the performance of essential elements for a flexible high capacity
extraction process for impurities in the fuel and blanket loops and for separation of
hydrogen isotopes.

CONTENT:

1. Develop database for designs of ITER-relevant components, especially materials
interactions and process scaling information.

2. Development and experimental calibration of advanced isotope separation models
suitable for dynamic simulation of multiple feed hydrogen isotope streams.

3. Cryotransfer pump proof of principle.

MAIN MILESTONES:

End 89: CTP proof of principle examinations
End 90: Compilation of tritium interactions and process scaling database.
End 90: Code for dynamic simulation of isotope separation.

RESOURCES: 1.0 MUC
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Task: FC1 — Japan

TITLE: Development of pellet injector

OBJECTIVE:

To develop high speed high repetition rate pellet injector

CONTENT (METHODS, TESTS AND FACILITIES):

[I] Development of pellet preparation
1. Develop extruding method with high speed (Scm/s)
2. Develop cutting method of solid hydrogen
3. Develop chambering method of pellet

[II] Development of mechanism to accelerate multi-pellet (10 pellets/s per single
gun-barrel) up to high speed (2 ~ 2.5 km/s) — boosted pneumatic method

[III1 Development of injector to deliver 20 ~ 40 pellets/s (2 — 3 gun-barrels) with
high speed (2.5 km/s)

[IV] Development of very high speed pellet injector (2.5 ~ 5 km/s)

MAIN MILESTONES:

Development of pellet preparation techniques: (1988)

Development of injection to accelerate multi-pellet (10 pellets/s per
single gun-barrel) up to high speed (2 ~ 2.5 km/s) — boosted
pneumatic method (1989)

Injector to deliver 20-40 pellets/s ( 2 - 3 gun-barrels) with high
speed (2.5k m/s) (1990)

Very high speed pellet injector (2.5 - 5 km/s) (1990)

RESOURCES:

Development of 10 pellets: 108 M¥(1988)
Development of high speed: 118 M¥(1989)
Injector fabrication: 260 M¥(1990)
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Task: FC2 — Japan

TITLE: Development and performance test of a ceramic turbo-pumping system

OBJECTIVE:

To demonstrate feasibility of large-scale turbo-pumping systems and its suitability
to ITER nuclear/magnetic environment

CONTENT(METHODS, TESTS AND FACILITIES):

A new turbomolecular pump and its fore-pump, each consisting of a ceramic
rotor assembly, gas bearings and an impulse gas turbine, will be fabricated and tested
to demonstrate the feasibility of the pumps. The rotor asssembly of the pumps is
composed of ceramic (Si3N4) discs for gas compression, a ceramic shaft with gas
turbine blades, and a ceramic thrust disc. The rotor assembly is supported by gas
bearings and is driven by an impulse gas turbine. A non-contact spiral-groove seal
isolates the vacuum side from the high pressure side. The turbomolecular pump will
have a pumping speed higher than 1000 L/s and a high compression ratio for light
gases such as hydrogen isotopes and helium. By connecting the turbomolecular pump
and its fore-pump in series, pumped gases from a vacuum vessel will be compressed
up to about one atmospheric pressure.

The main advantages of the gas-driven ceramic-rotor pump are smaller tritium
inventory than for the case of using cryopumps, its suitability to tritium services and
its tolerance for the high electromagnetic and radiation fields.

The near-term target of a 1000 L/s TMP prototype is not limited by the
mechanical properties of the ceramic components but by the facilities for manufac-
turing. A design study for such large-scale pumps will be performed in parallel.

Based on the results of the design study and testing of the 1000 L/s prototype,
subsequent development and testing of an ITER-scale prototype is planned.

MAIN MILESTONES:

— Design and fabrication of prototype ceramic turbomolecular pump
(ca. 1000 L/s) and ceramic fore-pump: 1988

— Performance test and improvement of prototype pumps: 1989
— Evaluation of suitability of ceramic turbo-pumping system to ITER: 1990

RESOURCES:

— Design and fabrication of prototype pumps: 95 M¥(1988)
— Performance test and improvement of prototype pumps: 93 M¥(1989)

100 M¥(1990)
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Task: FC 1 - USSR

TITLE: Fuelling

OBJECTIVE:

To develop reliable pellet-injector module with long-term operation and T-D pellet
velocity 3-5 km/s

CONTENT (METHODS, TESTS AND FACILITIES):

To accelerate pellets to velocity up to 3 km/s, dp = 4 mm, hp = 4-6 mm, in a
single operation mode method — arc. heated gas acceleration

To test light gas pellet-injectors with the parameters: dp = hp = 2 nun,
v = 1-1.5 km/s, f = 1-10 Hz, N = 50-70 pellets method — light gas acceleration

To explore the possibility of reducing the neutron load on pellet-injector by placing
it out of direct view of the plasma and changing the direction of the pellet motion
with a guide tube. For this purpose to study the velocity and mass losses of pellets
method — experimental measurement of the velocity and mass losses in long and
curved guide tubes.
Cryoballistic facility and the additional diagnostics block for pellet mass losses
(Leningrad Polytechnical Institute).

MAIN MILESTONES:

Experimental study of pellet (dp = 4 mm, hp = 4-6 mm) acceleration to velocity
3 km/s in the single operation mode — 1989

Testing of the light-gas pellet injector with parameters: dp = hp = 2 nun,
Vp = 1.0-1.5 kn/s,
f = 1-10 Hz, N = 60-70 pellets — 1989

Guide tube experiments — 1990

RESOURCES:

1989 — 0.15 million roubles
1990 — 0.15 million roubles
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Task: FC1 — US

TITLE: Fast pellet fueler

OBJECTIVE:

Development of improved pellet injectors
Pellet injectors can deposit fuel inside the scrape-off layer. This may be useful

in reducing the edge recycling and maintaining improved confinement regimes such
as K-mode. It appears unlikely that pellets will be able to reach the core of a reactor
plasma. However, the penetration of a pellet increases with velocity, so new con-
cepts in pellet injection, which may allow velocities in the 10 km/s range (as opposed
to the 2 km/s achieved by current pellet acceleration technology) are of interest.

METHOD:

Use and electron beam to accelerate a pellet to 10 km/s.

SCHEDULE:

Prototype in 1990

RESOURCES:

$900 000
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IX.3.9. Rationale for heating and current drive R&D

In order to meet the ITER objectives to reach ignition and to operate in steady
state conditions it is necessary to develop systems to heat the plasma and to drive
the current by noninductive methods. The objectives of Heating and Current Drive
(H/CD) systems are also to prepare the initial plasma to decrease the requirements
on the induced electric field to 0.3 V/m and to ramp up current.

Two main scenarios for H/CD are being considered. The first is a combination
of NBI and LH: NBI would operate in the plasma core whereas LH would operate
on the outer plasma. This combination has a reasonable physics database but requires
important development of high energy neutral beams. In the second combination NBI
is replaced by EC waves: the physics base is weaker but the technology development
needed and the impact on the apparatus layout may be less important. EC waves,
in addition, are necessary for low loop voltage plasma initiation.

Another scenario which includes IC is also considered; this does not require
specific technological development.

The major issues for NBI, LH and EC methods to meet ITER requirements
are:
(1) development of negative ion technology (plasma source of negative ions D/H

with a current density of 50 mA/cm2 as a goal), a 1 MeV accelerator, includ-
ing the necessary power supplies and the neutralizer.

(2) development of an EC wave source with a wavelength of 1-2 mm to work at
the frequencies = (1.3-1.5) osce to drive current efficiently, with powers in
the range of 1 MW for continuous operation.

(3) development of LH wave source with a frequency between 6 and 8 GH with
a power of at least 1 MW cw.
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IX.3.10. Heating and current drive R&D tasks

TASK: HD1
TITLE: Electron cyclotron source

OBJECTIVE: To demonstrate the feasibility of EC sources in the range of
1 to 2 mm wavelength, capable of continuous operation and
rated at 1 MW average power.

TASK: HD2
TITLE: Lower hybrid source

OBJECTIVE: To develop LH source, 6-8 GHz, ~ 1 MW power and CW.

TASK: HD3
TITLE: Neutral beams, negative ion source and acceleration

OBJECTIVE: To demonstrate the feasibility of an ion source, using deuterium
at 50 mA/cm2 and acceleration at 0.5-2 MeV.
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Task: HD1 — EC

TITLE: Source: EC, 150-250 GHz

OBJECTIVE:

Proof of principle of quasi-optical gyrotron: development of a tunable gyrotron in
the 100 GHz (1st harmonic)/200 GHz (2nd harmonic) range; power: 150 kW at
1st harmonic, pulse length: 0.1 s (as an intermediate step towards a tunable source
for 140-200 GHz, 1 to a few MW, CW).

CONTENT:

Areas: — operation characteristics (efficiency, output mode: TEMQQ, mode
purity for operation in the fundamental and 2nd harmonic fre-
quency, tunability) of gyrotron

— output coupling structure
— output window and mirror technology

Facilities: — test stand operating at 100 GHz for concept testing
— prototype tube at 115 GHz

MAIN MILESTONES:

Early 89: Preliminary information about operation characteristics of the quasi-
optical gyrotron.

End 89: Proof of principle of the quasi-optical gyrotron in the 100 GHz range;
operation characteristics at 2nd harmonic; cooled window and resonator
technology.

Mid 90: Output coupling structure; definition of the next step: a quasi-optical
gyrotron at 140-200 GHz and output to a few MW CW.

RESOURCES: 0.9 MUC
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Task: HD2 - EC

TITLE: Source: LH 6-8GHz

OBJECTIVE:

Development of a gyrotron for 8 GHz, 1 MW, pulse length 1 s (as intermediate step
in the development of a gyroklystron for a frequency in the range of 4 to 8 GHz with
a power > 2 - 3 MW, cw)

CONTENT:

Development of a gyrotron generating a TE5| rotating mode in a circular over-
moded waveguide with an overall efficiency of about 50%.

MAIN MILESTONES:
Early 89: Completion of tests of prototype
Mid 89: First tube according to specification available

RESOURCES: 0.9 MUC
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Task: HD3 - EC

TITLE: Source: NB — negative ions

OBJECTIVE:

Demonstration of feasibility to generate: high-energy high-current, low-divergence
neutral deuterium beams (as an intermediate step for developing a neutral beam
injector for 5 A of neutrals, energy about 1 MVe.)

CONTENT:
— Demonstration of multi-aperture operation of a negative hydrogen/deuterium

source of high transparency (>40%).
— Design, construction and testing of a quasi-dc (pulse length 1 s) accelerator, pro-

ducing a 4 A, 200 keV H7D" beam.
— Design and operation of a gas neutralizer.

MAIN MILESTONES:

Mid 89: Operation of the ion source, construction of accelerator
Early 90: Beam acceleration to 200 keV
Mid 90: Neutralized beam achieved

RESOURCES: 2.0 MUC
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Task: HD3 — Japan

TITLE: Negative ion beam development

OBJECTIVE:

Demonstrate a negative ion source which produces hydrogen ion beams of
5 A, 75 keV for 0.2 s at the current density of approximately 20 mA/cm2.

Demonstrate a 0.3A negative hydrogen ion beam extraction from a large single
channel aperture grid.

CONTENT (METHODS, TESTS AND FACILITY):

Increase the current density by optimizing source geometry, magnetic field
configuration, cathode material and plasma production method.

Increase total current by improving the spatial uniformity of negative ion
production.

Decrease the stripping loss in the extractor by improving the gas density gra-
dient in the extraction region.

Suppress the electron acceleration by optimizing the extractor.
Demonstrate a negative ion source of 5 A at 75 keV for 0.2 s.
Enlarge the aperture diameter to increase the current per channel up to 0.3 A.
The above R&D items are performed in the negative ion beam test stand.

MAIN MILESTONES:

Demonstrate a hydrogen ion beam current of 2A: (1988)
Demonstrate a hydrogen ion beam current of 5 A, 75keV,
0.2 s at the current density of 20 mA/cm2: (1989)
Increase the current density up to 30 mA/cm2: (1990)

RESOURCES:

1. Source components: 116M¥(1988)
2. Operation cost: 83 M¥(1988)

* Total cost in 1988: 119 M ¥
* Total cost in 1989: 249 M ¥
* Total cost in 1990: 249 M ¥
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Task: HD1 - USSR

TITLE: EC source, 140-280 GHz

OBJECTIVE:

Develop EC source 140-280 GHz, with the power > 1 MW/unit, continuous opera-
tion for plasma (pre)heating, MHD control and current drive. As an intermediate
step: develop a source with 140 GHz, P = 1 MW, pulsed operation.

CONTENT:

Develop a gyrotron with the frequency 140 GHz, P = 1 MW, pulse duration 2 s
and the efficiency more than 35%. Develop a quasi-optical transmission line with
efficiency of more than 85% with an control of wave polarization and directivity.

MAIN MILESTONES:

1989 Testing of gyrotron 140 GHz, 1 MW, 0.1 ms
1990 Testing of a gyrotron 140 GHz, P= l MW, 2 s.

Testing of a collector and a window for CW operation.
Testing of a quasi-optical transmission line.

RESOURCES: 5 million roubles
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Task: HD3 — USSR

TITLE: Neutral Beams: Negative Ion Source and Beam Acceleration System
Development

OBJECTIVE:

1. Development of pulsed H~ source with current of 10 A for investigation of
beam acceleration system.

2. Demonstration of feasibility of an ion source to generate steady-state
10 A H~ with current density above 50 mA/cm2.

3. Development of negative ion beam electrostatic accelerator with 1 A, 500 keV,
pulsed operation.

CONTENT:

1. Optimization of ion source geometry and magnetic field configuration for
increase of current density and gas efficiency in volume production type ion
sources with and without cesium and surface plasma source.

2. Optimization of H~ beam extraction and first step formation system to
minimize electron current and H~ losses.

3. Construction of H~ beam accelerator with parameters: 0.5 MV, 1 A, 5 ms.
Investigation and optimization of electrode and beam forming systems (beam
angle divergence 5 mrad).

MAIN MILESTONES:

1. H~ ion source with cesium
Plasma-volume type:

3 A, steady state, 100 mA/cm2 — 1988
10 A, steady state, 100 mA/cm2 — 1990

Surface-plasma type:
3 A, 1 s, 200 mA/cm2 — 1989
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2. H" ion source without cesium
Plasma-volume type:

10 A, 20 ms, - 5 0 mA/cm2 - 1990
Surface-plasma type:

1 A, 1 s, 100 mA/cm2 - 1989

3. Test of beam acceleration 500 kV, 1 A 5 ms — 1990

RESOURCES: 1 MR/year
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Task: HD1 - US

TITLE: ECH, 1-2 mm, for disruption control

OBJECTIVE:

Develop a tunable oscillator for microwave disruption control.

CONTENT:

It may be possible to prevent disruptions by using electron cyclotron waves to
drive a well-localized current layer near the q = 2 surface. However, the q = 2 sur-
face will move as the plasma equilibrium evolves. The electron cyclotron current
drive system can respond to changes in the plasma equilibrium and prevent disrup-
tions if it has a variable frequency. The tunable oscillator proposed here would be
used in conjunction with a high power microwave amplifier (such as CARM) to
produce a tunable electron cyclotron current drive system.

MAIN MILESTONES:

— Technology test at 140 GHz (10 to 20 kW, 5 kHz repetition rate) in 1989
— Feasibility results in 1989
— Decision on prototype tube construction in 1988

RESOURCES: $1 575 000

COMMENTS:

Varian, LLNL and MIT participating in development
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Task: HD3 - US

TITLE: Negative ion, neutral beam accelerator and
neutralizer development

OBJECTIVE:

Demonstrate accelerator technology up to 1 MeV, continuous duty. Demon-
strate neutralizer technology with improved efficiency.

CONTENT (METHODS, TASKS AND FACILITIES):

— Continue plasma generator development with focus on improving gas and power
efficiencies and increasing pulse length to continuous duty, so as to support
accelerator development.

— Optimize accelerator technology at 1 MeV, with emphasis on beam optics and
protection requirements.

— Study protection and operation with the goal of simplifying power system
requirements.

— Develop plasma neutralizer technology with improved efficiencies over gas neu-
tralizer technology.

— Continue developing a conceptual design for the ITER neutral beam system.

MAIN MILESTONES:

— 1988 — operate a model dc accelerator to 200 keV.
— 1989 — operate a plasma neutralizer to determine scaling laws.
— 1990 — operate a model dc accelerator to 1 MeV.

RESOURCES: $5 865 000
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IX.3.11. Rationale for R&D on maintenance

The ITER design philosophy required that all systems be remotely main-
tainable. The proposal addresses a few critical tasks necessary to demonstrate the
feasibility of the envisaged remote handling operations.

To this aim it is proposed to develop a manipulator arm to be used for in-vessel
maintenance operations as well as a direct viewing system for the supervision of the
maintenance operation and for visual inspections. A critical subtask is the develop-
ment of bearings that will be compatible with the environment without compromising
the required accuracy and capacity.

It is also proposed to develop and qualify critical components to be used in the
in-vessel hostile environment, (e.g. radiation, temperature, vacuum).

The complexity of the geometry, the size and the weight of the components
are such that an overall demonstration of the key maintenance operations is necessary
to support the feasibility of ITER operation. For this reason the construction of
mock-ups of in-vessel components is proposed. This is considered the most efficient
method of ensuring that the tools perform the intended tasks, such as removal of
divertor, plates, guard litniters, blanket segments, active control coil and final
assembly of vessel sectors.

IX.3.12. Maintenance R&D tasks

TASK: RH1
TITLE: Components qualification

OBJECTIVE: Development of in-vessel viewing and inspection system in highly
activated and contaminated environment (108 R level) and high
temperature.

TASK: RH2
TITLE: In-vessel operations demonstration

OBJECTIVE: The objective of this task is to manufacture a mock-up of the vessel
and prototype of the handling tools to be used for the demonstra-
tion of the feasibility of the in-vessel components maintenance
operation.
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Task: RH1 — EC

TITLE: Components qualification

OBJECTIVE:

Identify and improve the radiation tolerance of components associated with the
camera and in-vessel remote handling systems.

CONTENT:

The components to be tested include
— a camera unit: camera lenses, camera electronics
— handling unit: motors, cables, limit switches, endcoders/tachometers.

Proximity measuring devices and sensors.

Facilities required:
— radiation test facilities capable of accepting components 80 mm diam. X 600 mm

long and gamma radiation doses of 3.106 rad/h.
— post-irradiation test facilities for examination and evaluation of irradiated

components.

MAIN MILESTONES:

End 88: Start tests on handling units components
Mid 90: Complete irradiation tests
Oct. 90: Evaluation of irradiated components completed

RESOURCES: 0.5 MUC
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Task: RH2-1 — EC

TITLE: In-vessel operations demonstration

OBJECTIVE:

To manufacture mock-ups of ITER vessel sectors and internal components, proto-
types of handling tools and to demonstrate the feasibility of the removal from the top
and replacement of internal components (such as first wall and blanket segments,
divertor plates).

CONTENT:

— to build a facility for replacement of mock-ups in scale 1:3 of ITER internal com-
ponents from the top of one vessel sector;

— to define the sequence of operations and movements, by means of computer
graphics simulation;

— to design and manufacture the handling tools;
— to carry out preliminary tests;
— to up-date the design of the internal components and handling tools;
— to provide the required modifications and carry out final tests.

MAIN MILESTONES:
Mid 89: complete mock-up facility
Early 90: complete preliminary tests of handling tools
End 90: complete final tests and compile recommended design changes for

internal components and handling tools.

RESOURCES: 0.5 MUC
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Task: RH2-2 - EC

TITLE: In-vessel operations demonstration

OBJECTIVE:

To manufacture mock-ups of ITER vessel sectors and internal components, proto-
types of handling tools and to demonstrate the feasibility of the cutting and rewelding
of the vacuum lips joints between the vessel segments.

COMMENT:

— to design double lips welded vacuum seals for leak checking and tritium escapes
detection,

— to design and manufacture lips seals models welder and cutter prototypes for test-
ing on a short straight test rig and on a circular profile test bench;

— to carry out preliminary tests;
— to update the design of the lips and of cutters and welders;
— to provide the required modifications and carry out final tests.

MAIN MILESTONES:

Early 89: complete leap seal models welder and cutter prototypes
Mid 89: complete preliminary tests on welder and cutter prototypes
Early 90: complete final tests and compile recommended design changes to the

vacuum vessel lips joints and to the tooling.

RESOURCES: 0.3 MUC
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Task: RH2 — Japan

TITLE: Reactor structure and remote handling

OBJECTIVE:

To demonstrate feasibility of maintenance of the reactor in-vessel components
such as guard limiter, divertor plates.

To develop basic technology for remote handling.

CONTENTS (METHODS, TEST AND FACILITIES):

To design and fabricate scale model of the in-vessel components to demon-
strate maintainability.

To develop oil-free bearing for in-vacuum inspection.
To design and manufacture manipulator components and to develop basic con-

trol technology for remote handling for fusion reactor.

MAIN MILESTONES:

Manufacturing of the scale model and remote maintenance
components: 1989

Demonstrating maintainability and basic remote handling
technology: 1990

RESOURCES:

Manufacturing scale model and components: 200 M¥(1989)
Test and improvements: 150 M¥(1990)
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APPENDICES

X.I. SUMMARIES OF SPECIALISTS' MEETINGS

X.I.I. Control of impurities and exhaust of power and particles

An ITER Specialists' Meeting on Control of Impurities and Exhaust of Power
and Particles was held at Garching, 9 to 11 May 1988. The topics addressed were:
(a) scrape-off layer conditions and aspects related to particle control in ASDEX,
Dili, DIII-D, JET, TEXTOR, TFTR and T-13 as well the performance of the ALT-2
pumped limiter; (b) modelling of the edge plasma (and impurity transport in the
edge), (c) radial transport of impurities in ASDEX and T-10, (d) the experimental
status of divertor performance in ASDEX, DIII-D, JFT-2M and JT-60, (e) the status
of validation of divertor modelling, (f) the extrapolation by modelling to a next step
device and (g) various innovative concepts for reactor scale divertors. There were
also presentations on disruptions in JT-60, TFTR and DIII-D, loadings due to fast
particles and modelling of disruptions. (These areas were also considered at the
meetings on Operational Limits and Energy Confinement). Issues related to material
problems were considered, in particular the influence of neutron irradiation upon the
tritium inventory and the status of both experimental and theoretical data for erosion
and redeposition. These issues are embodied in the report of the Meeting on Nuclear
Materials (see Working Group on Plasma Facing Materials).

In addition to discussions at plenary sessions, three working groups were con-
vened for (a) experiments, (b) materials and (c) modelling in order to consider
recommendations for the design of ITER, to identify unresolved issues, to develop
a workplan for the ITER (on both a short and long term time scale) and to identify
the needs for research and development.

A total of 38 specialists participated although some only part time. There were
12 attendees from the resident ITER team (1), while 8 participating specialists come
from the EC (2), 6 from Japan (3), 8 from the US (4) and 4 from the USSR (5):

(1) S. Cohen, F. Engelmann, N. Fujisawa, M. Harrison, V. Mukhovatov, D.
Post, S. Putvinskii, G. Shatalov, M. Sugihara, T. Tsunematsu, V. Vdovin, G.
Vieider.

(2) R. Behrisch, J. Bohdansky, H. Claassen, J. Dietz, G. Fussmann,
G. McCormick, A. Nocentini, M. Pick.

(3) N. Hosogane, M. Mori, H. Nakamura, M. Tanaka, T. Tazima, N.Ueda.
(4) D. Buchenauer, R. Causey, A. Ehrhard, D. Hill, R. McGrath, B. Merril, M.

Petravic, D. Ruzic.
(5) L. Khimchenko, S. Mirnov, V. Pistunovich, V. Vershkov.

509
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A report of the conclusions reached as a consequence of this meeting will be
published [ITER-TN-PH-8-3].

X.1.2. Poloidal field system and operational scenario

An ITER Specialists' Meeting on Poloidal Field System and Operational
Scenario was held 24 to 27 May 1988, at Garching. The ITER poloidal field (PF)
system must provide and control the plasma equilibrium during the entire pulse for
a variety of operation modes envisaged. The PF system must also control the vertical
positional instability. Also the dynamic behavior of the plasma during disruptions is
of crucial importance, since it has a strong impact on the design. Thus, the PF system
must be designed so that it has sufficient capability for the functions listed above.

The purpose of the meeting was to (1) review the present general status of PF
system design and modelling tools as well as the related physics data base and opera-
tional experience, and (2) develop a workplan for the engineering design of the PF
system and for specifying the physics guidelines during the Definition Phase. The
major topics included (i) plasma configuration, (ii) control of vertical positional
instability, (iii) breakdown and volt-second requirements, (iv) PF coil optimization,
(v) operation scenarios and (vi) status of models and simulations.

The first four days were devoted to review the major topics listed above,
including the experimental experience from JET and DIII-D. The last day was dedi-
cated to a summary of the work and the development of the workplan. The meeting
was very fruitful, in that the design criteria for the plasma configuration and vertical
stability were confirmed, and preliminary guidelines for breakdown voltage, volt-
second requirements and PF coil optimization procedure were agreed. It was con-
cluded mat the present modelling codes provide an adequate basis for the PF system
design; further development needs were identified. Following the workplan devel-
oped at the meeting, the PF system design and the studies of the related physics
issues proceeded efficiently during the Definition Phase.

The meeting was attended by 22 engineers and physicists ; there were 7 atten-
dees of the resident ITER Team (1), and 6 participants came from the EC (2), 3 from
Japan (3), 3 from the USSR (4) and 3 from the USA (5):

(1) T. Honda, R. Litunovskij, S. Putvinskij, E. Salpietro.Y. Shimomura,
M. Sugihara, M. Yamada

(2) E. Coccorese, F. Marcus, N. Mitchell, P. Noll, T. Todd, R. Weiner
(3) S. Nishio, K. Shinya, M. Yamane
(4) Y. Gribov, A. Kostenko, L. Zakharov
(5) J. Leuer, D. Strickler, J. Wesley
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X.I.3. Energy confinement

An ITER Specialists' Meeting on Energy Confinement was held on 24 to
27 May 1988, at Garching. Energy confinement is a crucial issue because an
adequate level of energy confinement is required to meet the main objectives of
ITER, i.e. ignition during the physics phase and high-Q operation with noninductive
current drive during the technology phase. The physics of energy and particle trans-
port in tokamaks is not yet fully understood. Therefore, the estimation of the energy
confinement time in ITER is based on extrapolations from the available experimental
data base using empirically developed scaling expressions as well as scalings derived
from assumptions on the dominant transport mechanism.

The purpose of the meeting was to (1) review the experimental and theoretical
database on energy confinement, (2) assess empirical confinement scaling expres-
sions, (3) identify key parameters for confinement optimization, (4) recommend an
energy confinement scaling as a basis for the ITER design, (5) develop a confinement
work plan for the remainder of the definition phase (May-September 1988) and for
the ITER design through 1990, and (6) help to prepare a physics R&D plan in order
to resolve the confinement issue. The meeting agenda included four topics: tokamak
experiments, confinement theory, confinement scalings and projections, and alpha-
particle confinement.

The first two and one-half days were devoted to discussions of tokamak con-
finement experiments (ASDEX, DIH-D, JET, JFT-2M, JT-60, T-10, TEXTOR,
TFTR), theory, confinement scaling issues and projections, and fast particle confine-
ment. The next one and one-half days were dedicated to detailed discussions of con-
finement issues in smaller working groups. A summary and general discussion
session was held on the last day of the meeting. The meeting was very productive
and accomplished most of its stated purposes, although there was no recommenda-
tion for a specific confinement scaling to be used as a basis for the ITER design. A
report summarizing the meeting and a suggested work plan is being published
[ITER-TN-PH-8-1].

The meeting was attended by about 40 physicists: 14 participants represented
the resident ITER Team (1), 15 come from the EC (2), 3 from Japan (3), 7 from
the USA (4), and 3 from the USSR (5):

(1) S. Cohen, F. Engelmann, N. Fujisawa, J. Gilleland, C. Henning,
T. Mizoguchi, V. Mukhovatov, W. Nevins, J. Perkins, D. Post, Yu. Sokolov,
T. Tsunematsu, V. Vdovin, J.-G. Wegrowe;

(2) K. Borrass, J. G. Cordey, O. DeBarbieri, O. Gruber, J.Johner, O. Kardaun,
M. Keilhacker, K. Lackner, P. P. Lallia, P. Lalousis, L.Lengyel,
A. Nocentini, A.Rogister, A. Taroni, F.Wagner;

(3) K. Itoh, T.O. Naito, T. Takizuka;



512 CHAPTER X

(4) J.D. Callen, S.R. DeVoto, S.M. Kaye, N. Ohyabu, S.D. Scott, D.J. Sigmar,
N.A. Uckan;

(5) Yu. Esipchuk, V. Parail, P. Yushmanov.

X.I.4. Operational limits

An ITER Specialists' Meeting on Operational Limits in tokamak plasmas was
organized at Garching, 6 to 10 June 1988. The topics addressed included the limits
on the plasma beta, safety factor and density; in addition, there were contributions
on the characteristics of disruptions and on alpha-particle confinement, areas which
were also touched upon in other meetings. Both the experimental data base and the
status of the theory were reviewed and evaluated.

The meeting aimed at laying the grounds for specifications of guidelines for
ITER in the areas covered. Each topic was discussed in a special session. The last
day of the meeting was dedicated to a common discussion of the conclusions to be
drawn for ITER.

The status of the experiments on ASDEX, DIII-D, JET, JFT-2M, JT-60, T-10,
TEXTOR and TFTR was presented by representatives of the respective teams.
Theoretical contributions concerned ideal MHD beta limits, including shape and pro-
file effects, attempts to elucidate the physics of the density limit, and work on alpha-
particle losses due to the toroidal field ripple as well as on the alpha-particle induced
fishbone instability.

An up-to-date assessment of the knowledge on operational limits in tokamaks
was achieved at the meeting. Areas of uncertainty where specific research is needed
were identified. In most cases, there was also agreement on the frame for the guide-
lines appropriate for the definition of the ITER concept.

In total 46 specialists participated in the meeting although some only part-time.
There were 12 attendees of the resident ITER Team (1) while 17 participants came
from the EC (2), 3 from Japan (3), 6 from the USA (4), and 8 from the USSR (5):

(1) F. Engelmann, N. Fujisawa, J. Gilleland, R.Litunovskij, V. Mukhovatov,
W. Nevins, D. Post, S.Putvinskij, Y. Sokolov, M. Sugihara, T . Tsunematsu,
J.-G. Wegrowe.

(2) D. Biskamp, A. Bondeson, K. Borrass, O. De Barbieri, O. Gruber, P. Lallia,
P. Lalousis, H. Niedermeyer, A. Nocentini, P. Rebut, F. Romanelli,
C. Schueller, D. Sweetman, P. Thomas, T. Todd, F. Troyon, G. Waidmann.

(3) J. Matsumoto, Y. Ogawa, T. Sekiguchi.
(4) G. Bateman, J. Hogan, H. Mynick, D. Pearistein, M.Phillips, P. Rutherford.
(5) V. Chuyanov, L. Degtyarev, B. Kadomtsev, A. Kostenko, V. Merezhkin,

V. Pistunovich, K. Razumova, L. Zakharov.

A report on the meeting is being published [ITER-TN-PH-8-2].
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X.I.5. Current drive and heating physics

An ITER Specialists' Meeting on Current Drive and Heating was organized at
Garching, 13 to 17 June 1988. The topics addressed included experimental, theore-
tical and modelling results with neutral beams (NB), lower hybrid (LH) waves,
electron cyclotron (EC) waves, and ion cyclotron (IC) waves.

The meeting was aimed at gathering the data base on heating and current drive
in tokamaks which provides the basis for the ITER current drive and heating opera-
tional scenarios.

Neutral beam current drive experiments on TFTR and DIII-D were reviewed.
Both NB and bootstrap currents were observed. Experimental evidence from JET on
the bootstrap current was presented. The increase in the NB stopping cross-section
due to multi-step ionization processes, and the influence of this enhanced stopping
cross-section on die NB current were discussed. It was concluded that higher beam
energies (0.7-2.0 MeV) would be required for current drive (CD) in ITER. The use
of NBs for current ramp-up was discussed, and consideration was given to the
problems of plasma rotation and possible Alfve'n instabilities.

Lower hybrid experiments on PLT, ASDEX and JT-60 were discussed. Com-
parison between experiments and models were presented, and the models were
shown to be in reasonable agreement with the experiments. The problems of fast
electron diffusion, damping of LH waves on fast ions, and spectral broadening were
discussed. LH CD calculations for ITER were presented.

Electron cyclotron heating and current drive experiments on T-10, DIII-D,
DITE and CLEO were discussed. Calculations showing that EC CD at upshifted fre-
quencies yielded the highest CD efficiencies were presented. Models of plasma for-
mation and current initiation were presented.

Ion cyclotron heating experiments on JET, TEXTOR and JIPPT-IIU were dis-
cussed. An upcoming IC current drive experiment on JET was described. However,
it appears unlikely that this experiment will provide a definitive demonstration of IC
CD. Various IC CD scenarios were discussed. IC fast wave CD between the 2nd
harmonics of deuterium and tritium was identified as the most promising scenario
for ITER.

In group discussion three scenarios for steady-state operation in ITER were
identified. These involved central CD with NB, EC, or IC, with CD in the outer part
of the plasma by LH waves.

In total 46 specialists participated in the meeting, although some only part-
time. There were 9 attendees of the resident ITER team (1), while 17 participants
came from the EC (2), 4 from Japan (3), 10 from the USA (4), 6 from the USSR (5):

-i
(1) F. Engelmann, N. Pujisawa, W. Lindquist, V. Mukhovatov, W.M. Nevins, 4

D. Post, M. Sugihara, V. Vdovin, J.G. W6growe
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(2) M. Cox, W. D'Haeseleer, D.Eckhartt, G. Giruzzi, C. Gormezano,
H. Hopman, J, Jacquinot, R. Koch, D. Moreau, A. Nocentini, L. Rebuff],
F. Santini, F. Soeldner, E. Speth, G. Tonon, F. Wesner, R. Wilhelm

(3) A. Fukuyama, A. Hatayama, Y. Ogawa, S. Yamamoto
(4) L. Berry, W. Cooper, R.S. Devoto, D. Ehst, M. Porkolab, R. Prater,

A.S. Schlachter, G.R. Smith, J. Stevens, M. Zarnstorff
(5) Yu. Baranov, A. Panassenkov, G. Pereverzev, V. Pistunovich,

K.N. Stepanov, E. Suvorov

A report on the meeting is being published [ITER-TN-PH-8-4].

X.1.6. Magnets-I

Intent of meeting:

An ITER Specialists' Meeting was convened at Garching, 9 to 13 May 1988,
to discuss and make preparations for the ITER magnet design based on the
specialists' experience in relating magnet technology and in large tokamaks. The
meeting focused on:

(1) Conductor capability and development program
(2) Insulating and structural materials
(3) Coil support methods in large tokamaks
(4) Design and testing of LCT, T-15 and Tore-supra
(5) Mechanical, electrical, nuclear design standard
(6) Radiation damage to superconductor and insulator

Summary of results:

Several superconductor configurations applicable to ITER are already under
study and development. While the configurations vary to accommodate structural
and stability considerations, there was general agreement on the current density
expected in the superconducting (non-copper) fraction of the conductor of about
800 A/mm2 at 12 T, 4.2 K, and a limiting strain of 0.7%. Also, the structural
materials could be designed to 2/3 of yield stress or 1/2 of ultimate stress with a
resulting value up to 800 MPa. There has been a good advance in such material
properties in recent years, particularly in Japan, so that reliable cryogenic fabrica-
tions are possible. There is considerable disagreement about insulation doses from
5 x 108 to 1010 rads. Much of available data was reviewed. There is a general
preference for a wedged, supporting method on the inner legs of the TF magnets.
However, large tokamaks have used other methods as well.i.e. JT-60 used a bucking
post, and the JET machine bucked the TF magnets against the PF magnets. Accord-
ingly, wedging, bucking, and combination will be studied and reviewed by the next
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workshop. The Large Coil Task, T-15, and Tore-supra are all recent examples of
superconducting tokamak magnet design. Each used a different method of coil con-
struction, and all worked. However, because field levels will be extended from 9 to
12 T, forced-flow niobium-tin conductors are agreed to be the preferred approach.
Electrical standards were agreed to with a working quench voltage limit of 20 kV.
There are no existing design standard codes directly applicable to ITER. However,
the ASME Pressure Vessel Code is the standard reference.

List of participants:

A. Torrosian, A. Antipenkov, A. Koch, A. Komin, A. Kostenko, A. Nyilas,
A. Ulbricht, C. Baker, C. Flanagan, C. Henning, E. Salpietro, E. Tada,
G. Shatalov, G. Vecsey, J. Doggett, J. Gilleland, J. Lue, J. Miller, J. Minervini,
J. Perkins, J. Sokolov, K. Yoshida, M. Guinan, M. Ricci, N. Mitchell, P. Bonanos,
P. Haubenreich, R. Flukiger, R. Litunovskij, R. Pohlchen, R. Reed, V. Muratov,
W. Maurer, W. Neef, W. Nevins, Y. Gohar, Y. Shimomura.

X.1.7. Magnets-II

Intent of meeting:

The magnet design workshop was held in San Francisco, 29 August to 2 Sep-
tember 1988 to have members of the ITER home teams discuss the magnet analysis
performed to conclude the definition phase of ITER. The workshop focused on:

(1) Conductor and coil concepts
(2) TF and OH structural design concepts
(3) AC loss and stability analysis
(4) Cryogenic and power supply system design concept
(5) Work plan in the design phase

Summary of results:

Two possible support concepts, which are the wedging of the coil inner legs
and the bucking onto the central solenoid, were discussed based on the preliminary
stress analysis by FEM models. It is generally agreed that both concepts offer similar
machine capabilities for the same radial build. We have concluded that the wedging
support concept be selected as a reference concept to start the predesign of ITER and
the bucking support be an alternate. Several conductor and coil concepts for TF and
PF magnets were presented and discussed. There was agreement on the general
specifications for the conductor and magnet design. In addition, a cable-in-conduit
conductor is tentatively selected for the PF magnet conductor and a cable-in-conduit
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or monolithic type for TF magnet conductor. It is generally concluded that the coil
case cross-section of 1.1 m x 1.1 min TF magnet outboard leg and the intercoil
structure area in the present design be used as a reference. Preliminary AC loss
analysis of TF and PF magnets were carried out and the results show that an extra
heat load of 100 kW at 4 K is required for the plasma sweep of 0.3 Hz and ± 15 cm.
It is concluded that the plasma sweep condition may not be practical and should be
revised to reduce the heat load in the range of 10 to 20 kW. Preliminary design
of the cryogenic system was developed and it was agreed that the maximum refriger
ation capacity should be less than 100 kW at 4 K from the present technology pout
of view. A double thermal shield concept, 80-K and 5-K shield, was proposed to
decrease the heat load at 4 K and to allow stable operation as well as fast cool down
of the coil system. It was agreed that the next workshop will be held at Japan in
December.

List of participants:

A. Kostenko, B. Riemer, C. Gibson, C. Henning, D. Ivanov, D. Lee, E. Klimenko,
E. Salpietro, E. Tada, H. Tsuji, J. Galambos, J. Kerns, J. Miller, J. Minervini,
J. Shultz, J. Wesley, K. Yoshida, M. Lubell, N. Mitchell, S. Shen.

X.I.8. Assembly, maintenance and reactor configuration

Intent of meeting:

The meeting (Garching, 11 to IS July 1988) was called in order to obtain input
from the specialists, based on their experience in large Tokamak assembly and main-
tenance, pertinent to the development on an ITER concept. The meeting focused on
four key issues: (1) Is a fully remote assembly/maintenance scheme possible? (2) An
evaluation of in-vessel maintenance possibilities, (3) Mechanisms for supporting in-
vessel components, and (4) Approaches for the (dis)connection of electrical and
coolant services to reactor components.

Summary of results:

It was agreed that it would be possible to conceive a fully remote assem-
bly/maintenance scheme for ITER, but in practice an initial full remote assembly
would be unreasonably time-consuming and expensive. However, it was recom-
mended that the design of the whole machine include the possibility of fully remote
assembly/disassembly and a general plan for remote maintenance but that equip-
ments not available not be provided until actually required. The design of large,
semi-permanent components should be as simple as possible, with less reliable parts
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located for access whenever possible. Early efforts should concentrate on compo-
nents expected to require frequent maintenance.

In-vessel remote cutting and welding of piping is feasible using cutting disks,
conventional welding machines or lasers with rotating/focusing mirrors, and special
techniques to minimize the spread of contamination, but techniques for quality con-
trol of welding are not available and must be developed. In-vessel manipulators were
deemed feasible for divertor, guard limiter, and tile replacement; with a current load
limit of a few metric tons.

One proposed method of fixing the in-vessel components, by using hydraulic
pressure driven keys, was considered to need improvements. A positive locking
method, a lock detecting method, a positive withdrawal method, and coatings to pre-
vent the lock from sticking to the permanent parts should be identified.

It was suggested that the biological shield be located as near as possible to the
machine with auxiliary equipments and connections of servicing lines beyond it to
allow hands on access wherever possible.

List of participants:

P. Deschamp, D. Leger, A. Rolfe, F. Farfaletti-Casali, P. Dinner, R. Stasko, E.
Salpietro, M. Kondo, K. Shibanuma, S. Tsuzuki, T. Honda, Y. Yamada,
T. Kuroda, A. Radionov, S. Sadakov, V. Muratov, R. Litunovskij, G.E. Chatalov,
T. Burges, J. Doggett, P. Heitzenroeder, D. Lee, S. Thomson, D. Lousteau,
C. Henning, W. Lindquist; and observers; J. Blevans, H. Brunnader, C. Hollo way.

X.1.9. Neutral beam technology

There were two specialist meetings held at Garching on Neutral Beams, one
on 20 and 21 June 1988 and one on 21 July 1988. At the first meeting all four
participants presented their experience and technology base relevant to ITER, their
R&D programs, and Japan and the US presented system concepts for ITER. At the
second meeting the US presented an update of their work for ITER which included
a design based on RF acceleration techniques, and the EC and the USSR presented
full system concepts.

The technologies which must be developed for the ITER application include:
efficient negative ion plasma generators; accelerators which produce megavolt,
ampere beams of negative ions; cryo pumps, or pumps with comparable characteris-
tics, capable of continuous operation; and long life particle dumps with low sputter-
ing properties.

The group agreed that dc accelerators are preferred but that above l.S MeV,
RF techniques should also be considered. A neutralizer wilh improved efficiency was
viewed as a high leverage item and should be developed. High voltage power supply
technology must be adapted to the ITER neutral beam application, specifically with
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regard to packaging. Improved source protection systems must be developed for con-
cepts which are based on conventional, positive ion source technology.

The participants presented comprehensive proposals for negative ion, neutral
beam R&D, which collectively address the significant technology issues. The major
item that is missing is a test facility and a test that will demonstrate proof-of-principle
by the end of 1990.

Attendees included:

S. Panassenkov, Kurchatov;
S. Matsuda, JAERI, first meeting only;
T. Green, Culham;
A. Holmes, Culham;
R.Hemsworth, JET, first meeting only;
W. Cooper, LBL;
N.Samashko, Kurchatov, second meeting only;
E. Thompson, JET, second meeting only; C. Jacquot, C.E.A., second meeting only;
J. Whealton, ORNL, second meeting only;
T.Wrangler, LANL, second meeting only;
A. Schempp, University of Frankfort, second meeting only;
S.Yamamoto, JEARI, first meeting only.

X.I.10. Technology of current drive and heating systems

The technical aspects of large present and future systems using the four main
methods for current drive and heating envisaged in the proposed ITER scenarios
were discussed at Garching on 18 to 22 July 1988 (LHW, ECW, ICW and NBI; a
first meeting on the NBI technology was held in June; see separate report on NBI).

These meetings were an important contribution to guide the design tasks facing
ITER.

In particular, they provided:

* a detailed updated data base on the state of the art of the power sources and
of the large systems presently in operation (or to be shortly taken into opera-
tion). For RF systems, their size and performance being often representative
of elementary units of the systems to be considered for ITER;

* propositions of conceptual design for ITER (four complete proposals for NBI
beamlines, two complete proposals for LHW systems, many proposals for
specific elements in all domains);

* evaluations of the overall power efficiency expected for ITER systems in the
four methods
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* a revisited assessment of the critical issues to be faced for ITER and of the cor-
related needed R&ID;

* an assessment of the on-going R&D and of the items not covered by the run-
ning programmes.

The main conclusions drawn on RF systems can be summarized as follows.

To meet ITER requirements, it is confirmed that:
* ICW systems would require only minor development efforts, no technical hur-

dle has to be overcome, present technology offers a satisfactory baseline
solution.

* For LHW systems, power sources have to be developed to reach the required
power/unit CW with acceptable efficiency if the frequency (still open in the
bracket 4 to 8 GHz) is above the lower limit. However there is little doubt that
the demonstration of their feasibility can be acquired by 1990. Towards the
highest limit of the bracket, the grill design becomes increasingly demanding
although present technology and - possibly - some sacrifice on the overall effi-
ciency would offer a workable solution.

* ECW systems require the development of power sources in two ranges of fre-
quency: 100-180 GHz for 'low-power' applications in ITER (start-up, profile
control) and around 180-200 GHz for steady-state current drive. Demonstra-
tion of sources meeting the ITER requirements around 140 GHz can be
expected within the next few years; at the present level of efforts, sources for
the high frequency range cannot be expected to be demonstrated till 1990.

The development of RF windows is not crucial for ECW applications on ITER
since windowless operation is conceivable. However, due to the implications of
Tritium handling, demonstration of the feasibility of these windows is a highly
desirable goal. Cryogenic cooled windows appear presently as a promising solution;
feasibility could be demonstrated by 1990 with a relatively modest R&D programme.

Participants (see also section 1.9 for NBI specialists)

(1) (EC) (mainly part time): R. Andreani, F. Durodie, V.Erckmann,
C. Gormezano, G. Hochschild, M.G. Matthews, G. Mourier, M. Thumm,
G. Tonon, C. Walker, F. Wesner;

(2) (J) Nagashima;
(3) (USSR) V.A. Flyagin, M.I.Petelin, K.N. Stepanov;
(4) (USA) H. Jory, D.W. Swain, J.J. Yugo.

X.I.11. Plasma facing components (PFC)

The PFC specialist meeting (Garching, 6 to 9 June 1988) had the main objec-
tive to identify the potential design options and associated guidelines for the first wall
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(FW) and divertor target (DT) of ITER. About 30 participants from ITER and the
home teams presented papers including the following main subjects.

Physics and engineering guidelines:

Based on a review of current experience concerning disruptions and run-away
electrons it was recommended to design the ITER highly disruption resistant at least
for the initial physics phase. This implies the extensive use of carbon based materials
as armor both on the FW and DT. For the latter carbon was also preferable during
the physics phase due to double on achieving sufficient recycling to reach the low
plasma edge temperatures required for acceptable tungsten erosion.

First wall design concepts:

Several concepts with different armor types were presented, namely:

— bonded armor tiles primarily on readily replaceable guard limiters
— mechanically attached tiles for in-situ replacement, with radiative or conduc-

tive cooling.

As for the blanket, solu tion annealed type 316 austenitic steel was recom-
mended as reference structure material, cooled by low pressure, low temperature
water for maximum reliability and life time. Several FW structural designs are being
developed with prospects for adequate thermo-mechanical performance to be demon-
strated until 1990 with allowed heat loads up to 1 MW/m2.

Divertor target concepts:

Poloidal open divertors were recommended for achieving clean H-mode
plasmas, this however would be associated with very thin scrape-off layers and hence
high peak power loads.

All divertor plate concepts proposed consisted of armor tiles brazed to a water
cooled heat sink in allows based on copper, molybdenum or vanadium. The cor-
responding heat load limits were preliminary estimated to 3-6 MW/m2, for higher
heat fluxes sweeping of the separatrix might be a solution. The manufacture and test-
ing of smaller mock-ups was in progress. The erosion life time of the divertor plate
armor was identified as the main critical issue for the technology phase:

— with carbon, the gross erosion of several m per burn year may possibly be
reduced by a factor of 20 due to redeposition

— with tungsten it seems difficult to achieve the required low plasma edge
temperatures.
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Consequently, advanced divertor concepts with e.g. liquid metal films of
droplet curtains are of interest. First studies and tests on such liquid divertors were
reported.

Participating in the meeting were specialists from EC, Japan, US, USSR and perma-
nent ITER team:

G. Vieider, M. Harrison, C. Baker, G. Chatalbv, T. Kuroda, A. Antipenkov,
Y. Shimomura, P. Dinner, F. Engelmann, J. Dietz, J. Winter, S. Cohen, M. Seki,
S. Moshkin, I. Mazul, K. Schultz, J. Heines, K. Wilson, J. Whitley, F. Moons,
E. Zolti, A. Cardella, J. L. Boutard, D. Acher, D. Munz, R. Maters.

X.I. 12. Shield/blanket/first wall design concepts and tritium breeding
materials

A specialists meeting on Shield/Blanket/First Wall Design Concepts and
Tritium Breeding Materials was held on 13 to 17 June 1988 at Garching, with about
30 participants. The subjects of the meeting included the following items:

— first wall designs (results from the specialists' meeting on Plasma Facing Con-
cepts were reviewed)

— shield design guidelines
— inboard shield design options
— a review of various blanket design advantages and disadvantages
— solid-breeder blanket designs
— aqueous-salt blanket design
— liquid-metal blanket designs
— 3He and Li-particulate blanket designs
— safety issues
— mechanical design and reliability
— R&D requirements

It was agreed that low pressure/low temperature water should be the reference
coolant for the first wall/blanket/shield. Solution-annealed austenitic steel was
recommended as the reference structural material. Cold-worked steels and reduced-
activation steels were considered as possible options. The R&D programs should be
encouraged to look at these candidate steels.

Various shield designs were presented to meet these criteria. Providing 70 or
more centimeters are available, and not too-restrictive criteria are used, shields based
mainly on stainless steel and water should be acceptable.

A variety of blanket designs were presented. Solid breeder designs (for various
Li ceramics) using both water and helium cooling in both small spheres and plate
geometry, aqueous-salt concepts in both pebble-bed and plate geometry, lithium-lead
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concepts in both solid and liquid forms, and relatively new ideas using 3He and
very small Li participates were presented and discussed. The design parameters for
each were summarized and their various advantages and disadvantages were
reviewed.

Safety and environmental issues for nuclear components were reviewed. A list
of safety design guidelines were drafted for further consideration.

Finally, the key R&D issues for austenitic steels and each blanket option were
discussed. A list for each option was prepared for further consideration by the ITER
team.

Participating in the meeting were specialists from EC, Japan, US, USSR and perma-
nent ITER team:

A. Antipenkov, C. Baker, M. C. Billone, J. L. Boutard, R. Buende, G. Chatalov,
W.M. Daenner, I. Danilov, P. Dinner, M.J. Embrechts, Y. Gohar, S. Jakunin,
T. Kobayashi, V.I. Khripunov, T. Kuroda, J.D. Lee, B. Libin, K. Noda, S.J. Piet,
A.R. Raffray, K. Schultz, M. Seki, Y. Seki, L. Topilskij, K.A. Verschuur,
G. Vieider, C. Wong.

X.I. 13. Plasma fuelling and exhaust

The meeting was held at Garching on 21 to 23 June 1988.

Fuelling:

Gas puffing is recommended as the basic method of fuelling for ITER.
Gas puffing able to provide 100% fuel flow for ITER is achievable with modest

enhancement of currently operating fast-valves.
Gas puffing should be supported by pellet injection. Pellet injectors may be

beneficial for startup, improving fuelling efficiency, and providing profile control
during burn.

Pellets could provide a flexible adjunct to fuelling by gas puffing. In particular,
they may be used as a means of profile control during density ramp-up. Pellet injec-
tors with this capability for ITER can be built with modest enhancement of current
pellet injector designs. Typical injection parameters would be: velocity - 2 . 0 km/s,
repetition rate ~2 Hz, pellet radius = 0.5 cm.

The need for increased penetration has not been quantified, and the technology
to provide it is not yet available. Further experiments are required with higher veloc-
ity pellet injectors (2-5 km/s) to determine the potential benefits.

The main technical issues surrounding high-speed pellet injectors concerns the
need to encase the pellets in a "sabot" during acceleration and subsequently remove
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this sabot before injection into the plasma, and the reliability of multi-stage, repeat-
ing gas guns.

The possibility that central fuelling may be required, and that pellet injectors
will be unable to provide sufficient penetration supports the need for additional R&D
on advanced fuelling techniques, notably compact toroids.

Exhaust:

Effective pumping speeds for He at the divertor exit are predicted to be in the
range 350-700 m3/s. This estimate is tentative and must be verified by experiments
and further calculation.

Such pumping speeds require maximization of the pumping duct conductance,
and examination of alternatives for increasing He concentration in the divertor duct
or tolerating higher He in the plasma.

Compound cryopumps provide the best opportunity to meet ITER pumping
requirements. The main technical uncertainties concern the definition of the most
suitable He pumping surface, and the effect of dust on valves required to cycle fre-
quently during pump regeneration.

Participating in the meeting were specialists from EC, Japan, US, USSR and perma-
nent ITER team:

A.P. Andreev, A. Antipenkov, F. Engelmann, F. Fauser, M.J. Gouge, R. Haange,
M. Harrison, J. Hemmerich, P. Lalousis, D. Leger, L. Lengyel, R. Litunovskij, S.
Matsuda, D.K. Murdoch, W.M. Nevins, J. Perkins, V. Pistunovich, D. Sedgley,
G. Chatalov, K. Sonnenberg.

X.I. 14. Tritium extraction and recovery from nuclear components

The workshop (Garching, 9 to 12 August 1988) examined all major elements
of the fuel cycle for ITER with the exception of the fuelling and exhaust elements,
which were considered in the June workshop. The principle findings are given
below.

Tritium extraction and recovery from breeder blankets

Aqueous salt blanket:

Radiolysis calculations indicate that high overpressures may be required to pre-
vent the formation of gas bubbles in the coolant stream (typically 10's of
atmospheres). A recombination step w>>i>ld be required prior to tritium extraction.
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Major extraction system elements (water distillation, vapour-phase catalytic
exchange, cryogenic distillation) are proven in fission reactor application at the
necessary scale. However, concern was expressed over high local concentrations
(>102 Ci-kg"1) which will require special confinement and maintenance precau-
tions. Maximum tritium inventories of 1 kg in the blanket and 150 g in the extraction
system are anticipated.

Experimental data on radiolysis (and recombination) with Li-salts are needed.
Li-salt separation from water requires confirmation with respect to impurity
carryover, including C-14.

Ceramic breeder:

While ceramic breeder materials operating at optimum temperature are
expected to have low inventories, the use of low-temperature water coolant leads to
uncertainty in the retention and release of tritium. Under power-surge conditions,
tritium in "cold spots" would be released into the purge gas, leading to cyclic loads
on the recovery system.

Tritium permeation to coolant is unlikely to be a factor; however, the use of
an annulus gas in some designs would require an additional collection, detritiation
and gas-control circuit.

Tritium recovery from purge gas was thought to be feasible with available
technology at reasonable cost. However, impurities likely in the purge gas stream
are not well known, and additional R&D in this area is particularly important to per-
mit process design to proceed. Tritium recovery would be in the form of highly
tritiated water (>103 Ci-L1) for which a subsequent shift to the gas phase is
required.

Hydrogen addition for improved tritium recovery from the blanket would have
small impact on the isotope separation process at < 100 ppm. However, at high
levels of hydrogen addition (e.g. 1000 ppm) the cryogenic power load is increased
10 x , and an additional separation column in the train is essential.

U/7Pb83 breeder:

This concept, which involves periodic batch tritium recovery inherently has a
high tritium inventory (e.g. 2 kg for 15-FPD operation of a 1000 MW reactor). The
high localized inventories of tritium which are expected to occur as a result of the
batchwise recovery, and the high partial pressures which may occur during recovery,
will require special attention to confinement design to recover leakage and permea-
tion losses.

It is likely that separate tritium recovery systems would be required for each
of He, water, and breeder. For water and He gas, the tritium recovery systems could
use approaches similar to those proposed for the previous two breeder concepts.
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Solubility data for tritium in the liquid breeder at the high concentrations of
interest do not exist. Diffusivity data in the solidified breeder is also unavailable, so
that permeation to coolant during the solid phase can only be approximately esti-
mated. Data on radionuclides and other impurities co-evolved with the tritium during
melting are required to pursue recovery system design.

External tritium recovery, facility impacts, and tritiated waste processing:

The hot-cell facilities required will be very large, and may represent a signifi-
cant component of plant cost. Facilities must be equipped for all-remote handling,
due to high gamma activation levels.

There are many materials involved, each of which will require separate treat-
ment methods, for example vacuum degassing of steel, combustion of graphite, oxi-
dation of tungsten. Each material will evolve impurities which must be addressed in
process design. Although storage alone without extensive tritium removal may be an
option for some materials, it is important that ITER address the safety and economics
of T recovery for all materials used in the machine. In any case, a significant level
of surface decontamination (including internal surfaces) will be required for long
term storage of components. Tritium recovery requirements are determined by both
economics and regulatory limits for disposal. The question of waste disposal require-
ments specific to fusion needs to be addressed. Grap.hite tiles and dust from first
wall armour are a first priority for treatment, due to the relatively large quantities
of tritium involved (100-1000 g), the large volumes of graphite involved, and the
short component lifetime.

For some blanket designs, tritium is implanted or bred and retained in the Be
multiplier. Procedures must be developed for extraction of the tritium from Be.

Plasma exhaust processing:

There is considerable similarity of approach between all four ITER partners
in the development programs for exhaust processing. The technology is in an
advanced state, and can be expected to be demonstrated within the ITER concept-
design phase time-frame. Impurity separation from DT using molecular sieve, oxida-
tion on hot metal catalyst, and reduction on U-beds can be regarded as a "proven"
approach at ITER scale based on TSTA results.

Advanced impurity extraction and processing techniques using Pd/Ag
membranes and low-inventory electrolysis cells for DTO require further long-term
testing in tritium-, but can be expected to be available for ITER. A substantial
scaleup in electrolysis cell size is required for ITER application.

A mix of approaches using current and advanced design concepts should be
considered for ITER, as this provides both additional reliability, as well as opera-
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tional flexibility in processing low and high-impurity streams. The incremental cost
impact would be minor.

All partners agreed that cryogenic distillation was the appropriate technology
for ITER.

Participating in the meeting were specialists from EC, Japan, US, USSR and perma-
nent ITER team:

I. Altovskij, J.L. Anderson, A. Antipenkov, C. Baker, S. Brereton, G. Chatalov,
P. Dinner, T. Kuroda, O. Kveton, D. Leger, P.V. Romanov, D.K. Sze, G. Vieider,
V. Violante, S. Yakunin, H. Yoshida.

X.I.15. Test program/devices

The objectives of the test program (testing of neutronics, blanket modules,
materials, tritium production and advanced plasma technologies) follow the main
ITER goals: to demonstrate performance levels that extrapol.ate to reactor condi-
tions, to provide a data base and testing results for concept comparison and selection,
and to demonstrate tritium self sufficiency and an adequate level of reliability. The
specialists stated that a useful minimum goal is to provide definitive data to select
with confidence concepts, especially the blanket, with good performance and
reasonable reliability for the devices following ITER.

The requirements of a test program were classified into requirements on
machine engineering design and requirements on major parameters of the machine.

The first one includes providing access for test elements, modules and sectors,
providing hardware to support the test operation and providing the minimal impact
of the test modules on the machine. It was concluded that more detailed studies and
design are required of the test elements and modules during the design phase.

Because of the large impact on the machine it was recommended to carry out
more detailed test program work with close interaction and iteration with the evolu-
tion of the ITER configuration and maintenance scheme.

The test requirements on the values of major device parameters depend on the
goals and on the strategy to achieve these goals for the fusion test machine. In spite
of the differences in parameters, selected domestic machines, designed by the differ-
ent parties (e.g. NET, FER, OTR and TIBER), a common set of values for the test
requirements and duration of test program was recommended (see Part II.6).

In particular the neutron wall load, as a measure of the primary energy input,
determines temperature gradients, thermal stress, nuclear reaction rates, transmuta-
tion and atomic displacements. A recommended value of 1-2 MW/m2 is reasonable
in order to obtain test information that extrapolates to fusion machines beyond ITER.

Another important factor is the fluence requirement. There is a clear distinc-
tion between the fluence at the test element/module and the much larger machine
fluence. The recommended value of a machine neutron fluence is 4-5 MW/m2.
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The maximum recommended duration of the technology test phase to provide
data for fusion development must be about 10 years. The minimum continuous oper-
ating time for some tests (e.g. tritium release from solid breeders) of one or two
weeks was recommended.

All parties recommend steady state plasma operation as a desired goal for
future fusion reactors. Also, some results from testing in pulsed machines are
difficult to extrapolate to performance in future machines. However, there are some
technical issues that can be tested with 600 s burn time (e.g. neutronics, fluid flow
processes). However, many critical issues (e.g. tritium recovery, corrosion/redepo-
sition, structure response, subsystem interactions) require striving for steady state or
burn times of not less than 1-3 hours.

The total required test space in ITER is a very important item that needs to
be defined. It is dependant on the sizes and number of modules and sectors. It
depends mainly on the strategy of testing and also on the allocation of the space and
operation times among parties. This subject should be studied in more detail by the
ITER team.

The future test program will include several types of advanced blanket options,
to provide more information for DEMO (e.g. self-cooled and separately-cooled
liquid metals, helium- and water-cooled solid breeders).

Material tests are divided into two basic types; tests of baseline reactor
materials and tests of advanced materials. Because ITER will not achieve a total
fluence to qualify materials for DEMO, an important role of ITER testing is to estab-
lish a fusion-fission correlation.

Tritium recovery tests require not less than 200 hours of steady-state operation.
Neutronic measurements can be completed during the physics phase, because

neutronic tests require relatively short times (hours at most) and specifically designed
modules. Several candidate detectors for neutron diagnostics, activation detectors
and fission chambers were proposed to be developed for testing in ITER.

One of the main neutronic issues — the demonstration of tritium self-
suff.ciency — requires a full sector of candidate blanket concepts.

Possible layouts of the ancillary equipment and general hot cell organization
was also considered.

It was emphasized also that development of advanced nuclear technology com-
ponents require a separate ITER R&D program.

Participants in the meeting were specialists from EC, Japan, US, USSR and perma-
nent ITER team:

M. Abdou, A. Antipenkov, L. Bertalot, J.L. Boutard, R. Buende, G. Chatalov,
W. Daenner, A. Epinatiev, C.A. Flanagan, T. Kuroda, B. Libin, R. Mattas,
J. Nihoul, A. Sidorov, Vu. Strebkov, M. Vassiliadis, K.A. Verschuur,
W.R. Spears, D.V. Serebrennikov, V. Sokolov, M. Sugihara, G. Vieider.
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X.I.16. Materials database meeting

An ITER Specialists' Meeting on Materials Data Base was held on 22 to 26
August 1988 at Garching under the general chairmanship of D.L. Smith. A total of
44 participants were involved in the workshop. These included 21 from EC (many
were part time), 5 from Japan, 10 from US, 5 from USSR, and 3 ITER members
who presented overviews of the ITER design. In addition several ITER members
participated in the plenary sessions. The objectives of this meeting were:

— To provide a comprehensive materials data base for the ITER design
— To assess the quality of the available materials data base
— To make recommendations regarding the selection of material for the ITER

design
— To define critical materials R&D required to support the ITER design.

The detailed work of the meeting was carried out in four groups:
— Structural Materials (FW/Blanket and Divertor)
— Nonstructural Blanket Materials
— Plasma Facing Materials
— Ceramic Insulators

The structural materials group (J.Davis, Chm.) focused primarily on issues
associated with the selection of type 316 austenitic steel as a first wall/blanket struc-
ture. Additional issues were concerned with the use of cold-worked austenitic steels
and reduced activation steels, viz., Mn-stabilized austenitic steels. The divertor
structure assessment included discussions of copper alloys and refractory metal
alloys.

The non-structural blanket materials group (K. Noda, Chm.) focused primarily
on assessments of ceramic breeding materials (Li2O, LiAlO2 and Li4Si04), liquid
metal breeding materials (Pb-17Li), aqueous salt breeding materials (LiOH and
LiNO3) and beryllium as a neutron multiplier. The plasma facing materials group
(J. Winter, Chm.), considered primarily graphite and carbon-fiber-components
(CFC). Limited discussions were included on high-Z materials and beryllium. The
ceramic insulator group (F. Clinard, Chm.) discussed the several uniquely different
applications for ceramic insulators and suggested candidate materials for each.

The general conclusions of the meeting are summarized in Sec. IU.3.1.

Participating in the meeting were specialists from EC, Japan, US, USSR and perma-
nent ITER team:

J. Nihoul, G. Harries, Singh, Victoria Ehrlich, E. Zolti, J. Raeder, C. Wu,
K. Kummerer, P. Kennedy, N. Roux, T. Flament, W. Boegarts, S. Malang,
M. Budd, J. Winter, V. Philipps, K. Koizlik, M. Vassiliadis, R. Heidinger,
K. Noda, T. Kuroda, A. Kohyama, T. Misawa, K. Kiuchi, J. Davis, M. Grossbeck,
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D. Gelles, D. Smith, I. Altovskij, V. Barabash, A. Grigorian, C. Johnson,
K. Wilson, J. Whitley, R. Nygren, F. Clinard, S. Cohen, I. Muzal, M. Guseva, C.
Baker, G. Vieider, T. Kuroda, G. Chatalov, P. Dinner, A. Antipenkov,
F. Engelmann, M. Harrison.

X.I.17. Safety and environment

A meeting of S&E experts was held at Garching on 6 to 10 June 1988.
The objective of the meeting was the preparat6ion of recommendations and

guidelines for ITER definition and design phases. To this end the S&E expertise
gained from work on the national designs was presented in the form of written
material (according to 'word packages' and 'guidelines for actual work' sent out by
ITER/J. Raeder/June 5, 1988).

The key information contained in the written material was presented and dis-
cussed during the meeting sessions. To ensure prompt drawing of written conclu-
sions, a tentative table of contents of the meeting record had been communicated to
the specialists prior to the meeting (27 May 1988) together with writing assignments
pertaining to the various sections of the draft record. This draft record was prepared
after the meeting sessions. The conclusions drawn by the individual authors were dis-
cussed and amended by all participants during the last day of the meeting.

The record is structured as follows:

1. Introduction.

2. Legal requirements and proposed targets:
Review of the national requirements (radiation protection) leads to a set of pro-
posed design targets (normal effluents/public and worker exposure, doses to
public due to accidents, risk/dose diagram, passive safety). National require-
ments for chemical toxins, magnetic fields, electro-magnetic fields are
included too.

3. Accident analyses:
Review of results for the national design leads to a substantial amount of
characteristic figures and observations and a list of 'initiating events and their
consequences' to be accounted for by design and to be analyzed if design is
sufficiently developed. External initiators (according to local specifications)
and human errors have to be considered explicitly.

4. Dispersion of radioactivity:
Review of national results from calculations and experiments leads to request-
ing improvement of models (HT/HTO conversion, reemission by soil), better
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activation product data (volatilization, dust and corrosion product characteriza-
tion, tritium retained in dust), benchmark of tritium dispersion analyses, recon-
sideration of tritium radiation quality factor.

5. Radioactive wastes:
Review of results for the national designs (masses, radioactivity inventories,
handling, low activation materials) indicates a still confused situation with
respect to waste disposal (very different national requirements) and problems
with 'commercial impurities', detritiation (intermediate storage, large hot
cells), final disposal (remaining tritium content, substantial amounts of —
potentially — high level waste).

6. Component handling:
Essentially a review based on the preliminary concepts for the national designs
(maintenance, disassembly, transportation), the radioactivity inventories and
contact doses. Potential problems are the large volumes, large masses; need
for detritiation, cooling, shielding, draining of coolant pipes.

Participants of the safety and environment meeting:

(EC) W. Gulden, D. Leger, J. Raeder;
(J) H. Iida, Y. Seki;
(USA) C.A. Flanagan, S. Piet;
(USSR) B. Kolbasov, A. Kashirskij, S. Moshkin, L. Topilskij, O. Tschipakin.

X.2. DIVERTOR ISSUES

X.2.1. Divertor lifetime issues

X.2.1.1. Introduction

Power and particle exhaust in ITER is an extremely demanding task and has
been identified as a key technical issue for ITER. Based on the present data from
large, high power experiments such as JET, DIH-D, TFTR, JT-60,etc., and analyses
using the best present understanding of the appropriate physics and engineering
issues, a poloidal divertor represents the most credible concept to handle the large
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heat loads and provide adequate helium removal. However, the present estimates of
the sputtering erosion rates for the divertor plate indicate that they will be too large
during the Technology Phase to be acceptable ( - 1-10 meters/year). Erosion caused
by plasma disruptions is also a serious lifetime issue. In addition, the high peak
power loads on the divertor plate present a difficult engineering problem. Obtaining
adequate helium exhaust rates will require extremely high pumping speeds.

The solution for the erosion problem for previous ETR designs was to plan to
operate the poloidal divertor in a high recycling regime. A sufficiently high level of
recycling would then produce a low plasma temperature and a high plasma density
at the plate which would lead to a low erosion rate for a high Z divertor plate and
a high gas pressure at the divertor plate to facilitate pumping. The exact conditions
required for ITER to operate in the high recycling regime need to be determined.
This will require data on divertor performance and plasma edge parameters from
tokamak experiments, and improvement and validation of models for the plasma
edge so that we will be able to predict the performance of the ITER divertor with
a reasonable level of confidence.

The achievement of low temperature conditions in the divertor is made very
difficult for ITER due to high fusion power and short scrape-off distances. The addi-
tional heating power and lower density required for optimum operation with current
drive make the heat removal and erosion problem worse. Operating regimes need
to be identified which are not necessarily optimum for current drive efficiency but
in which a portion of the current is driven inductively so that the additional heating
power is reduced and the plasma edge density is higher to allow better divertor
plasma conditions. These would include current drive assisted inductive operation
and scenarios with long pulse driven inductive burn.

The performance of the divertor is also sensitive to material performance and
design related issues. Engineering analyses accounting for the combined effects of
graphite tile erosion/redeposition, thermal-mechanical response of the structure, dis-
ruption effects, and neutron-irradiation effects are needed. The engineering assump-
tions used in calculating the thermal and mechanical response and the lifetime of the
plasma facing components should also be tested under conditions typical of those
likely to be found in ITER. A portion of these tests should be conducted on tokamak
experiments.

If the plasma temperature at the divertor plate cannot be made low enough to
allow the use of high Z divertor plates to reduce the erosion, then other approaches
to the problem of heat and particle removal need to be identified. These approaches
include schemes with non-conventional divertor plates (e.g. liquid metal films, liquid
metal droplets, solid balls, etc.), alternative pumping schemes, active techniques for
improving the divertor plasma parameters such as electrical biasing or ergodization
of the edge layer, different divertor configurations, and the use of new materials.
Each of these schemes needs to be more carefully assessed, and R and D needs to
be done for the most promising of these techniques.
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X.2.1.2. Overview of problems [1, 2]

Physics issues

Both evidence from present tokamak experiments and results from modelling
indicate that a poloidal divertor with either a single or double null configuration
offers the most likely solution to the requirements of impurity control and power and
particle exhaust in ITER. Nevertheless, the plasma operating conditions envisaged
for ITER will be very demanding in respect to divertor plate power loading and ero-
sion as well as the pumping efficiency required to exhaust helium ash. There are two
main reasons for likely problems.

Firstly the power scrape-off layer is thin (probably less than 10~2 m at the mid
plane) and, for the power flows envisaged for ITER, this will lead to large peak
power loads (>5 MW/m2) and, even though there is substantial recycling within
the divertor, the peak temperature of the plasma adjacent to the plate will be high
(>50 eV). The situation is exasperated in the case of H-mode discharges where there
are added complications of fluctuating edge plasma conditions and the possibility of
impurity accumulation in the core plasma. Sputtering yields of high Z plate materials
increase strongly with increasing temperature of the local plasma and this poses a
serious risk of contaminating the ITER core plasma with high Z impurity ions. This
issue has lead to the present choice of graphite or carbon composite materials for the
divertor plates at least for initial operation. The erosion of graphite is expected to
be high, the gross erosion rate of = 1 m/burn year will be reduced by redeposition
(possibly by a factor 20) but quantification is uncertain. There is concern that
Zeff = 2 may be difficult to sustain because of the high release rate of carbon
atoms. Both the peak power load and the peak plasma temperature at the plate would
be reduced if the radiation power losses to the first wall were high, but this is difficult
to envisage in the case of weakly radiating low Z impurities. Higher losses could be
expected in the case of high Z plate material (or from injected medium Z impurities)
but at present it is not practicable to assess the credibility of a radiating edge (see
SectionX.2.1.5).

Secondly, it is presently envisaged that the power output of the fusion plasma
in ITER will be downrated by operation at relatively low density. However, opera-
tion of the divertor at lowered edge density is expected (at least from present day
modelling) to cause a strongly non-linear increase in the peak temperature of the
plasma at the plate. When plasma transport in the scrape-off layer is collisional, this
temperature scales approximately as

TP « (WnFn)
2<"9 ( X o ) ^ / ^ X f )

where Wn is the neutron wall load and X '̂ and Xx are respectively the coefficients
for parallel and radial transport of energy in the scrape-off and

Fn <x (1 _ f) [1 + 0 W P « ) ]
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Here f is the fraction of the alpha particle heating power (Pa) that is radiated to the
first wall and Pdrive is the current drive power. The values of n<.dge envisaged for
current drive are typically 0.5 to 0.7 those for inductive drive and this, in conjunction
with the relative increase in exhaust power, could well cause unacceptably high
release rates of eroded material.

There are many uncertainties in present day models. In particular the assump-
tions that the parallel transport of energy is purely conductive (i.e. Xo = Spitzer
coefficient for conductivity), that the radial transport energy is independent of local
density and that the flow of plasma to plate is, at all locations, ambipolar. Allowance
for any one of these aspects would result in a reduction in the predicted values of
TP . Nevertheless the general trends can not be ignored and it is clear that there are
potential problems in operating at reduced edge density and enhanced power density.
The latter has unsatisfactory implications in respect to the increased neutron wall
loadings likely to be required for post ITER reactors.

The pumping efficiency required for the exhaust of helium gas increases with
increasing exhaust power and with decreasing edge density. It can be very approxi-
mately expressed as

e oo C (Wn
20'9 F ^ V o ^ e 9 Xi 0 ")

where C is the concentration of helium at the divertor plate. Thus the same trends
are evident; difficulties may be encountered at high neutron wall loads and low edge
density and especially in the case of steady state, non-inductive operation. There is
an additional, and presently uncertain, issue regarding the exhaust of helium gas,
namely that the helium may not flow readily into the divertor. In effect, this could
reduce the concentration C and still further increase the helium pumping
requirements.

It may also be possible to optimize the divertor configuration to enhance the
recycling rate. Such designs might improve the recycling by retarding backflow of
neutrals by attempting to make a more closed divertor. This might be accomplished
by the use of baffles, constricted divertor channels, etc. Changes in the divertor con-
figuration will need to be integrated with the general configurational issues for the
design (i.e. space for the divertor vs shielding, access and pumping requirements).
It also may be possible to increase the volume losses (primarily radiation) from the
diverted plasma if the diverted plasma volume can be increased.

Plasma facing armor materials

Carbon based materials — preferably carbon fiber composites (CFC) — will
be used as plasma facing armor on the divertor plates (DP) at least during the Physics
Phase (and possibly also in the Technology Phase) due to their unique thermo-
mechanical properties and generally good performance in the present large tokamaks
concerning:
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— the elimination of high Z impurities
— their superior disruption resistance, with a predicted loss of materials per typi-

cal disruption on the divertor of only 0.05-0.1-mm
— the lower sensitivity of the DP-sputtering erosion to the particle energies com-

pared to high Z material such as tungsten, where the present predictions for
most of the ITER plasma scenarios may rule out the use of tungsten as
DP-armor.
There are, however, also several critical issues associated with the use of

carbon-based materials as PFC armor:
— The main drawback are high nominal gross erosion rates (without redeposi-

tion) for the divertor of up to several meters per burn year. There are indica-
tions, that the net erosion rates could actually be reduced by 2 orders of
magnitude, by redeposition, by sweeping of the separatrix, and by improved
materials with less chemical erosion (by hydrogen and oxygen). Radiation
enhanced sublimation is estimated to limit the peak divertor plate temperatures
to 1500cC. Substantial quantities of dust are produced by erosion which put
constraints on vacuum pumping and maintenace.

— The retention of hydrogen and other gaseous impurities seems to be high at
temperatures below 1000°C, in particular with irradiation damage, while
higher temperatures lead to reduced impurity content and increased outgassing.
Baking of the armor at 350°C is mandatory for removal of absorbed water.

— Water and/or air ingress into the plasma chamber with carbon materials above
1000°C represent potential safety hazards. Doping with, for example, silicon
may reduce this hazard.

The divertor plates

The basic concept consists of a 5-10 mm thick armor brazed onto a water
cooled heat sink of copper — or molybdenum — alloy. The preliminary results of
the thermo-mechanical DP-performance analysis indicate:

— Static peak DP heat fluxes of up to 10 MW/m2 may be marginally acceptable
considering the limits for armor temperatures and thermal stress of the heatsink

— Sweeping of the stparatrix within the limits acceptable for the coil system may
allow peak DP heat fluxes of 15-20 MW/m2.
With these DP heat flux limits current plasma edge modelling (including a

minimum contingency margin) predicts limits for the allowed average neutron wall
load of:

— 0.8-1.2 MW/m2 for ignited plasmas
— 0.4-0.8 MW/m2 for driven plasmas with Q ~ 5-10.

The corresponding wall load limits for the first wall would be about 50%
higher.
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The other major critical issue for the divertor plates seems to be the limited
lifetime of the carbon armor:

— in the Physics Phase, after about 100 major disruptions the plates may have
to changed

— in the Technology Phase (assuming very few disruptions) about five divertor
plates replacements would require at least a factor of one hundred lower net
erosion than predictions without redeposition and separatrix sweeping.

The possible engineering remedies to the short DP lifetime are discussed in some
detail below and include

— improved armor materials
— design concepts for rapid DP exchange or DP repair.

Redeposition issues

Particles eroded from plasma-facing components will redeposit on the same or
other surfaces in ITER. The net erosion rate is then the difference between the sput-
tering rate and the redeposition rate.

The gross sputtering rates of divertor materials under ITER conditions will be
very large leading to very short lifetimes. By taking into account the effect of redepo-
sition, the net erosion rates might be reduced by two orders of magnitude. The key
issues are the degree of uniformity of the erosion process and the surface integrity
of the redeposited material. The projected conditions at the divertor plates (high den-
sity due to recycling) will result in short mean-free paths for sputtered atoms
(< 1 mm) which will cause the sputtered atom to redeposit very near its original
position. It appears essential to count on some help from redeposition to significantly
reduce the large gross sputtering rates on ITER's divertor plates.

For redeposition to be effective, the particles should redeposit near to their
original sputtering site. Furthermore, the surface properties of the redeposited
material should not be worse (regarding sputtering rates and mechanical integrity)
than the original material.

In addition to plasma ions, ions from the first wall and divertor materials,
which represent impurities in the plasma, come back to the divertor plates. These
ions may cause additional sputtering, if the yields are above 1 (high edge tempera-
ture) or will be partly deposited if the yields are below 1 (low edge temperature).
This has been confirmed by detailed wall analysis in today's tokamaks. For areas
directly exposed to the hot plasma (intersection of the separatrix with the divertor
plates, tip of the limiter), erosion was found to be larger than deposition, while the
opposite effect was found on all remote areas (as the sides of limiters). The deposited
material (thickness in the range of /*m) was found to contain up to 30% of hydrogen
and/or deuterium (in the case of carbon) and traces (few percent) of all other
materials used in the vessel walls. The concentrations of these vary with the thick-
ness. The layers generally tend to peal off, likely due to different thermomechanical
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properties compared to the bulk material. These observations represent the net effect
of many discharges, however, time-resolved measurements with wall probes are
needed to give absolute numbers for the effects.

Careful studies of the redeposition process are required at plasma edge temper-
ature and densities expected at ITER's divertor plates. Current experience from
pulsed tokamaks with the limiter/divertor operating at lower densities may not pro-
vide the required information. The surface properties of redeposited materials must
be determined.
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X.2.1.3. Impact on scenario choice [1, 2]

Candidate operational scenarios in the Technology Phase will be optimized
during D/T experiments in the Physics Phase. Selected operating scenarios should
be suitable for nuclear testing which require a minimum wall load of 0.8 MW/m2,
long pulse and short dwell times, and neutron fluences of about 3 MW-a/m2. At the
same time, the scenarios should be compatible with divertor operation.

Although there are large uncertainties in the divertor models, in general the
heat load on the divertor is related to Pheat

/'nb (a ~~ 2.0 and b ~ 1.0) and the tem-
perature at the divertor plate is also described as a function of Phea,/n

b (a ~ 1 and
b ~ 1.4). Thus lower plasma heat loads and/or higher plasma densities are desired
to reduce the heat load and temperature at the plate. Although operating scenarios
in the Technology Phase will be chosen through an optimization process during the
Physics Phase, some possible scenarios are discussed in Chapter V. Operating tem-
peratures, densities and total heating powers for conceivable scenarios are summa-
rized as the follows:

Operating scenario

Ignition/Inductive
Sub-ign. /Inductive
Sub-ign./Hybrid
Pure steady-state

All scenarios produce

Temp.
(keV)

10.0
10.0
10.0
20.5

a wall load of 1 MW/m2.

Den.
(1020 m"3)

1.14
1.01
1.0
0.69

Pheat

(MW)

200.0
200.0
200.0
260.0
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FIG. X-l. Contours of electron density, fusion power and current drive power in temperature
and plasma current space.

The "Ignition/Inductive" scenario appears to be the best for divertor opera-
tion. However, it requires H-mode like confinement which may be difficult to
achieve. In addition, the pulse length is limited so that high cyclic operation will give
rise to fatigue problems. The "pure steady-state" scenario is thought to be very
attractive for nuclear testing. A relatively low plasma density, however, may cause
difficulties for divertor operation. A preliminary estimate predicts heat loads over
10 MW/m2 and high erosion because of high temperatures at the target. Figure X-l
shows contours of electron density over a space bounded by a minimum wall load
of 0.8 MW/m2 and a maximum current drive power and a resultant lower Q-value.

The "Sub-ign./Hybrid" scenario should be given more attention, especially
for divertor operation. Figure X-l shows contours of electron density, fusion power
and current drive power in temperature and plasma current space assuming a Q-value
of 15 and a Troyon g factor of 3. An electron density of about 1020 m*3 can be
obtained at an operational temperature of around 12 keV. About one-third of the
operating current is still driven non-inductively and 60-80 volt second can be saved
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and used for the burn. The hybrid scenario can be more compatible with divertor
operation while still achieving long burn times. Besides, controlling the current pro-
file which will be needed for long burn plasma operation.

X.2.1.4. R&D requirements

Present uncertainties in the performance of the ITER divertor impact widely
upon the design concept and this area of physics is of critical importance. In particu-
lar there is an urgent need for information from tokamak divertor experiments (espe-
cially at high power and high density) on: (a) transport of helium ions from the core
plasma to the divertor, (b) the ability to operate both with low and high Z plate
material, (c) the ability to dissipate plasma power by edge radiation, (d) the reduction
of plate erosion by redeposition and (e) the relative performance of SN and DN open
throat configurations. There is a continuing need for improvement and validation of
models, and in this respect, there is a particular need for experimental information
and interpretation for energy and particle transport (in both L and H-modes), on con-
ditions at the plasma sheath (particularly non-ambipolar flow) and on the causes and
effects of poloidal asymmetries, e.g. drifts etc. There is also an urgent need for
plasma surface interaction data that are pertinent to reactor conditions (e.g. large
fluxes of ions incident on surfaces that are probably coated with redeposited
material).

Additional R&D regarding the technological and materials aspects of divertors
could make substantial contributions to improving the outlook for divertor operation.
The items include the following:

* Surface characteristics of redeposited materials produced under prototypical
divertor conditions including sputtering yields, disruption resistance, mechani-
cal integrity, etc.

* Sputtering characteristics of improved materials (such as doping in graphite or
new materials such as W/Al/Li), sensitivity to temperature, mechanical
integrity, etc.

* Helium pumping capability of selected materials and configurations including
effects of in-situ deposition of fresh surfaces.

* Material selection, thermomechanical performance and design aspects of alter-
native divertor concepts including solid balls, liquid films, liquid droplets, etc.

Most of these items have been described in more detailed in the R&D packages pre-
pared by the ITER partners.

X.2.1.5. Alternative concepts

If it is not possible to operate the ITER divertor in a high recycling regime so
that high Z divertor plates can be used to solve the erosion problem and redeposition
proves to be ineffective in reducing the net erosion of the carbon divertor plates to
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an acceptable level, alternative approaches to solving the power and particle exhaust
problem will have to be considered. A number of such alternative concepts have been
identified and their advantages and disadvantages identified. It is planned that each
of these will be studied during the ITER design concept phase to develop each con-
cept to the point where it can either be seriously considered for incorporation into
the ITER design concept or discarded.

Gaseous neutralizer

The idea is to create a high density gas target in front of the divertor plate in
order to ensure volume recombination of particles and re-radiation of energy so that
the power coming to the plate with particles can be kept at a minimum level (USSR
proposal for INTOR).

The main issue is the pressure balance between the recombination zone
(n > 1O22 m"\ T < 1 eV) and the scrape-off (T > 100 eV). The plasma pressure
necessary to reradiate the power increases with the power, and hence the scrape-off
density ns increases. Simple estimates give ns 5 X 1020 m'3 for ITER conditions.
This result is, however, rather sensitive to the assumed values and to the functional
dependence of the transport coefficients for the scrape-off plasma. Enhanced radia-
tion losses, e.g. with impurity radiation, could also be favourable.

More work is needed for further refinement of the model. Experimental verifi-
cation of the principle is also highly desirable.

Replenishment of solid divertor target

One way to alleviate the problem of short divertor plate life time is to replenish
the plate material in-situ with remote maintenance procedures. This could signifi-
cantly save maintenance time if the divertor units do not have to be removed from
the reactor.

The key question is the thicknesses that can be replenished and the properties
of the replenished material. Unfortunately it does not appear possible to replenish
thick layers (= 1 cm) at graphite or other carbon-fibre composites. Such replenish-
ment techniques may be feasible for Be. Experiments should be done to test various
techniques for Be replenishment of surfaces in conditions suitable for ITER.

Helium burial

By selecting appropriate materials for lining the divertor chamber, helium
could be selectively trapped compared to hydrogen. By continuously laying down
fresh material, helium pumping can be achieved for long periods of time.

The use of helium burial would significantly reduce the required pumping
capacity of ITER, reduce the size of vacuum pumping posts and reduce the tritium
throughput in the plasma fuel handling system. This could result in substantial design
simplification, cost reductions, and safety improvements.
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The issues divide basically into materials and plasma issues. The key materials
issues relate to material selection (candidates are Ni, Fe, V, Ta, Mo), helium satura-
tion trapping levels (Should approach =30%), surface properties, mechanical
integrity, and helium release versus temperature limits. Plasma key issues relate to
the ability to pump helium in a typical tokamak device and the impact on plasma
performance.

Laboratory tests are required (and are underway) to establish the ability to
create thin layers (Ni) and measure trapping rates of helium in the presence of
depositing new layers. Tokamak experiments are planned in TEXTOR in 1989. This
experiment will study the ability to pump helium from the plasma using a helium
burial chamber in back of a pumped limiter.
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New materials

New or improved versions of existing materials with reduced sputtering rates
or tolerance to higher edge temperatures (particularly self-sputtering) have been
considered [1-3].

Such materials would significantly improve the design window for establishing
feasible solutions for the divertor of ITER. In particular, reduction of chemical sput-
tering and radiation-induced sublimation (RIS) would reduce carbon erosion and
extend the operating regime to higher carbon temperatures. Also, increases in the
edge temperature where the self-sputtering yield of the material (e.g. W) exceeds one
would improve the possibility of using high-Z, low sputtering materials in the tech-
nology phase.

Doping of carbon (or the use of carbon composites) is expected to reduce
chemical sputtering but the ability to reduce RIS is less clear. The physical sputtering
of all such materials can be expected to be similar to carbon.

The addition of alkali metal alloys to porous tungsten infiltrated with Cu or Al
is a new class of materials with the possible advantages of low physical sputtering
(like W at low edge temperatures) and even reduced high-Z sputtering due to the for-
mation of self-sustaining, thin (1 or 2 monolayers) Li layers, improved thermal con-
ductivity (due to Cu or Al) and good melt-layer stability. Key issues relate to the
required operating temperatures for maintaining the Li layer and the sputtering
properties at this new class of materials.
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Binary alloys based on Cu/Li have been considered as plasma-side materials.
Experiments show that such materials must be pre-conditioned at temperatures above
400° C because the Li layer cannot be maintained permanently under plasma condi-
tions expected at divertor plates (— 100 eV, 10iS cm~2-s~'). There are also issues
related to Li vaporization at operating temperatures above 300°C. Thus the utiliza-
tion of such new materials will depend on the kinetics of forming the Li layer. There
is some indication that the W/Al/Li type material might be able to operate at tempera-
tures lower than that of Cu/Li.

Additional laboratory experiments are required to establish the sputtering and
materials properties of carbon materials modified by doping and new classes of
materials such as W/Al/Li.
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High temperature regime

By operating at relatively high plasma edge temperatures (= 1 keV), one is
beyond the sputtering peak for many materials and in a region of reduced sputtering
erosion rates. The ability to achieve high temperatures would increase the operating
window and design options for ITER's divertor plate.

Assuming materials are selected to avoid self-sputtering (e.g. Be), the key
issue is unipolar arcs. Such arcs are observed in tokamaks and can lead to large
losses of material from limitors and divertors. Material selection and surface clean-
ing methods need to be further developed and tested to reduce arcing. Such methods
must be tested in plasmas with high edge temperatures [1].
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Electrical biasing

"Electrical biasing" is the application of a voltage between plasma facing
components. In one embodiment of this concept, the inboard wall and inboard diver-
tor plates would be electrically isolated from the outboard wall and divertor plates.
A voltage applied between the inboard and outboard portions of the chamber would
modify the particle flows in the plasma edge and reduce the critical parameters
(sheath potential, energy deposition, or ion flux) at the inboard or outboard divertor
plates, depending on the parameter. Poloidally asymmetric particle flows, which can
produce significant differences in the sheath potential, etc., between the inboard and
outboard divertor plates and the upper and lower divertor plates is a related topic.

Despite general agreement that asymmetric flow is important, the modeling
capability for design is modest. Few biasing experiments aimed at modifving the
plasma flow have been performed. Experimental results reported by Taylor et al.
(UCLA), and Shimada, et al. (PBX), show control, i.e. reduction, of impurities
generated by sputtering. Circumstantial physical evidence, such as hardware
damage, is consistent with the interpretation of poloidal flow asymmetry. Recent
investigation of this problem indicates that detailed information on plasma edge con-
ditions is necessary to design useful experiments and to interpret the results.

Definitive data on biasing techniques are needed, specifically, experiments in
tokamaks and complementary data from plasma devices such as PISCES. Informa-
tion of interest includes simultaneous data from poloidally distributed probe arrays
at more than one toroidal location, measurements of the electric fields and the
particle flows in the presheath (scrape-off) region of the plasma edge, and the plasma
impurity level and measurements of local electrical currents along the surfaces of (or
between segments of) plasma-facing components that would indicate gradations in
electrical potential along these surfaces.

Limited research on the magnitude of these biasing effects and on the applica-
bility of plasma edge flow modification is being included in the ITER R&D plan.
The development of modeling capability to incorporate the important features of par-
ticle transport at the plasma edge remains a critical need to investigate this concept.

Radiative edge

In present experiments, much of the heating power is iadiated from the plasma
to the first wall directly rather than being transported to the plasma facing compo-
nents such as divertor plates and limiters as charged particles. For ITER conditions,
this radiation would be due partially to bremsstrahlung and partially 10 impurities.
The concept is to increase the portion of the heating power that would be radiated
to the first wall. This could be accomplished by increasing the impurity content in
the outer portion of the plasma while keeping the impurity content in the central
plasma, or at least the central radiative losses, small.
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Since the surface area of the first wall is large compared to the area of the
divertor plate that can be used to receive the plasma heat flux, radiation losses offer
a way to reduce the peak heat loads on the divertor plate. In addition, energy radiated
to the first wall does not cause sputtering whereas heat lost to the divertor plate via
charged particles can cause sputtering. Finally, lowering the power density on the
divertor plate decreases the plasma temperature at the divertor plate, thereby enhanc-
ing the chances of obtaining a low plasma temperature due to intense localized
recycling which would allow the use of a divertor plate material with a sputtering
threshold above the sheath potential Even radiating 40 to 50% of the Seating power
would substantially ease the power and particle exhaust problems for ITER.

The critical issues are:

(1) Thermal stability of the radiating edge layer and stable plasma operation with
a radiating edge layer,

(2) Obtaining a sufficiently high impurity density in the plasma edge without
adversely affecting the central plasma

(3) Obtaining a sufficiently small radiating edge layer that the volume required for
radiating the needed power is not excessive, and

(4) Scaling of the radiative losses for high levels of heating power.

From "detached" plasma experiments on DITE, TFTR, and other operating toka-
maks, it appears that stable radiating layers can exist, at least for low heating powers.
The existence of such "detached" plasmas and their stability at the very high powers
required for ITER needs to be established. The requirements for various impurity
species need to be established for the necessary impurity distribution and concentra-
tion for a substantial portion of the plasma heating power to be radiated.

Stochastic edge

Stochastization of the magnetic field structure around the separatrix by external
helical magnetic fields may widen the power scrape-off layer and thus increase the
width of the power deposition profile on the divertor target and, possibly, reduce the
plasma temperature in front of the target [1-3]. The efficiency of the scheme depends
on whether the area of the power-carrying flux tubes can be effectively enlarged by
cross-field power transport and whether the stochastization by the external field is
sufficiently stronger than that due to magnetic fluctuations in the plasma.

The concept has been mainly studied theoretically; a few experiments have also
been done, especially on TEXT. Significant stochastization can be obtained by heli-
cal currents of the order of 1 % of the plasma current provided that these currents
are close to the plasma edge and surround the plasma completely; if the currents are
more distant from the plasma and/or localized in the toroidal and poloidal direction,
correspondingly higher currents are needed. The impact of stochastization on plasma
transport at the edge and the edge plasma parameters is, however, not sufficiently
understood at present.
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The potential of the scheme to imp/ove the divertor operation conditions must
be demonstrated. In addition, it must be clarified whether edge stochastization (i) has
an impact on global plasma confinement (reaching the H-mode may be more
difficult, but conversely stochastization might also provide a way for active control
of confinement), (ii) may increase the probability of occurrence of disruptions, and
(iii) may enhance the loss rate of fusion a-particles. Experimental and theoretical
studies are needed to provide an adequate data base.

REFERENCES

[1] USSR contributions to INTOR, Phase IIA Part 3, 1987.
(2] KARGER, F., private communication.
[3] FENEBERG, W., Proc. 8th Eur. Conf. on Control Fusion and Plasma Physics, Prague,

1977, Vol.1, p.4.

Reduce sputtering by reducing the sheath potential

The energy of the ions at the divertor plates is approximately

E; ~ 2 Tj + 3.5 Te

where the term 3.5 Te represents the sheath potential. Ei could be reduced by 60%
if the sheath potential was eliminated (or more if the sheath potential was( reserved).
Reducing E, will reduce the sputtering yield. Basically, this would transfer some of
the power flow to the divertor from the ion to the electron channel.

Taylor and Oren [Phys. Rev. Lett. 42 (1987) 446] have demonstrated that the
influx of metallic impurities can be reduced by reducing the sheath potential. Experi-
ments on DITE and ASDEX [Plasma Physics and Controlled Thermonuclear Fusion
Research 1986, IAEA, Vienna (1987)] have shown that the peak sheath potential at
the divertor plate is typically lower than the expected value of 3.5 Te, apparently
due to a non-ambipolarity of total plasma flow into the divertor target. The sheath
potential could be also be reduced if the divertor plate material would emit electrons
(e.g., tungsten at ~2700°C).

Problems include the fact that tungsten recrystallizes at 1500°C, leaving it brit-
tle when cooled. Also the sheath may be thermally unstable. Electron emission may
be suppressed by oblique magnetic fields.

Further studies, both theroretical and experimental, are needed for better
characterization of observed non-ambipolarity of local plasma flow. The feasibility
of increasing the electron emission from the divertor plate, and its impact on the
sheath potential should also be assessed.
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Alternative divertor targets (liquid metals and solid balls) are described in
Appendix X.4, but none of them is, at present, well enough developed to be seriously
considered for inclusion in the ITER design. However, further analysis and experi-
ments may demonstrate that one of them has the potential to either solve the power
and particle exhaust, or at least, reduce the severity of the problem so that the diver-
tor will be a feasible solution to the problem.

X.2.1.6. Summary

As described above, the present models for the plasma edge indicate that the
erosion rates for the divertor will be too large for a reasonable lifetime for the diver-
tor plate. The models have many uncertainties and predictions for the plasma edge
parameters to be expected in ITER can only be taken as indicating that a severe
potential problem exists with erosion, especially with operational scenarios
optimized for non-inductive current drive. The predictions cannot be taken as defini-
tive proof that the divertor will not work in the sense of solving the erosion problem.
Therefore increasing the reliability of the predictions of the models by increasing our
understanding of edge plasma physics through better and more extensive measure-
ments of divertor performance on present experiments such as JET and DIII-D and
improvements of the physics in the models is essential. Increased confidence in the
models would also allow optimization of the operating parameters for the divertor.

In addition, there are serious engineering issues that need attention including
better understanding of material pei formance issues with graphite, identification of
optimal carbon-carbon composites, performance of the materials in operating toka-
maks, etc. Another issue is the uncertainty in the pumping speed required for ade-
quate helium exhaust. The upper range of the present estimated requirements is near
106 liters/second.

Disruptions also pose a serious problem for erosion and peak heat loads, and
are an important consideration in the design of the power and particle exhaust
system.

The present operational plans for ITER for the Technology Phase optimize the
plasma performance from the point of view of current drive and steady state. Opera-
tional plans need to be developed which also take into account the divertor heat load
and erosion problems as well.

Finally, alternative solutions to the erosion and heat load problems need to be
explored. Although none of these schemes is presently very realistic, further work
may show that one of them could be useful either for reducing the severity of the
power and particle exhaust problem, so that the divertor would be improved or for
solving the problem entirely. ••;.

While the power and particle problem for ITER is severe and very challenging, t
the problem for reactor scale experiments with substantially increased power loads
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is much greater, so that solving the problem for ITER is a necessary step down the
path toward a tokamak reactor.

X.3. SEPARATRIX SWEEPING

X.3.1. Introduction

The heat flux to the divertor is currently perceived to be the most limiting con-
straint on the neutron wall load for ITER. Recent attention has focused on methods
tc extend the capability of the divertor to withstand higher heat fluxes. Magnetically
sweeping the separatrix along the divertor plate is under consideration as one of these
methods.

The purpose for undertaking the study documented here was to estimate the
requirements for the separatrix sweeping so that an evaluation of the feasibility of
using this method from the viewpoint of the poloidal field system performance could
be carried out. In addition, the-se initial studies were performed to establish the per-
missible peak heat flux on the divertor plate.

X.3.2. Analysis assumptions and methods

The heat flux profile in the longitudinal direction of the outer divertor plate was
assumed as shown in Fig. X-2 for a peak heat flux of 10 MW/m2. For higher peak
heat fluxes, the same profile was assumed. Heat fluxes to each position on the diver-
tor plate were assumed to be proportional to the peak heat flux (i.e. total heat load
to the divertor plate is proportional to the peak heat flux).

A duplex structure of the divertor plate was assumed to be constructed of
armor material bonded to a heat sink. The thermomechanical characteristics of the
diverior plate will depend on design specifications such as armor and heat sink
materials and geometry. In this early stage of the study, three cases were mainly
studied including some diferences in these specifications, i.e. A)graphite(H-451)/
Cu-Be(C17510) of 10 mm/3.5 mm thickness, B)graphite(H-451)/Mo-alloy(TZM) of
5 mm/3.5 mm thickness and C)CFC/Cu of 10 mm/4 mm thickness for armor and
heat sink materials. Case C uses an advanced CFC with high thermal conductivity
(about twice as high as that of graphite), such as CX-2002U, as the armor material.

For case A and C, one-dimensional calculations have been performed to study
their thermomechanical characteristics. On the other hand two-dimensional calcula-
tions have been carried out for case B. The thickness of the heat sink material for
case B indicated above (3.5 mm) means its minimum thickness between bonding and
cooled surfaces.

For case A, the effect of graphite erosion due to sublimation (not due to sput-
tering) was included.
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FIG. X-2. Heat flux profile and concept ofseparatrix sweeping on divertor plate.

X.3.3. Analysis results

X. 3.3.1. Maximum armor temperature

One of the typical responses of temperatures and stresses at the sweeping
center is shown in Fig. X-3. Based on the effect of a longer tail to one side of the
peak heat flux, there are two peaks of temperatures and stresses in one period of
sweeping.

The maximum peak armor temperatures are indicated in Fig. X-4 for a range
of sweeping frequency from 0 Hz (static) to 0.5 Hz and as a function of sweeping
amplitude along the inclined divertor plate. Significant reductions of the peak
temperature are possible for frequencies greater than 0.1 Hz. Especially at frequen-
cies greater than about 0.2 Hz, the peak armor temperature is reduced by about a
factor of two.
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The effect of sweeping amplitude on the reduction of maximum armor temper-
ature is shown in FIG. X-5. For sweeping amplitudes greater than ±20 cm, a signifi-
cant reduction of the peak armor temperature, such as a factor of about two for a
sweeping frequency greater than 0.2 Hz, is also obtained.

During the sweeping, each position along the divertor plate experiences peri-
odic heat flux variations with different time evolutions, depending on its location and
on the wave shape of the sweeping. These effects are described in Fig. X-6. The
sinusoidal wave has unfavorable implications from the thermomechanical point of
view. As expected on the basis of the longer loading time at the sweeping edge and
the shorter time at the sweeping center, the temperature and thus the stresses and
stress ranges are higher at the edge and lower at the center locations as compared
to the triangular wave shape. However, further discussion is required to determine
the most effective wave shape for the sweeping taking into consideration the practica-
bility of the poloidal field system performance.

Since a significant reduction of the maximum armor temperature is possible by
separatrix sweeping with a frequency greater than 0.1-0.2 Hz and amplitude greater
than ±20 cm, an increase of the peak heat flux to the divertor plate is allowed.
Figure X-7 shows the maximum armor temperature as a function of the peak heat
flux for the sweeping conditions of 0.1-0.2 Hz and ±20 cm-±30 cm and for static
loading of the peak heat flux. Although there are some differences based on design
specifications, computation methods and assumptions, a first assessment for the per-
missible peak heat flux from the viewpoint of the armor (graphite/CFC) temperature
limit can be obtained from this figure. For example, with the armor temperature limit
of about 1400°C at which the radiation-induced sublimation and chemical sputtering
yield of graphite are expected to be almost the same, 12-16 MW/m2 of peak heat
flux for graphite armor (and higher heat flux for CFC armor) will be permissible
from the standpoint of the surface temperature limit. The limit of the graphite surface
temperature should be decided after more precise considerations of impurity influx
to plasma, fuel dilution and so forth.

X.3.3.2. Maximum temperature of cooled surface

For high heat flux components, avoidance of burn-out at the cooled surface is
important. The film temperature drop at the cooled surface gives a measure of the
heat removal performance of the coolant. The maximum film temperature drops with
separatrix sweeping are shown in Fig. X-8 for the peak heat flux ranging from
0 to 20 MW/m2. Since the saturation temperature of the water coolant at 1 MPa
is 180°C, 100-130°C of the film temperature drop is allowed to avoid burn-out
for coolant temperatures of 50-80°C. From this consideration, peak heat fluxes
of 10-15 MW/m2 will be permissible for a sweeping frequency of 0.2 Hz
and amplitude of ±20-±30 cm. This assumes a heat transfer coefficient of
5 x 104 W-m2-K, which is almost the maximum value for ordinary coolant
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channels without heat transfer enhancing methods. By enhancing the heat transfer
performance by the insertion of swirl tapes or the insertion of fins/ribs into the
coolant channel, a higher peak heat flux will be removed.

X.3.3.3. Maximum stress and allowable number of cycles

The response of stresses has two peaks during one period of the sweeping as
already indicated in Fig. X-3. Based on this stress response, three stress variations
described in Fig. X-3 contribute to the fatigue damage of the structure. The stress
variation a1 is due to the main pulse operation of plasma burn and dwell. Adding to
this main stress variation, stress variations <rn and am are caused due to the sweep-
ing. A typical example of stress ranges of these variations in the heat sink material
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is shown in Fig. X-9 for case B in which the armor/heat sink consists of
graphite/TZM. All stress ranges are significantly reduced by increasing the sweeping
frequency and also by increasing the sweeping amplitude. For example, a1 is
reduced by a factor of about two as compared to that with static loading of the same
peak heat flux. Despite the larger number of cycles, the fatigue damage contributions
due to the additional stress variations att and a1" are practically negligible for a
sweeping frequency greater than 0.1 Hz.

Therefore the most damage is caused by the main stress range which has the
same value as the maximum stress during the burn time because the minimum stress
is expected to be 0 MPa during the dwell time. The maximum stresses are shown
in Fig. X-10 for peak heat fluxes ranging from 0 to 20 MW/m2. The maximum
stresses are almost proportional to the heat flux as expected from the assumptions
described above. Allowable number of burn cycles (shots) according to the maxi-
mum stress in the heat sink materials is indicated in Fig. X- l l based on assumed
fatigue curves for the materials. Since 104 shots of plasma burn are considered
during the Physics Phase, peak heat fluxes up to 12-16 MW/m2 will be tolerable
from the viewpoint of fatigue of the heat sink structure even if the divertor plate is
not replaced during the Physics Phase. Since the divertor plate will have to be
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replaced because of the erosion (physical/chemical sputtering, radiation-induced
sublimation and disruption) during the Physics Phase, higher peak heat loads will be
permissible. For example, up to 18 MW/m2 or maybe greater than 20 MW/m2

depending on the design specifications (materials and geometry) will be allowed
assuming four divertor plate replacements during the Physics Phase.

These calculations of the effects of fatigue are only indicative estimates
because they are based on simple one-dimensional calculations (for case A) and on
assumed design fatigue curves to which the fatigue life has a strong sensitivity (espe-
cially for case B). Further studies are also required for the mechanical integrity of
the armor material and the bonding joint between the armor and the heat sink under
cyclic operation. Since the mechanical integrity of the bonding joint will be a life
limiting factor of this duplex structure, careful studies including experiments are
especially required.

X.3.4. Concluding remarks

Sweeping the separatrix along the divertor plate has a significant effect on the
reduction of the temperatures and stresses in the armor and the heat sink structures.
Based on the results of this study, it can be concluded as a first estimate that sweeping
with a frequency of 0.1-0.2 Hz and an amplitude of ±20 cm-±30 cm will allow
the peak heat flux to be raised up to 12-16 MW/m2 while maintaining the peak
armor temperature below 1400°C and without encountering thermal fatigue difficul-
ties of the heat sink structure.

Further studies which examine the detailed thermomechanical behavior (of the
armor, the heat sink and the bonding joint between the armor and the heat sink) for
specific design configurations and selected materials are required to confirm these
results and to establish the heat flux limitations.

X.4. NEUTRONIC SHIELDING CALCULATIONS

The main objective of the ITER shield design is to provide adequate radiation
protection for magnet materials in the TF superconducting coils. The inboard shield
thickness influences strongly the parameters of the machine. An important secondary
objective is to modify the shield design to breed as much tritium as possible without
compromising magnet protection and design simplicity.

Different magnet components are susceptible to radiation damage (the Nb3Sn
superconductor filements, Cu-stabilizer, and epoxy or polyimide electrical insula-
tor). In addition to the damage effects, the radiation deposits its energy in the magnet
and raises the winding temperature, resulting in a higher cryogenic load and cost.
Preliminary neutronics calculations for the inboard shield indicated that satisfying
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the heat load limits is the design driver, particularly in the physics phase. The limit
on the fast neutron fluence (E > 0.1 MeV) to the NbjSn superconductor is taken
as 2.5 x 10l8 n/cm2, the end-of-life insulator dose is taken as 2 x 109 rad, and the
neutron-induced damage in the Cu-stabilizers is limited to 6 X 10'3 dpa, so that the
total resistivity of Cu does not exceed 3 nOm at any time during reactor operation.
The upper limit includes the total safety factor of 2-3 in materials dose calculations
to account for both data and modelling uncertainties (in nuclear data of =30% for
SS and * 50-100% for W, in geomtry modelling = 20%, transport codes errors (ID
and 3D) =5-10%, in plasma source distribution 20%). Neutron streaming and
material heterogenieties add to the uncertainties. A local peaking factor of 2-3 could
be assumed until more precise designs and calculations of the ITER shield are
available.

The fluence goal for the ITER is to achieve «1 -3 MW-a/m2. Tungsten and
different iron-based materials were considered for the inboard shield at that fluence
level. The candidate iron-based materials included 316 SS, boron steel (B-SS), and
iron boride (FeB). (The last one is a new material). W yields the maximal shielding
efficiency, then followed by the FeB shield, the B-SS shield and the 316 shield.
Although W provides excellent protection for the TF magnet, W has a higher specific
decay heat than steel and that makes the inboard shield more vulnerable to overheat-
ing under LOCA/LOFA accident conditions. In order to meet the design limits
without increasing the size of the machine, W could be replaced by steel in the front
layers of the shield, where the neutron flux is high. The B-SS and FeB shield options
are not considered further for ITER because of a limited data base. It is interesting
that a comparison of direct cost shows approximate equal values for tungsten and the
stainless stee) inboard option.

Nuclear heating is mainly a trade-off issue between magnet refrigeration power
and shield thickness. The limit of nuclear heating rate in the superconductor is about
1 mW/cc. The highest radiation damage and heating rate in the inner legs of the TF
coils occurs at the midplane of the reactor where the neutron wall loading peaks at
a value of = 1.5 MW/m2. Several estimates indicate relatively simple, but useful
poloidal distributions of the nuclear heating in the TF coils. About 70% of the heat
is deposited in the straight inner legs, and the other 30% of the total heating else-
where in the 16 TF magnet coils. The total nuclear heating in the 16 TF coils is below
the design limit of 50 kW.

Another important item is the possibility to produce tritium in the inboard part
of the machine. As was estimated with the outboard coverage of 60%, a net TBR
of nearly unity can be achieved for the local TBR of * 1.6. The net TBR can be pos-
sibly improved (9-28%) by placing neutron multipliers (e.g. Be, Pb) or breeding
materials in the inboard region. The breeding shield (or shielding blanket) represents
a transitional step between the pure nuclear shields in the physics phase and the
tritium breeding blanket in the technology phase. Additional tritium production can
be achieved by using lithium salt solutions as a coolant, and by combining neutron
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multipliers and thin blankets with the inboard shield. For example, a shielding
blanket of the NET-type can be readily converted into a tritium-generating driver
blanket by adding a suitable lithium salt to the cooling water. In this case the local
TBR of 0.3 is obtainable without degradation of the shielding parameters. For the
Pb-Li option of = 2 0 cm thickness (to reach an inboard local TBR = 1.3 and to pro-
vide equal shielding in comparison with a pure shield), an increase of 5-7 cm is
required in the total blanket/shield thickness. Calculations showed that several
centimeters of Be behind the first wall of the inboard shield could enhance the tritium
breeding capability of the outboard blanket. The significant enhancement in the TBR
can be achieved with a 5 cm thick Be layer without exceeding the fluence limit for
the magnet. Hence, the choice between the different options should be based on the
effect on the TBR.

Based on preliminary judgements and on reliability considerations, stainless
steel and water were recommended to be used for shielding. The inboard shield
thickness of about 80-85 cm space includes 70 cm of bulk SS/H2O shielding
materials and some allowances for gaps and tritium breeding in the inboard region.
Preliminary neutronics studies have shown that shielding efficiency of SS/H2O
combinations increases to some extent with decreasing water fraction. For thermo-
hydraulic reasons a minimum amount of water is about «25%.

The permanent radiation shield, integrated with the vacuum vessel, and
inboard blanket or shield will result in an insulator dose of about 2 x 109 rad for
the first wall neutron fluence of 3 MW-a/m2 and total nuclear heating in the
magnets of * 1 0 - 2 0 kW. Because of uncertainties in the plasma physics of ITER,
the blanket/shield geometry must allow operation with an extended plasma size in
the physics phase. Consequently during the physics phase the inboard shield can be
replaced by a thinner one permitting an additional space in comparison with the tech-
nology phase of 6 up to IS cm for flexible plasma operation (depending on the
assumed dose to the magnet insulator of 5 X 108 to 10 l 0 rad). Then a total nuclear
heating in the TF coils becomes the principal limit in the physics phase. During the
physics phase the total nuclear heating in the magnet may increase up to 50 kW.

The geometry of the shield is driven mainly by the shielding requirments of
the superconducting toroidal field coils and the basic machine parameters.But the
thickness of the inboard shield must be minimized also to reduce machine size and
cost. The effect of the inboard shielding material and thickness on the plasma
parameters, overall size and cost of ITER was assessed. (US). For each centimeter
increment in the inboard shield over the range 50-75 cm the major radius changes
by * 1.5 cm, and the direct cost increase by $5-4 M in the W and SS shields,
respectively.

The outboard shield is quite different from the inboard shield because of the
greater available space, sufficient to decrease magnet radiation effects by 3 orders
of magnitude below the radiation limits. The dose level is set not by the magnets; but
for hands-on maintenance which is usually taken to be » 2 . 5 mr/hr. To achieve this
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dose level 24 hours after shutdown requires a shield thickness of about ~ 130 cm.
If one has only sufficient shielding to protect the TF magnet on the outboard (mini-
mum thickness of about 70 cm), then the dose level just outside the TF coil at the
PF coil would be about 104 higher (assuming an order of magnitude attenuation for
every 15 cm of shielding and a difference between 130 cm and 70 cm) or 20 r/hr.
After one year, the dose would drop about an order of magnitude to about 2 r/hr
which is much too high for hands-on maintenance. One would have to wait on the
order of 100 years for the dose to reach = 2 mr/hr. To have hands-on maintenance
soon after shutdown the required thickness of shielding is - 1 3 0 cm and « 1 5 0 cm
with an outboard blanket. One could add Pb at the back of the shield to reduce the
dose from the shield, but this would not reduce the dose from surrounding compo-
nents, such as TF and PF coils. From a safety standpoint, the use of borated
materials in the shield also should be minimized to keep the tritium inventory as low
as possible.
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