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ABSTRACT

Latest results from the JET tokamak, with beryllium as the first wall material facing the hot
plasma, have shown substantial improvements in plasma purity and corresponding reductions
in plasma dilution. This has allowed a fusion product (np7:T;) of 8-9x10%°m-3skeV to be
reached (within a factor of 8 of that required in a fusion reactor), albeit only transiently.
Even so, at high heating powers, an influx of impurities still limits the achievement of better
performance and steady state operation.

A New Phase for JET is planned in which an axi-symmetric pumped divertor
configuration will be used to address the problems of impurity control, plasma fuelling and
helium ash exhaust in operating conditions close to those of a Next-Step tokamak with a
stationary plasma of thermonuclear grade. The New Phase 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. With an efficient axi-symmetric pumped divertor, ignition should
occur in a tokamak reactor of about 2 to 3 times the size of JET.

It seems prudent to envisage international collaboration on a Next Step Programme,
which could comprise several complementary facilities, each optimised with respect to specific
clear objectives. There could be two Next Step tokamaks, and a Materials Test Facility. Such a
programme would allow division of effort and sharing of risk across the various scientific and
technical problems, permit cross comparison and ensure continuity of results. A single Next
Step device (such as the ITER Project as currently conceived) has higher scientific, technical
and management risks and does not provide such comprehensive information, particularly in
the areas of ignition, reactor performance and blanket testing. Further details of these facilities,
expected costs and timescales are discussed.

1. INTRODUCTION

The Joint European Torus (JET) is the central project in the European Fusion programme. This
programme is coordinated by the European Atomic Energy Community (EURATOM). The
EURATOM Fusion Programme 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), supported by
medium sized specialized tokamaks.



The ol;jectivc of JET is to obtain and study a plasma in conditions and dimensions
approaching those needed in a thermonuclear reactor [1,2] involving four main areas of study:

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

(ii) the scaling of plasma behaviour as parameters approach the reactor range;

(iii) the interaction of plasma with the walls and methods of fuelling and exhaustin g the

plasma;

(iv) the production of alpha-particles generated in the fusion of deuterium and tritium

and the consequent heating of plasma by these alpha-particles.

JET is now in the second half of its experimental programme. The technical design
specifications of JET have been achieved in all parameters and exceeded in several cases (see
Table I). The plasma current of 7MA and the current duration of up to 30 seconds are world
records and are more than twice the values achieved in any other fusion experiment. The
neutral beam injection (NBI) heating system has been brought up to full power (~2IMW) and
the ion cyclotron resonance frequency (ICRF) heating power has been increased to ~18MW in
the plasma. In combination, these heating systems have provided 35MW power to the plasma.

During its experimental programme, JET has devoted particular attention to studying the
interaction of the plasma with the vessel walls. This paper surmmarises results obtained when
JET was operated with carbon and then with beryllium as the first-wall to provide a low-Z
material facing the plasma. Even though impressive results were obtained, at high heating
powers, an influx of impurities still limits the achievement of better performance and prevents
the attainment of steady state. A planned New Phase for JET [3] is presented: an axi-symmetric
pumped divertor configuration would be used to address the problems of impurity control,
plasma fuelling and helium ash exhaust in operating conditions close to those of a Next-Step
tokamak with a stationary plasma of thermonuclear grade. Finally, the requirements for a
Demonstration Fusion Reactor are set out and proposals are made on how international
collaboration on a Next Step programme could be envisaged. This should comprise several
complementary facilities, each optimised with respect to specific clear objectives.

2. JET SCIENTIFIC RESULTS AND ACHIEVEMENTS

The performance of JET, as indicated by the fusion triple product (nptgT}), has increased
significantly since beryllium was introduced into JET as a first-wall material, in two different
ways: initially as a thin evaporated layer on the carbon walls and limiters; and later, in addition
as a limiter material. The consequence of these different regimes of operation on each plasma
physics parameter in the fusion triple product is detailed below. Of particular significance is the
effect of improved plasma purity, which previously, with a carbon first-wall, had impeded
progress towards a reactor.

Recently, it became apparent that impurities and density control were the main obstacles
to improved JET performance. Graphite components had been developed to mechanically



withstand the power loads encountered. However, the interaction of the plasma with these
components, even under quiescent conditions, caused unacceptable dilution of the plasma . In
addition, imperfections in the positioning of the components led to localised heating during high
power which caused enhanced impurity influxes. These influxes produced a condition called
the 'carbon catastrophe’, in which the plasma concentration, plasma temperature and neutron
yield collapsed.

Density: With a carbon first-wall, the plasma density was limited. In general, this occurred
when the radiated power reached 100% of the input power, leading to the growth of MHD
instabilities and ending in a major disruption. The density limit was dependent on plasma
purity and power to the plasma.

With a beryllium first-wall, the maximum operating density increased significantly by a
factor of 1.6 - 2. A record central density of 4 x 10%°m3 was achieved by strongly peaking the
density profile using a sequence of 4mm frozen deuterium pellets injected at intervals
throughout the current rise phase of an X-point discharge. Moreover, the density limit
increased with increasing total input power, approximately as the square root of the power (see
Fig.1). Furthermore, the nature of the density limit changed and the frequency of disruptions at
the density limit were much reduced. Disruptions did not usually occur, and the limit was
associated rather with the formation of a poloidally asymmetric, but toroidally symmetric
radiating structure (a "MARFE"), which clamped the plasma density. These results constitute a
substantial enhancement of the operating capability of JET.

Experiments were performed in which heating and fuelling were varied systematically,
using NBI, ICRF, gas and pellet fuelling. With pellet injection and additional heating, more
peaked density profiles were established. Pellet fuelled discharges at the same edge density as
gas fuelled discharges had considerably higher central densities. Fig.2 shows density profiles
just before a density limit MARFE occurred (cases (a) and (b)) and far away from the density
limit (case (c)). Density profiles are very similar near the edge, but the gas fuelling profile is
remarkably flat. These flat profiles are difficult to reconcile with an anomalous particle pinch
and pose important questions related to particle transport, and in particular, the transport and
exhaust of helium ash products, With deep pellet fuelling and additional heating, peaked
profiles are obtained (cases (a) and (c)). These studies suggest that the edge density may be
correlated with the density limit which, under beryllium conditions, may be considered as a
limitation of edge fuelling. These observations endorse the view that the density limit is
determined by a power balance at the plasma edge. This suggests that the cause of disruptions
is related to radiation near the q=2 surface. Furthermore, when the radiation is low, or
confined to the outermost edge, there are no density limit disruptions.

Operation with beryllium gettering allowed improved density control (due to high wall
pumping). A beryllium first-wall offered the additional advantages of improved plasma purity
and reduced radiation. These factors allowed higher input powers, greater fuel concentrations



(np/n.) (see Fig.3.) and improved fusion performance. On the longer timescale (minutes to
hours), very little deuterium was retained in comparison with a carbon ﬁrst-WaIl; over 80% of
the neutral gas admitted to JET is recovered, compared to about 50% with a carbon first-wall.
This has important advantages for the tritium phase of JET operation.

Temperature: High ion temperatures have been obtained at the low densities possible with a
beryllium first-wall and with the increased neutral beam penetration afforded by operation at an
energy of 140kV. Record ion temperatures were achieved: up to 18keV in material limiter
plasmas and up to 30keV in magnetic limiter plasmas, for powers up to 17TMW. A typical
example is shown in Fig.4 in which the central jon temperature reached 28keV for about 15 MW
input in a magnetic limiter configuration. 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 is shown in Fig.5 to increase linearly with power per particle up to the
highest temperatures so far achieved; the central electron temperature, on the other hand, is seen
to saturate at about 12keV. At higher densities (ne(0)>2x1019m-3), experiments with combined
neutral beam and ICRF heating result in central ion and electron temperatures both exceeding
11keV in a 3MA plasma for an input power of 33MW (21MW NBI and 12MW ICRF heating).

Extensive studies have been performed in the 'monster-sawtooth' regime in which
sawteeth oscillations have been suppressed for up to 5s by central ICRF heating. Peaked
temperature profiles (with both central ion and electron temperatures above 10keV) were
maintained for several seconds, which, in the equivalent D-T mixture, would result in a
significant enhancement in the time-averaged fusion reactivity over that obtained in a
sawtoothing discharge. |

These observations indicate that electron thermal losses are anomalous, with electron
confinement degrading substantially with increasing input power. The ions, on the other hand,
behave quite differently; although ion thermal transport is also anomalous, ion confinement
degrades little with increasing input power. This suggests that the electrons are the fundamental
cause of anomalous transport. This is in-line with the critical electron temperature gradient
model for confinement [4].

Energy Confinement: With either a carbon or beryllium first-wall, the energy confinement
time on JET improves with increasing current and decreases with increasing heating power,
independent of the type of heating.

In the X-point configuration, H-modes [5] with high power heating (up to 25MW) have
been studied. In comparison with limiter plasmas, the confinement is about a factor of two
better, but the dependences on current and heating power are similar. Although the experiments
with a beryllium first-wall were conducted with carbon X-point target plates and the
confinement times were similar to those obtained with a carbon first-wall, better plasma purity



(central values of fuel concentration (np/n.) were in the range 0.7-0.9) allowed substanﬁally
improved fusion performance.

With a carbon first-wall, H-modes with ICRF heating alone were not obtained; with a
beryllium first-wall, H-modes were successfully obtained with ICRF heating alone. This was
mainly possible because of beryllium evaporation onto the nickel antennae screens, which lead
to a lower impurity production. With beryllium antennae screens, H-modes were achieved with
either monopole or dipole phasing of the ICRF antennae . The confinement in H-modes with
ICRF alone was similar to that with NBL

In summary, the global confinement time degraded with input power for both ICRF and
NBI heating in the range 4 - 25MW. The dependence of the confinement times on heating
power in both material and magnetic limiter configurations is shown in Figs.6(a) and (b),
respectively. Typically, H-mode confinement is about twice L-mode confinement.

These observations indicate that the transport in the H- and L-regimes are similar, except
for an edge thermal barrier which is easier to establish with X-points and high shear.
Furthermore, energy confinement does not appear to be affected by the impurity mix (carbon or
beryllium in deuterium plasmas).

Beta Limits: Experiments have explored the plasma pressure (as represented by the B-value)
that can be sustained in JET and investigated the plasma behaviour near the expected P-limit in a
double-null H-mode configuration, at high density and temperature and low magnetic field (B,
=1T). Values of B,up to ~ 5.5% were obtained. The [, limit is close to the Troyon limit {6]
Bi(%) = 2.8 I,(MA)/ByT)a(m), where I is the plasma current and a is the plasma minor radius,
as shown in Fig.7. Significantly, it is found that the limit in JET does not appear to be
disruptive. Rather, a range of magneto-hydrodynamic (MHD) instabilities occur and these limit
the maximum value of B without causing a disruption.

The behaviour near both the density and B-limits may be reconciled in terms of resonant
instabilities, which have the magnetic topology of islands.

Impurities: With a carbon first-wall, the main impurities in JET were carbon (2-10%) and
oxygen (1-2%). With beryllium evaporation, 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 concentration of carbon was reduced by a further factor of 10, but
beryllium levels increased by about a factor of 10, and became the dominant impurity. Due to
the virtual elimination of oxygen, and the replacement of carbon by beryllium, impurity influxes
were reduced significantly, in line with a model [7] which takes account of impurity self-
sputtering. As shown in Fig.3, it had not been possible to maintain (np/n.) much above 0.6
with carbon limiters even for moderate input powers, but values greater than 0.8 were routinely

achieved with beryllium limiters. Correspondingly, the effective ionic charge, Zsr, was



reduced significantly, already with the beryllium evaporation , and then more so with beryllium

limiters. Z.q as a function of line density for the three phases of operation is shown in Fig.8.
The improved plasma purity contributes significantly to improved fusion performance,

which otherwise could be achieved only with a substantial increase in energy confinement.

Fusion Performance: The use of beryllium resulted in the elimination of oxygen, the
reduction in the carbon influx and the increase in the plasma purity, with the fuel concetration
(np/n) increasing to 0.9. Since the X-point tiles remained as carbon, the carbon catastrophe
was not affected significantly with a beryllium first-wall. However, the duration of the H-
mode was extended by up to 50% either by sweeping the X-point (both in the radial and vertical
directions) to reduce the X-point tile temperatures, or by using strong gas puffing in the
divertor region. Improved plasma purity and increased ion temperatures (T; (0) in the range 20
- 30keV) resulted, leading to improved plasma performance. In a particular case, the central ion
temperature reached 22keV, the energy confinement time, Tg, was 1.1s, with a record fusion
product (np(0)teT;(0)) of 8-9x102°m3skeV. The neutron yield for this discharge was also the
highest ever achieved on JET at 3.5 x 1016 ns*!, with Qpp = 2.4 x 1073, A full D-T simulation

of this pulse showed that 12MW of fusion power could have been obtained transiently with the
16MW of NBI, giving a fusion product value (np7gT;) within a factor of 8 of that required in a
reactor. The overall performance of the fusion product, as a function of ion temperature, Tj, is
shown in Fig.9. for a number of tokamaks.

Summary of Scientific Achievements: Substantial progress has been made with

beryllium as a first-wall material, affecting impurity influxes such that:

. oxygen impurities were essentially eliminated;

. the effective ionic charge, Z.¢, was significantly reduced in ohmic plasmas (down to 1.2)
and with strong additional heating (down to <1.5);

. a severe carbon influx (‘carbon catastrophe') persisted for inner wall and X-point
plasmas, and represents a serious limitation in H-mode studies.

Reduced impurity levels allowed prolonged operation at higher densities and improved the

general JET performance, as follows:

. the pumping of deuterium with a beryllium first-wall was more efficient than with a
carbon first-wall and provided improved density control. This permitted low density and
high temperature {up to 30keV) operation for times >1s;

. the density limit increased, with a record peak density of 4x1020m=3 with pellet fuelling.
This Iimit is principally a fuelling limit and not a disruption limit, as found with carbon
limiters;

. sawtooth free periods exceeding S5s were achieved, but the stabilisation mechanism
remains unclear.



. H-modes of 1s duration were created with ICRF heating alone. Their confinement
characteristics were similar to those with NBI heating alone;

. P values up to the Troyon limit were obtained in low field double-null X-point plasmas;

. the neutron yield doubled to 3.5x1016s-1 and the equivalent fusion factor Qpy increased to
~0.8;

. the fusion product (npTgT;) increased to 8-9x1020m-3skeV for both high (>20keV) and
medium temperatures (9keV), reaching near breakeven conditions and was within a factor
of 8 of that required in a reactor.

However, the results were obtained only transiently and could not be sustained in a steady
state. Ultimately, the influx of impurities caused a degradation in plasma parameters.

3. IMPURITY CONTROL: A PLANNED NEW PHASE FOR JET

So far, JET has concentrated on passive methods of impurity control, reducing impurity
production by proper choice of plasma-facing components (such as beryllium or beryllium
carbide), sweeping the magnetic configuration across the target plates and benefitting from the
formation of a highly radiating zone in front of the target plates. Studies of active impurity
control represent a natural development of the JET programme and accordingly, a New Phase
for JET is planned to start in 1992 [3], with first results becoming available in 1993 and
continuing 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. Successful impurity control would lead also to an increase in alpha-particle
power by more than a factor of two, '

Specifically, the New Phase should demonstrate:

- the control of impurities generated at the divertor target plates;

- a decrease of the heat load on the target plates;

- the control of plasma density;

- the exhaust capability;

- a realistic model of particle transport.

Principal concepts of active impurity control

Since the sputtering of impurities at the target plates cannot be suppressed, such impurities must
be retained close to the target plates for effective impurity control. This may be achieved by
friction with a strong plasma flow directed along the divertor channel plasma (DCP) towards
the target plates [8]. The plasma flow will be generated by a combination of gas puffing, the
injection of low speed pellets and the recirculation of some of the flow at the target plates



towards the X-point. The connection length along the magnetic field line between the X~i)oint
and the target plates must be sufficiently long to allow effective screening of impurities.

Hypervapotron elements will be used for the high heat flux components of the target
plates, and these are expected to accommodate power fluxes up to 15SMWm-2 at the copper-
beryllium interface. Of course, rapid sweeping (4Hz) of the target plates to limit the localised
heat load, to limit erosion and to affect redeposition will be important. Methods of ensuring
that a substantial fraction of input power can be radiated in a controlled way in the DCP will be
key features.

In the vicinity of the target plates, a pumping chamber (with a cryo-pump) is introduced
to control the main plasma density by exhausting and pumping a relatively large fraction ~10%
of the plasma flow created by fuelling. The fuelling and exhaust capability of a Next Step will
be dependent on whether deuterium and impurities (including helium ash) 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
(D/y ratios), the effect of sawteeth and the effect of an edge transport barrier forming in the H-
mode. To assess fully these issues requires detailed modelling of particle transport and while
this forms already an important part of present JET studies, a substantial experimental and
modelling effort is envisaged for the New Phase.

Modelling Impurity Control
The plasma behaviour in the scrape-off-layer (SOL) and divertor channel plasma (DCP) can be
understood qualitatively by considering the basic steady state equations for the particle flux, F,
and the total plasma pressure, p, along the magnetic field line direction, x. Fig.10 shows
isothermals and isoflows in the pressure (p) versus impurity density (ny) plane. These curves
intersect at two points, above and below a pressure py/2, corresponding to subsonic and
supersonic flows, respectively. For a given plasma temperature, the maximum isoflow
compatible with the steady state momentum equation is tangent to the isothermal at py/2.
Impurity retention in the divertor is determined from the steady state momentum equation
for impurity ions, which for the simplest, realistic case gives the impurity density, nz, decaying
exponentially with distance from the target on a scale length, A, given by

1 _ al sl . g _ Mzvz a_ 14T
L= -l with A =T and A = oaggy
The temperature gradient scale length is given by the heat transport equation with eiectron
heat conductivity parallel to the magrictic field (k=x(T5/2) being dominant and is primarily

dependent on the input power. To ensure impurity control, the frictional force must exceed the
sum of the pressure and thermal forces, that is, ?Lf}l > AL

A high density, low temperature plasma in front of the target plates increases the friction
between the hydrogen and impurity flows and facilitates impurity control [8]. Furthermore,



such a plasma limits the surface erosion and thereby increases the lifetime of the target plates.
However, such operation will lead to high densities at the separatrix and this will be
unfavourable for non-inductive current drive using neutral beams or lower hybrid waves.

To solve the full set of classical fluid equations for the conservation of particles,
momentum and energy in the SOL and DCP, a numerical 1-1/2 D transport mode! has been
developed. Monte Carlo methods are used for neutral particles in the flux surface geometry of
the planned pumped divertor configuration. The model shows that impurities can be retained
near the target plates for plasma flows, typically ~1023s-1, The steady state distribution of
beryllium impurities, for conditions with and without flow, are shown in Fig.11.

The Pumped Divertor Configuration

The aims of the New Phase can be realised with the internal multi-coil configuration shown in
Fig.12. The design allows a large plasma volume at 6MA and the operational flexibility to
modify the magnetic configuration in the vicinity of the X-point independent of the plasma
current and separately on the high and low field sides. In contrast to the normal configuration
for a divertor, all divertor coils carry current flowing in the same direction as the plasma
current. With this configuration, single null X-point operation is possible for performance and
impurity control studies, including plasmas with 6MA for 10s, a volume ~93m-3 and a
connection length from the X-point to the target plates of 3m and with SMA for 10s, a volume
~80m-3 and a connection length ~10m. In addition, it should be possible to run 3MA double
null X-point plasmas for up to 20s at 3.4T and for up to 1 minute at 2.1T.

4. REQUIREMENTS FOR A DEMONSTRATION FUSION REACTOR

Fusion Research Programmes are directed ultimately to the construction of a Demonstration
Fusion Reactor - DEMO. From physics considerations and present technology constraints, the
size and performance of a thermonuclear reactor can be largely defined. The minor radius of the
plasma needs to be twice as large as the tritium breeding blanket thickness, so it must be ~3m
and the elongation can be as large as 2. Therefore, there is no need to operate at a toroidal field
greater than 5T, in order to fulfil the plasma physics requirements. A practical aspect ratio of
2.5 sets the plasma major radius to 8m. Safe operation can be assumed for a cylindrical safety
factor 1.6-1.8. This defines a reactor with a plasma current of ~30MA. Such a DEMO would
produce power in the range 3-6GW thermal or 1-2GW electrical power.

The construction of a DEMO must be preceded by an extensive test of the concepts and
technologies needed for incorporation into a DEMO design. In particular, tests and
developments of plasma facing components and first-wall materials with a high resilience to
14MeV neutron radiation at a power flux of 2-3MWm2 must be carried out in paralle]l with tests
and developments of divertor target materials with high power handling capability and low
erosion (eg. low Z materials, beryllium, carbon and carbide fibres, silicon carbide). The



concept of a D-T fuelling system with a high speed pellet injector (v210km/s) would need to be
demonstrated. In the areas of helium ash exhaust, pumping and the divertor configuration,
besides the forthcoming tests in the New Phase of JET, progress is still needed to prove the
viability of present or emerging concepts. Tritium breeding blankets are required to operate at
high temperatures and have not yet been tested. Furthermore, in the area of superconducting
technologies, viable high critical temperature superconducting materials are desirable for
sufficient safety margins and these need thorough testing. Finally, a credible physics concept
still needs to emerge for current drive, to sustain continuous plasma operation. However, this
last requirement may prove to be unnecessary when semi-continuous operation (~2 hours) has
been demonstrated, which maybe sufficient for a commercial reactor.

In view of the time needed to develop and incorporate emerging technologies required for
a DEMO, a precisely defined or optimised engineering design cannot yet be proposed. A
reasonably broad strategy would be to develop, partly in parallel, the main components of a
fusion reactor. More than one DEMO seems desirable (as in the early development of fission).
The Next Step needs to address all the physics and technological issues of a DEMO device.

5. THE NEXT STEP

The Next Step will provide the bridge from present devices to the position from which DEMO
could be designed and constructed. As such, the aim of the Next Step is to demonstrate the
scientific feasibility of ignition under conditions required for a DEMO device: that is, high
power long pulse operation in fully ignited plasmas (Qpr = ). It is also necessary to test hot
blanket modules and the resistance of highly sensitive materials (eg insulators, first-wall) to
high neutron fluences. Furthermore, semi-continuous or continuous operation and the viability
of a fully superconducting tokamak must be demonstrated.

The variety of issues that the Next Step must address are expected to mature on different
timescales. A single facility whose objectives cover all issues will have an unacceptable risk of
failure unless a large safety margin is allowed on each component. In addition, it would not
allow cross comparison of results nor permit continuity of data flow. To incorporate all
innovations that are likely to reach maturity throughout the lifetime of a single facility requires a
design which lacks the precise definition offered by well targeted objectives. There would also
be an impact on the starting and construction times and on the consequential costs. A large
degree of complexity would be introduced and this would place a practical limit on intended
flexibility. A reactor strategy which would minimise risks and costs would be to address the
different Next Step issues in several complementary facilities, each with separate objectives.
This strategy requires a clearly defined Next Step Programme rather than a single device.

In such an optimised Next Step Programme, the three main issues of long burn ignition,
superconducting coil technology and material testing are separated and addressed in three
different facilities (P1, P2, P3) which are constructed on a timescale commensurate with the

10



maturities of the technologies. The engineering design for each facility can be defined precisely,
thereby allowing a high degree of confidence that objectives would be met.
The main details of such machines are the following:
* The primary objectives of P1 would be:
- to demonstrate sustained high power operation of a fusion reactor core of 2-3GW
thermal power produced for up to 12hrs per day for periods up to 6 days at a time;
- to provide a testbed for the study and validation of tritium breeding blanket modules
in full reactor conditions;
- to achieve a cost/unit thermal output relevant to the establishment of fusion as a
potential economic energy source (1ECU/thermal Watt).
The design philosophy of P1 would be:
- to make full use of the scientific and technical experience gained from JET and the
rest of the tokamak programme;
- to minimise the need for developments by using established techniques;
- to reduce complexity and increase reliability at reasonable cost;
- to provide a high safety margin in achieving design specifications for the magnetic
field and plasma current.
As a consequence, conventional coil technology could be used and this would allow an
early start in 1994 once the results on impurity control become available from the New
Phase of JET. These objectives could be achieved in a tokamak with 30MA, 4-5T, major
radius 8m, minor radius 3m, and elongation of 2. Impurities would be controlled actively
by high density operation and a pumped divertor. The approach to ignition would utilise
ICRF heating with H-mode confinement and in the monster sawtooth regime, while long
pulse ignition (> 30 mins) would be sustained with L-mode confinement at high power
and also with high frequency low amplitude sawteeth. With sustained ignition conditions,
blanket modules would be tested under neutron fluxes of up to 2MWm-2,
. The primary objectives of P2 would be:
- to demonstrate the viability of high power operation of a large tokamak with
superconducting magnets;
- to assess continuous operation at high density with current drive;
- to assess profile control;
- to assess advanced divertor concepts.
The design philosophy would be to test, at a reasonable cost, superconducting and non-
inductive current drive technologies in a low activation environment, so that flexibility
could be built-in to incorporate innovations for concept development throughout the
lifetime of the device. Some technological developments are still required and therefore,
construction could start somewhat after P1, perhaps in 1998. The P2 objectives could be
realised with a large tokamak operating at high power typically 10-12MA, 6-7T, minor
radius 1.5m, major radius 5m, and elongation of 2. To control the density and
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impurities, an advanced exhaust and divertor concept would be used. To minimise

activation, the tokamak would not operate in tritium and therefore would not ignite.

. The objective of P3 would be to test materials under very large neutron fluences. This
could be realised in a test bed operating continuously and providing high fluxes of
neutrons (2-10 MWm-2) over surfaces of 0.04-0.05m2. Its construction could start early
in 1998, so that results should be available for the design of a DEMO in 2005.

A schedule for the design construction, and operation of Next Step and DEMO devices is
shown in Table II. The overall cost for such a minimum Next Step Programme is estimated at
7bnECU, not including operation costs. This is similar to the cost of a single ITER device.
However, for this cost, a single device would not cover all the issues of the Programme.
Furthermore, the programfne offers flexibility in location of the different facilities and in their
starting dates.

6. CONCLUSIONS

. JET has successfully achieved or surpassed its original design aims and in doing so has
produced and contained plasmas of thermonuclear grade.

. Individually, each of the parameters n, Tg and T; required for a fusion reactor have
been achieved; simultaneously, the fusion product of these parameters is within a
factor 8 of that required in a fusion reactor.

. However, these extremely good results were obtained only transiently, and were
limited by impurity influxes due to local overheating of protection tiles.

. A New Phase is planned for JET, prior to the introduction of tritium, to demonstrate
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.

. Based on present progress, there is confidence that sufficient knowledge exists to begin
the construction of the "core" of a fusion reactor within the next 3-4 years.

. However, a single Next Step facility (ITER) is a high risk strategy in terms of physics,
technology and management, since it does not provide a sufficiently wide base
for a demonstration reactor,

. A Next Step Programme comprising several facilities:

- would make more effective use of resources;,

- 1s well within the capability of world research;

- would provide a wider and more comprehensive data base; and

- could even be accomplished without a significant increase in existing funding,.

. With concerted effort and determined international collaboration, such a programme
would provide sufficient results to allow the design of a DEMO to start in about 2005.
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Table 1
JET Parameters

Parameters Design Values Achieved values
Plasma Major Radius (Ry) 2.96m 2.5-3.4m
Plasma Minor Radius 1.25m 0.8-1.2m

horizontal (a)
Plasma Minor Radius 2.1m 0.8-2.1m
vertical (b)
Toroidal Field at R, 345T 3.45T
Plasma Current:
Limiter mode 4.8MA 7.IMA
Single null X-point not foreseen 5.1MA
Double null X-point not foreseen 4.5MA
Neutral Beam Power
(80kV, D) 20MW 2IMW
(140kV, D} 15SMW EMW
{only one box converted)

Ion Cyclotron Resonance
Heating Power to Plasma

15MW

18MW
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