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P-H Rebut
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1. INTRODUCTION

Two approaches towards controlled thermonuclear fusion are being pursued at present - one
based on inertial confinement and the other on magnetic confinement. A major step in the world
programme would be the construction of the core of a firstreactor. We are ready to take that step
with the most advanced concept for magnetic confinement, namely the toroidal tokamak
configuration. The tokamak originated in the USSR and JET is now the largest machine in
operation.

The reactor will exploit the D-T reaction:
D +T —“He +n + 17.6MeV

The triple product of the temperature (T)), density (n,) and energy confinement time () must
exceed the value (n,.1,.T)) of 5x10*'mskeV, typically with:

Central ion temperature, T, 10-20keV
Central ion density, n, 2.5x10m™?
Global energy confinement time, g 1-2s

During the early 1970’s, it was clear that the achievement of near-reactor conditions required
much larger experiments, which were likely to be beyond the resources of any individual
country. In 1973, it was decided in Europe that a large device, the Joint European Torus (JET),
should be built as a joint venture. The formal organization of the Project - the JET Joint
Undertaking - was set up near Abingdon, UK, in 1978. The Project Team is drawn from Euratom
and the fourteen member nations - the twelve EC countries, together with Switzerland and
Sweden. By mid-1983, the construction of JET, its power supplies and buildings were completed
on schedule and to budget and the research programme started.

JET is the largest project in the coordinated programme of EURATOM, whose fusion
programmie is designed to lead ultimately to the construction of an energy producing reactor. Its
strategy is based on the sequential construction of major apparatus such as JET, the Next
European Torus (NET), and DEMO (a demonstration reactor, which should be a full ignition,
high power device), supported by medium sized specialized tokamaks. -

The objective of JET is to obtain and study a plasma in conditions and dimensions
approaching those needed in a thermonuclear reactor [1,2]. This involves four main areas:

(1) to study various methods of heating plasmas to the thermonuclear regime;



(i) to study the scaling of plasma behaviour as parameters approach the reactor
range;

(iii) to study the interaction of plasma with the vessel walls and how to continuously
fuel and exhaust the plasma;

(iv) to study the production of alpha-particles generated in the fusion of deuterium
and tritium atoms and the consequent heating of plasma by these alpha-particles.
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Fig. 1: The JET tokamak

To date, JET (see Fig.1) has successfully achieved and contained plasmas of thermonuclear
grade, and has reached near breakeven conditions in single discharges. These results have also
allowed a clearer picture of energy and particle transport to emerge, resulting in the development
of the critical electron temperature gradient model, which describes and predicts the behaviour
of plasmas.

Furthermore, a moderate extrapolation of latest results and considerations of model predic-
tions, taken together with the constraints of present technology, allow the size and performance
of a thermonuclear reactor to be largely defined. Most critical for a reactor is the control of
impurities and the exhaust of helium ash at high power. To consolidate the model and provide



further information on density and impurity control, a New Phase is planned for JET with an
axisymmetric pumped divertor configuration to operate with a stationary plasma (10-60s) of
thermonuclear grade. A Next Step device must bridge the gap from present knowledge to that
required to construct a first reactor.

This paper starts in Section 2 by setting out the basic elements of the tokamak configuration
as a containment system, and describes the JET tokamak as a specific example. Sections 3 and
4 of the paper set out the main results achieved in JET. In Section 5, the critical electron
temperature gradient model of plasma transport is formulated and applied to JET and a first
reactor. In Section 6, the outstanding issues relevant to a reactor are discussed and , in particular,
the question of impurity control and the New Phase of JET. In Section 7, a next stepprogramme
towards a fusion reactor is defined.

2. THE TOKAMAK AS A MAGNETIC CONTAINMENT SYSTEM
2.1 Basic Tokamak Configuration

The tokamak is the most advanced concept for containing magnetically a hot dense plasma
- [3].-A toroidal, axisymmretric plasma is confined by the combination of a large toroidal magnetic

- field, a smaller poloidal magnetic field (created by a toroidal current through the plasma) and the
- superposition of magnetic fields created by toroidal coils external to the plasma. . The position™
and shape of the plasma cross-section is determined by the magnetic fields generated by these
external coils.

-The current circulating in the tokamak heats the plasma resistively. This Ohmic heating
regime is limited to temperatures below ignition by the decrease in resistivity with increasing
‘temperature, except, possibly, at the very highest densities and magnetic fields foreseen today.
Auxiliary heating is required to reach higher temperatures. This can be in the form of the
injection of beams of high energy neutral particles (NB); electromagnetic waves in different
frequency ranges such asion cyclotron resonance heating (ICRH), lower hybrid heating (LHH),
etc. In anignited D-T plasma, collisional heating due to the thermalization of energetic alpha-
particles will be dominant.

The effectiveness of the heating in achieving the desired temperatures is determined largely
by the thermal insulation of the plasma and is measured by the global energy confinement time,
Te. Unfortunately, energy confinement is worse than would be expected on the basis of kinetic
theory with binary collisions between particles (the so-called neo-classical theory) and a
theoretical model for the anomalously poor insulation is needed. Empirical scaling laws for the
energy confinement time have been derived on the basis of statistical fits to experimental data.
The scalings which characterize discharges with additional heating (the low confinement or L-
regime) are quite different from, and more pessimistic than, those for Ohmic heating alone.
However, the expectations of L-regime scalings have been exceeded by up to a factor of about
three in some regimes of plasma operation, the most notable of which is the H-regime (or high
confinement regime).

The plasma density can be increased by: the injection of cold gas, high energy neutral particles
and frozen solid pellets. Since the central plasma apparently shows better confinement than the
overall plasma, central fuelling is highly desirable.

The environment of the plasma and the system chosen to define the plasma edge and to



exhaust particles and energy is also important. The first-wall that the plasma encounters can be
a copious source of impurities to cool and poison the hot plasma. Therefore a careful choice must
be made of the material used, as this determines the extent of this impurity problem. One option
is a material limiter, in which a solid structure is introduced to define the plasma boundary (see
Fig.2). Analternative is a poloidal magnetic divertor (X-point magnetic configuration), in which
the plasma boundary is defined by the transition between closed, nested magnetic surfaces and
the open magnetic field lines, which eventually intersect target plates away from the main
plasma. A divertor can be considered as a limiter, remote from the plasma.
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Fig. 2: The material limiter and the magnetic divertor (X-point) configurations

Table I: JET Parameters

Parameter Design Values Achieved Values
Plasma Major Radius (Rop) 2.96m 25-34m
Plasma Minor Radius (Hor)(a) 1.25m 0.8-1.2m
Plasma Minor Radius (Vert)(b) 2.1m 0.8-2.1m
Toroidal Field at Ry 345T 345T
Plasma Current 48MA 7.0MA
Neutral Beam Power 20MW 2IMW
ICRF Heating Power 15SMW 2IMW

2.2 The JET Tokamak

JET is a high current, high power tokamak with a low-Z first wall and elongated plasma [4,5],
whose overall view is shown in Fig.1. Itis now in the second half of its original experimental



programme. The technical design specifications of JET have been achieved in all parameters and
exceeded in several cases (see Table I). Furthermore, JET operates with the configuration foreseen
for a Next Step tokamak. The plasma current of 7MA in the limiter configuration [6] and the current
duration of up to 30s at 3MA are world records and are over twice the values achieved in any other
fusion experiment. 5.1MA and 4.5MA are also the highest currents achieved in the single-null and
double-null magnetic divertor configurations, respectively [7]. Neutral beaminjection (NBI) heating
has been brought up to full power (~21MW) and ion cyclotron resonance heating (ICRH) power has
also been increased to ~21MW in the plasma. In combination, these systems have delivered 36MW
to the plasma. The overall fusion triple product as a function of central ion temperature is shown in
Fig. 3 for JET and a number of other tokamaks.
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Fig. 3: Overall performance of the fusion product (n,t.T ) as a function of central ion
temperature (T), for a number of tokamaks
JET can operate with a magnetic limiter configuration (X-point configuration) and the regime
of higher energy confinement (H-mode) has been observed in this configuration. The energy
confinement time is then about twice the normal (L-mode) values. In both regimes, confinement
. degradation occurs in that the plasma thermal energy does not increase in proportion to the
heating power. Therefore, considerably more power is needed to increase the plasma tempera-



ture and energy. In these experiments, impurities in the plasma at high power levels became a
problem to further enhancing plasma parameters.

3. JET PERFORMANCE RELEVANT TO A DEMO

3.1 Use of Beryllium in JET

Recently, impurities and density control have been the main obstacles to the improvement of
JET performance. Carbon first-wall components had been developed so that they were
mechanically able to withstand the power loads encountered. However, the interaction of the
plasma with these components, even under quiescent conditions, caused unacceptable dilution
of the plasma fuel. In addition, imperfections in the positioning of the components led to
localised heating at high power, and the following problems occurred:

 the production of impurities increased with the input power to the plasma;

 at high power, the heat load on the tiles caused a plasma evolution which exhibited a
catastrophic behaviour - the so-called “carbon catastrophe”. Increased plasma dilution,
increased power radiated, reduced neutral beam penetration and a threefold fall of fusion
yield resulted from the carbon influx;

» for lower input power with long duration, problems were also encountered. Without fuel-
ling, deuterium was pumped by the carbon and replaced by impurities, resulting in severe
dilution of the plasma.

The situation has been redressed by the progressive introduction of beryllium “first-wall”.
components since 1989 [8]. First, beryllium was evaporated as a thin layer on the carbon
walls and limiters; then, as the material for the limiter tiles; and finally, as the material for
the lower X-point target tiles and the open screens of the ICRH antennae.
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Fig. 4: The dilution factor, n,/n,, as a function of input power per particle, P/<n >



With a carbon first-wall, the main impurities were carbon (2-10%) and oxygen (1-2%). With
beryllium evaporated inside the vessel, oxygen was reduced by factors >20, and carbon by >2.
Although beryllium increased, carbon remained the dominant impurity for this phase. With
beryllium limiters, the carbon concentration was reduced by a further factor of 10, but beryllium
levels increased by ~10, and became the dominant impurity. Due to the virtual elimination of
oxygen and replacement of carbon by beryllium, impurity influxes were reduced significantly,
in line with model calculations [9] which take account of impurity self-sputtering. In addition,
nickel was eliminated from the plasma when the nickel screens for the ICRH antennas were
replaced by beryllium.

During 1989, plasma dilution and the effective plasma charge, Z ¢, were reduced significantly
in ohmic plasmas and with strong additional heating. Fig. 4 shows the dilution factor, np/ne, as
a function of input power per particle, P/<n,>. With moderate power, it was not possible to
maintain np/n, much above 0.6 with carbon, but values greater than 0.8 were routinely achieved
with beryllium. Furthermore, high power operation was possible only with beryllium.

Impurity radiation was also reduced and operation with beryllium gettering allowed im-
proved density control (due to high wall pumping of both deuterium and helium). On the longer
timescale (minutes to hours), very little deuterium was retained compared with a carbon first-
wall; >80% of the neutral gas admitted to JET is recovered, compared with ~50% with a carbon
first-wall. This has important advantages for the tritium phase of JET operation.

3.2 Fusion Performance

Improved plasma purity was achieved in JET using beryllium as a first-wall material, by
sweeping the X-point and by using strong gas-puffing in the divertorregion. Thisresultedin high
ion temperatures (the hot-ion mode with T; in the range 20-30keV) and improved plasma
performance, with the fusion triple product (np.Tg.T) increasing significantly. Such improved
fusion performance could otherwise have been achieved only with a substantial increase in
energy confinement.

In the hot-ion H-mode regime, the central ion temperature reached 22keV, the energy
confinement time, Tg, was 1.1s, with a record fusion triple product (np.T¢.T;) of 9x102°m™3ske V.
The neutron yield for this discharge was also amongst the highest achieved on JET at 3.8x1016
ns"l. A simulation of the pulse, assuming that the experiment had been performed in a D-T
mixture, showed that 12MW of fusion power would have been obtained transiently with 16MW
of NBI power. This would have reached near breakeven conditions and been within a factor of
8 of that required for a reactor. Similar results with ICRH were also obtained at medium
temperatures, with Te~Tj~10keV.

However, the best fusion performance was obtained only transiently (for one confinement
time (~1s)) and could not be sustained in steady state. Ultimately, the influx of impurities caused
a degradation in plasma parameters. In fact, density and impurity control have been the main
obstacles limiting JET performance.

4. QUANTITATIVE UNDERSTANDING OF FUSION PLASMAS

The underlying JET results are presented with particular emphasis on their significance for the
formulation of a model of transient and steady state plasmas that can be used for moderate
extrapolation to a Next Step tokamak.



4.1 Density Limit

The maximum attainable density in a tokamak is often limited by the occurrence of
disruptions (or disruptive instabilities) and a complete loss of thermal insulation. With a
beryllium first-wall, the maximum operating density increased significantly by a factor 1.6 - 2
compared with a carbon first-wall. Furthermore, the nature of the density limit changed and the
frequency of disruptions at the density limit was much reduced. Disruptions did not usually
occur, and the limit was associated rather with the formation of a poloidally asymmetric, but
toroidally symmetric structure (a “MARFE”), in which radiation and atomic processes are
dominant and which limit the operating domain for plasma density.

Heating and plasma fuelling were varied systematically, using both gas and pellet fuelling.
With deep pellet fuelling and either NBI or ICRH, peaked profiles were obtained (Fig. 5). Just
before a density limit MARFE occurred, pellet fuelled discharges reached the same edge density
as gas fuelled discharges, but the central densities were considerably higher. The central density
depends, therefore, on the fuelling method used. The profiles are similar near the edge, but are
remarkably flat with gas fuelling.

These observations suggest that the edge density may be correlated with the density limit and
is found to increase approximately as the square root of power [10] (see Fig. 6). This endorses
the view that the density limit is determined by a power balance at the plasma edge and the cause.
of disruptions is related to radiation and charge exchange there. Thus, where beryllium is the
only impurity and when the radiation is low, and confined to the outermost edge, density limit
disruptions are not observed.

10
16 GAS |PELL.
%
2.37pP0s L
(a) MARFES| B | X
NBI with pellets
12+ (at fimit) _
P © T
e / ICRF with 3
o /-’ pellets \ bt
2 sl (not at limit) ~ E s 0
& : \ o
$ D[B[D 0
ICRF withgas 7>, \ < : % 0,0 0
(at limit) okt
4 \ " ” 0
\ HE, % 0
) L 5

1 1 e

oz 3 2 . . :

Major Radius (m) 0 20 30

Input power (MW)

Fig. 5: Electron density profiles for different fuelling Fig. 6: The edge electron density (n ) versus input
and heating methods. Profiles (a), (b) and (c) are power (P) showing that the density limit occurs at the
correlated with their proximity to the density limit boundary of the operational domain close to the curve

{see Fig.6) R (X10°m’) = 237 P"*(MW). The profiles in Fig.5
correspond to the three data points (a), (b) and (c).



4.2 Global Energy Confinement

The energy confinement time improves with increasing current and degrades with increasing
heating power, independent of the heating method. With a carbon and beryllium first-wall,
energy confinement times and their dependences are effectively identical: energy confinement
does not appear to be affected by the impurity mix (carbon or beryllium in deuterium plasmas).

In the X-point configuration, high power H-modes (up to 25MW) have been studied. In
comparison with limiter plasmas, confinement is a factor ~2 better, but the dependences with
current and heating power are similar (Fig. 7). These observations are consistent with the same
basic mechanism applying over most of the radius, except perhaps near the very edge.

4.3 Temperature

High ion temperatures have been obtained at the low densities possible with a beryllium first-
wall and with the better penetration afforded by NBI at 140k V. Maximumion temperatures were
achieved of up to 22keV in limiter plasmas and up to 30keV in X-point plasmas (with powers
up to 17MW). In this mode, the ion temperature profile is sharply peaked and the electron
temperature is significantly lower than the ion temperature, by a factor of 2-3. The central ion
temperature (as shown in Fig. 8) increases approximately linearly with power per particle up to
the highest temperatures. Ion thermal losses are anomalous, but ion confinement degrades little
with input power. On the other hand, the central electron temperature shows saturation at’
~12keV, even though with ICRH the central heating power to the electrons appears to be higher
than that to the ions. Electron thermal transportis anomalous and electron confinement degrades
strongly with increased heating power. Thissuggeststhatelectrons are primarily responsible for
confinement degradation. However, this does mean that ion losses are necessarily small.
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4.4 Electron Heat and Density Pulse Propagation

The propagation of temperature and density perturbations following a central temperature
collapse (termed a sawtooth) provide good measurements of energy and particle transport. The
decay of temperature perturbations in a 3MA/3.1T ohmically heated discharge is shown in Fig.9.
This can be modelled with an heat pulse diffusivity, xup~3.2m?s-1, compared with ye~1m2s-1,
obtained from power balance considerations. The results in an L-mode plasma, heated with
9.5MW of ICRH, are also shown in Fig. 9 and indicate that, although %(.~2m2s-1, the same
xHp~3.2m2s°1 can be used in the simulation to fit the data. Within experimental uncertainties,
the same ¥up can be used also for H-regime plasmas and does not depend on heating power.
Simultaneous ‘measurements of the temperature and density perturbations-indicate that- the
particle pulse diffusion coefficient, Dpp~De«)np [11].

4.5 Plasma Pressure

Experiments indicate, and theory supports, the existence of a limit to the plasma pressure
(indicated by the ratio of plasma and magnetic field pressures, the so-called B-value) thatcan be
sustained in a tokamak. JET has explored the plasma behaviour near the expected B-limit in the

‘double-null H-mode configuration, at high density and temperature and low magnetic field (B,
=1T). Bivaluesupto~5.5% were obtained, close to the Troyon limit B(%) =2.81,(MA)/B,(T)a(m),
where 1, is the plasma current and a is the plasma minor radius [10]. In JET, the limit does nat.
appear to be disruptive at present power levels. Rather, a range of MHD instabilities occur,
limiting the maximum B-value without causing a disruption.
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4.6 Alpha-particle Simulations

The behaviour of alpha-particles has been simulated in JET by studying energetic particles such
as IMeV tritons, and 3He and H minority ions accelerated to a few MeV by ICRH [12]. Triton
burn-up studies show that the experimental measurements of the 14MeV neutron rate is in good
agreement with that calculated from the 2.5MeV neutron (and hence the 1MeV triton) source
rate and classical thermalization. The energetic minority ion population with ICRH has up to
50% of the stored energy of the plasma and possesses all the characteristics of alpha-particles
~ inanignited plasma, exceptthatin the JET experiments, the ratio of the perpendicular to parallel
pressure was above three, while in a reactor plasma the distribution will be approximately
isotropic. The mean energy of the minority species was about 1MeV, -and- the relative
concentration of the 3He ions to the electron density was 1-2%, which is comparable to the
~relative concentration of alpha-particles in a reactor (7%). Under conditions with little
magneto-hydrodynamic (MHD) activity, no evidence of non-classical loss or deleterious
behaviour of minority ions was observed, even though the ratio of fast ion slowing down time
to energy confinement time in JET is greater than that expected in a reactor. The prospects for
alpha-particle heating in DEMO should therefore be good. However, experiments do not
- address the possible loss of alpha-particles by the resonant interaction with Alfven modes.

5. A TRANSPORT MODEL
5.1 Formulation of a Plasma Model

Explaining the anomalous transport in tokamaks by the presence of turbulence is widely
accepted. An analogy with turbulence in fluid mechanics can be developed [13]. The
dimensionless Reynolds number, R, can be constructed from the physics quantities entering the
Navier-Stokes equation and turbulence develops when R exceeds a critical value, Re. Ex-
perimental data show that the laws ruling the flow change when the pressure gradient, i.e. the
driving force, is such that R>R¢ (see Fig.10(a)).

Such a change in the energy and particle flows is also observed in a tokamak. Since the
- tokamak is an open thermodynamic system, heat flow could influence its stability. To conform
with thermodynamics, the driving force for the heat transport in steady state should be the
temperature gradient. The equivalent of the Reynolds number in fluid mechanics should be the
ratio, VT/(VT)c - a threshold value above which turbulence develops and the heat transport is
enhanced. This behaviour is illustrated in Fig.10(b). With low power ohmic heating alone the
temperature gradient should limit itself to a value close to, but above, the onset of turbulence.
In the presence of powerful additional heating the confinement properties should be entirely
controlled by the anomalous thermal transport.

It is certainly not unreasonable to assume that magnetic turbulence exists in a magnetic
system[14]. In particular, macroscopic changes in the magnetic topology seems to be
responsible for the total loss of confinement observed during major plasma disruptions. An
attractive hypothesis is that a single basis, namely the magnetic topology, underlies the various
phenomena observed in atokamak, at least where atomic physics does not play arole. Tokamak
physics would then be dominated by tearing and micro-tearing modes [15-20]. The topology
would consist not only of well-nested magnetic surfaces but also of small magnetic islands
surrounded by chaotic field lines connecting radially hot and cold regions [21]. Associated with
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the magnetic topology, there will also be corresponding turbulence in the electric field and

plasma density.
Experimental observations support a model for anomalous transport based on a single
phenomenon and MHD limits. This Critical Electron Temperature Gradient model of

anomalous heat and particle transport features:
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Fig. 10(a) the experimental relationship governing the flow of a liquid through a long
pipe is shown. When the Reynolds number, R, reaches the critical value, R , extra
resistance restricts the flow which increases with the value of R (curvature of the curve
in the turbulent flow regime);

(b) for given temperature, density, magnetic field, etc., the dependence of the
heat flow with electron temperature gradient in the critical temperature gradient model
shows the same behaviour: when VT reaches (VT),,, anomalous transport appears
which increases the heat flow. This anomalous transport also varies non-linearly with
the ratio (VT )(VT ).
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electrons which determine the degree of confinement degradation;

ion anomalous transport with heat diffusivity y; linked to electron heat diffusivity Xe;
anomalous particle diffusivities, D, for ions and electrons, proportional to ;
anomalous inward particle convection for impurities alone.

Specifically, above a critical threshold, (VTe)cr, in the electron temperature gradient, the
transport is anomalous and greater than the underlying neoclassical transport. The electrons are
primarily responsible for the anomalous transport, but ion heat and particle transport are also
anomalous. The general expressions for the anomalous conductive heat fluxes are:

Q. =-nx VI, =-n2.. (V.- (VT),)H(Vq)

Q=-nx VT,
g4 [T
Xi xc ’1 + Z 7:
D,=0.7yx, (a = electrons, ions)

The critical electron temperature gradient model of Rebut et al [13] specifies possible
‘dependences for Yan,e and D and this has been explored further in subsequent work [4,5,22]:

Z.,,.=0.5c2x/—ﬁh_m(l—\/%}/1+z (VT‘+2 JVqB,\/_(

3
(VAT,)_ =0. os\j ’“ B
ugm® q

This model features:

a limitation in the electron temperature;

electron heat pulse propagation with XHP ~ Xane >Xes

no intrinsic degradation of ion confinement with ion heating power;

density decay following pellet injection and its dependence on heating power;
similar behaviour of particle and heat transport;

particle pulse propagation, as observed w}th Dpp ~ D. « Xyp.

Furthermore, in the plasma interior, the same model applies to the L- and H-regimes and
particle and energy confinement improve together. However, at the edge of an H-regime
plasma, an edge transport barrier forms and the transport might be classical over a short distance
(~few cms). In fact, the H-regime may be the ‘natural’ consequence of the transport model,
since Xan,e depends on shear, and reduces towards zero near the separatrix. Furthermore, the
reduction of MHD activity on making the transition from the L — H regime may imply the
stabilisation of some other instability at the edge, where the effect of impurity radiation and
neutral influxes on MHD might be important in destroying, at least partially, the edge
confinement barrier. This instability is apparently easier to suppress in an X-point configura-
tion with high edge magnetic or rotational shear.
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5.2 Application of the Model to JET

The main predictions of the model are consistent with statistical scaling laws [13]. Further-
more, good quantitative agreement between the model and JET data has been established. As
an example, the result of applying the model to the propagation of heat and density pulses
following the collapse of a sawtooth in JET is shown in Fig. 11. The computed changes in T,

and n, at various radii and times agree well with experiment.

The characteristics of an H-regime plasma can also be modelled, assuming classical transport
near the separatrix. Fig. 12 shows that this leads to higher density and Zeg, reduced edge flow
(particle recycling simulated), higher stored energy and tg, lower Y. and ¥;, as observed ex-

perimentally.

With such a model, we begin to have the predictive capability needed to define the parameters

and operating conditions of a reactor, including impurity levels.
5.3 Definition of a First Reactor

A first reactor will be a full ignition, high power device (1-2GW electrical, 3-6GW thermal).

This will include:

» auxiliary heating;
* D-T fuelling;
» divertor with high power handling and low erosion;
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Fig. 11: Application of the model to the propagation of heat and density pulses
following the collapse of a sawtooth in JET
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¢ exhaust for impurities and thermalized helium ash;
»  first wall with high resilience to 14MeV neutrons;
«  hot blanket to breed tritium;

» superconducting coils;

* plasma control.

The parameters of a first reactor are defined by technology and physics predictions. The
minor radius of the reactor plasma needs to be twice the thickness of the tritium breeding blanket,
which makes it ~3m and the elongation can be up to 2. A practical aspect ratio of ~2.5 sets the
plasma majorradius to 8m. Safe operation can be assumed for a cylindrical safety factor 1.6-1.8.

Plasma physics requirements can be fulfilled by operating at a toroidal field no greater than 5T.
This defines a reactor with a plasma current of ~30MA.

The operating conditions will be such that:

e T;~T,

» confinement is L - mode;

*  D-T mixture, including helium ash;

« sawteeth (minimum internal control from outside);

* high density, flat density profile;
» full impurity control.

5.4 Application of the Model to a First Reactor

We now model reactor plasmas using the L-mode transport model which has been tested
against JET results, together with a model for sawteeth, B-limit instabilities and the divertor. A
mixture of D-T is assumed and includes helium ash accumulation and pumping. Assuming the
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- provision of adequate impurity control, ignition is maintained in the reactor (R=8m, a=3m, 4.5T,
30MA, x=2) after switching off SOMW of ICRH (Fig. 13). At ignition, the slightly hollow
density profiles (Fig. 14) with edge fuelling are sufficient to fuel the centre. However, helium
poisoning alone can quench the ignition without adequate pumping. To exhaust sufficient
helium and maintain ignition requires the pumping of about 1kg of D-T per hour. Exhaust and
impurity control are essential. In fact, while the H-mode has short term benefits for approaching
ignition, the long term deficiencies due to helium poisoning are evident (see Fig.15). Steady
ignition conditions can be achieved with a specific level of helium ash.

With impurity control, ignition is achieved with edge fuelling and high pumping; high density
and flat profile; sawteeth and L-mode confinement; and recirculation of akg of D - T per hour.
The H-mode does not improve steady state ignition due to the better confinement of helium
ashes. At present, impurity control is envisaged to require high density operation. Under these
conditions, the use of current drive seems precluded. However, one hour steady state requires
only 50Vs (~10% of inductive Vs) and this can easily be provided.

6. SOLUTION OF OUTSTANDING ISSUES
6.1 Impurity Control in a Reactor

Plasma dilution is a major threat to a reactor and it is fundamental to bring dilution under
control. There are two primary sources of dilution: target plate impurities and helium ash. A
- divertor concept for impurity control must be developed further. The fuelling, impurity control
and exhaust capability of a Next Step will be dependent on whether deuterium and impurities
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(including helium) accumulate in the plasma centre. The production and transport of helium ash
towards the plasma edge (where it must be exhausted) will depend on the relative importance
of energy and particle confinement, the effect of sawteeth, the effect of the edge transport barrier
in the H-mode and the behaviour of the scrape-off layer plasma.

6.2 Impurity Control and the New Phase planned for JET

Active impurity control represents a solution to this problem, and will be tested in JET in a
New Phase planned to startin 1992 [23]. Firstresults should be available in 1993 and the Project
should continue to the end of 1996.

The aim of the New Phase is to demonstrate, prior to the introduction of tritium, effective
methods of impurity control in operating conditions close to those of a Next Step tokamak, with
a stationary plasma of ‘thermonuclear grade’ in an axisymmetric pumped divertor configuration.
Specifically, the New Phase should demonstrate:

+ the control of impurities generated at the divertor target plates;
» adecrease of the heat load on the target plates;

» the control of plasma density;

» the exhaust capability;

» arealistic model of particle transport.

6.3 Key Concepts of the JET Pumped Divertor

Sputtering of impurities at the-target plates presents a major difficulty and such impurities™
must be retained close to the target plates for effective impurity control. This retention may be
accomplished by friction with a strong plasma flow directed along the divertor channel plasma
towards the target plates [4,5,23-25). The plasma flow will be generated by a combination of
gas puffing, injection of low speed pellets and recirculation of a fraction of the flow at the target
plates towards the X-point. The connection length along the magnetic field line between the X-
point and the target plates must be sufficiently long to allow effective screening of impurities.

6.4 JET programme in the New Phase

The New Phase of JET should demonstrate a concept of impurity control; determine the size
and geometry needed to realise this concept in a Next-Step tokamak; allow a choice of suitable
plasma facing components; and demonstrate the operational domain for such a device.

A schedule for the JET programme incorporating the New Phase is shown in [4]. The earliest
date to have a pumped divertor in JET is 1993. By the end of 1994, all information on particle
transport, exhaust and fuelling, first wall requirements and enhanced confinement regimes
needed to construct a Next Step tokamak, should be available. This concept could be developed
further towards lower temperature, higher density, eg cold radiating plasma or gas target.

7. A PROGRAMME TOWARDS A FIRST REACTOR

The scientific feasibility of ignition under conditions required for a first reactor must first be
demonstrated: that is, high power long pulse operation in a fully ignited plasma. Tritium
breeding in hot blanket modules should also be tested. Advanced divertors and concept
development aimed at improved efficiency must also be pursued.

Technology must still emerge on such items as pumping and helium extraction; the use of low-
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Z plasma facing materials (eg. beryllium, carbon, carbides); the nature of breeding materials and
coolant and structural materials for tritium breeding blankets. The resistance of highly sensitive
materials (eg insulators, first-wall, etc.) to high neutron fluences should be evaluated. Industrial
development is also required for superconducting coils which can withstand neutrons and AC
losses. Itis expected that the remaining technology can be scaled up from existing knowledge.

Many of these issues are expected to mature on differing timescales. A tokamak addressing
all these issues would be close to a first reactor. To incorporate all innovations that are likely
to reach maturity at different times, several facilities are required with well targeted objectives.

International collaboration is the way to address the different Next Step issues. Several
complementary facilities, each with separate, clearly defined objectives, would:

» reduce scientific and technological risks;

« allow flexibility to accommodate new concepts;

» allow cross-checking of results;

*  be more practical in managerial and industrial terms;
»  offer flexibility in location and time scheduling.

This programme towards a first reactor, with ITER (International Thermonuclear Experi-
mental Reactor) being the first component, would ensure an efficient use of world resources.

In such an optimised Programme, the three main issues of long burn ignition, concept
optimisation and materials testing would be separated and addressed in different facilities which -
would be constructed as technologies mature. The engineering design for each facility can be
defined precisely, thereby allowing a high degree of confidence that objectives would be met.
In support of this programme, ‘National Programmes’ comparable in size would be needed.

8. CONCLUSIONS

The following points have been made:

(a) JET is a successful example of international collaboration involving fourteen countries.
This advanced tokamak exploits the most effective magnetic configuration developed so
far and was constructed on time and to budget;

(b) JET has met all and even exceeded many of its design parameters and now operates in the
configuration foreseen for a reactor;

(¢) Individually,each of the plasma parameters n, T; and Tg required for a fusion reactor have
been achieved in JET; in single discharges, the fusion product of these parameters has
reached near break-even conditions and is within a factor 5 - 8 of that required in a fusion
reactor;

(d) However, these good results were obtained only transiently, and were limited by impurity
influxes due to local overheating of protection tiles;

(e) A quantitative understanding of fusion plasmas has improved with the development of a
specific plasma model which agrees well with JET data;

(f)  With such a model we begin to have a predictive capability to define the parameters and
operating conditions of a reactor;
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(g)

(h)

®

Experimental results and model predictions suggest the importance of controlling impu-
rities and helium ashes in a reactor;

The divertor concept must be developed further to provide sufficient impurity control and
exhaust;

An effective international collaboration programme should comprise several facilities,
with well-focussed objectives, starting with the construction of ITER.

With a concentration of world effort and a modest increase in resources, we can proceed with
such a programme towards a reactor.
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