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ABSTRACT

Planned experiments in the Joint European Torus [Plasma Physics and Controlled Fusion Research
(Proc 13 Int Conf Washington, 1990) (International Atomic Energy Agency, Vieh@#)(1991)]

(JET) with Deuterium-Tritium (D-T) plasmas require high fusion performance-faarticle

heating studies and for investigation of isotope dependence in conditions relevant to the
International Thermonuclear Experimental Reactor [Plasma Physics and Controlled37usion
A19 (1995)]. In deuterium plasmas, the highest neutron rates have been obtained in the hot-ion
High-confinement mode (H-mode) which is ultimately limited by Magnetohydrodynamic (MHD)
phenomena when the pressure gradient approaches ideal ballooning and kink stability limits in
the vicinity of the edge transport barrier. Results are reported confirming the Mkl divertor’s
increased closure and pumping in this regime, progress in understanding the MHD-related
termination is discussed, and the use of lon Cyclotron Resonance Heating (ICRH) in combination
with high power neutral beams to increase the neutron yield is described. In separate experiments
internal transport barriers have been established through careful programming of the current
ramp and heating waveforms, and neutron emission comparable with the best hot-ion modes
achieved. Steady-state H-mode discharges exhibiting Edge Localised Modes (ELMSs) in reactor-
like configurations and conditions have been demonstrated, including cases in which relevant
dimensionless parameter values are preserved, ready also for testing in D-T.

PACS numbers: 52.55.F, 52.50, 52.35P, 52.65

* See Appendix A for JET Team authors.

[. INTRODUCTION
A. Joint European Torus (JET) programme objectives

The JET programme to the end of 1999 has two main scientific objectives: (i) to make essential
contributions to the development and demonstration of a viable divertor concept for the
International Thermonuclear Experimental Reactor (ITER) d&vioe (i) carry out experiments

using Deuterium-Tritium (D-T) plasmas in an ITER-like configuration which will provide a
firm basis for the D-T operation of ITER. The first phase of D-T experiments, denoted DTEL, is
scheduled to start in early 1997 and the broad objectives include the stuggpicle heating

effects and isotope dependence of High-confinement mode (H-mode) enhancement and power
threshold in reactor-like plasmas. This paper discusses recent progress on the high performance
plasma regimes, operated in the presently installed MkIIA divertor configlfr,aﬁriom which

the DTEL scenarios will be selected. Three regimes are discussed, the hot-ion H-mode displaying
periods free of Edge Localised Modes (ELMs); the Internal Transport Barrier (ITB) with optimised
central shear; and the steady-state ELMy H-mode with plasma parameters and configurations



relevant to ITER. These high performance studies represent only part of the present JET campaign;
the development and demonstration of a viable divertor concept for ITER represents the other
main branch of the program?rwhich has involved the staged implementation of divertors with
successively optimised geometry and power handling capability and includes model validation
against the experimental results.

B. Modifications to the JET device for the 1996 campaign

The MKIIA divertor installed for the 1996-7
campaign offers an increased degree of closur
against neutrals created at the target plat
escaping into the main chamber and a Ia%)e\
conductance to the cryo-pump, as well as a\

larger wetted target area compared with Mk, \
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Neutral Beam (NB) shinethrough and drift-duct target p|a§\\
protection have been further upgraded which
has permitted an extension of the NB operatin
space to even lower plasma density and plas
current, and has had a direct impact on ¢h
ability to establish the ITB mode. The outboard
poloidal limiter structures have been slightly
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modified to avoid shadowing the antennae o
the lon Cyclotron Resonance Heating (ICRH)
system in shaped configurations necessary for N\ Sy Nl
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long ELM-free periods in hot-ion H-modes, and

this regime has been successfully developed to |
utilise supplementary ICRH in combination
with the predominant NB heating to bOOS%igure 1: Poloidal cross—sectioh of the Mk | (top) and

. . Mk 1A (bottom) JET pumped divertors
fusion performance. In parallel with these
modifications and the operational programme, the technical preparations for DTE1 have continued
and are nearing completion. The closed-circuit facility for tritium supply and recovery is presently
in an advanced state of commissioning, together with new tritium-compatible distribution
networks for the NB injectors and torus gas fuelling. Since completing the experiments reported
in the present work the gas leakage conductance paths between the divertor and main chamber
have been substantially closed off, and the inner wall has been extensively clad with graphite

tiles in order to reduce the exposed metallic surface area of this regior30%5 to=10%.



Technical preparations are complete for a further in-vessel modification of the divertor to a ‘gas-
box’ configuration, denoted MkIIGB, which will be undertaken using fully remote-handling
techniques, in summer 1997, shortly following DTEL.

C. Outline of progress in the high performance regimes

During the period of the 1996 campaign to date, the available power from the NB injectors has
been restricted to about 17MW due to technical problems with some of the NB sources, compared
with the installed maximum of >20MW in deuterium which was achieved in the previous
campaign. This has so far prevented a full exploitation of the MKIIA divertor, and maximum
Deuterium-Deuterium (D-D) neutron emission and projected D-T fusion amplification factor Q

iIn 1996 has not yet exceeded the best results in the Mkl configuration obtained in 1995; full NB
power will however be restored before DTE1. Despite this limitation good progress has been
made in all high performance modes, especially in the development of the ITB. The hot-ion H-
mode results are discussed in section Il. Similar D-D neutron yields as in the Mkl campaign
have been obtained when compared at the same NB power, whilst with combined heating
(NB+ICRH) 80% of the previous highest neutron rate has been obtained. Most of the features of
the hot-ion mode in the previous campaign have been observed with the MkIIA divertor, in
particular the variety of Magnetohydrodynamic (MHD) related termination events which lead
to degradation in confinement and an irreversible loss of performance. Progress in identifying
the MHD instabilities responsible is discussed; the mechanism by which the MHD events cause
the loss of confinement is, however, still unclear. Low recycling conditions are a pre-requisite
for good hot-ion mode performance, as is well known from results obtained in the Preliminary
Tritium Experimen‘f (PTE) and subsequently in the Mkl divertor experiments. The superior
particle control properties of the MKIIA divertor have allowed this aspect to be studied further,
with lower recycling levels achieved. Substantial progress has been made on the ability to model
the behaviour of hot-ion H-modes predictively, and it is shown how the present models are able
simultaneously to describe successfully both the confinement and stability properties of these
plasmas which helps to provide a coherent interpretation of the roles of particle recycling and
MHD stability as well providing insight into the transport properties of the regime. In section Il
the development of ITB in JET through the use of carefully tailored current ramps and heating
waveforms is described, and the properties of these discharges is discussed. Whilst evidence for
ITB has been observed in previous JET experiments, such as the Pellet Enhanced Plasma (PEP)
+ H-modé, these new results, which are at high combined heating power, achieve very high
neutron emission rates almost identical with the best combined heating hot-ion H-mode,
maintained for more than an energy confinement time and represent a possible alternative to the
hot-ion H-mode for DTE1 high-fusion yield. ELMy H-mode results, where genuine steady-state
ITER-relevant conditions have been obtained, are presented in section IV. Experiments have
been performed in which the dimensionless parameters of normalised larmor radius



p* (O T”Z/Ba), collisionalityv* (O nT/BZ) and[ are independently varied, withF and 3
ranging up to their ITER values; this provides a firmer basis for assessing the validity of scaling
laws used for ITER, such as ITERH93-P

Il. HOT-ION H-MODE
A. General features

It was clearly established during the Mkl divertor campaign that the necessary conditions for
obtaining a long ELM-free period include low recycﬁrtgld shapin%of the equilibrium to
provide sufficient edge shear through triangularity. The same technique was immediately
successful in the MKIIA campaign; Figure 2 shows the time traces for a typical NB heated hot-
ion mode. The density pumps out following X-point formatior1®10"°m™ when full power

heating is applied. Low density, with moderatg12keV) and hence decoupled electron and

ion temperatures contributes to the favourable confinement properties in the presence of strong
ion-heating by NE, together with the dominant effect of the H-mode edge transport barrier. The
stored energy increases almost linearly, until termination by a simultaneous sawtooth and giant
ELM, in this case after the beam power was reduced. The saturation of ion-temperature as the
density rises is a characteristic behaviour. Figure 3 shows the D-D neutron rate plotted against
heating power for NB-only cases, comparing Mkl and MKIIA divertor campaigns. The highest
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Figure 2: Typical time traces of a hot-ion H-mode plasmg&igure 3: Neutron rate plotted against total neutral beam
showing neutral beam poweRr g plasma loss power power in hot-ion H-mode discharges. Open symbols refer
PLoss diamagnetic stored energypyy, D-D neutron to Mk | and closed symbols refer to Mk IIA divertor. The
emission, B signal, central ion and electron symbol shapes indicate plasma currents as shown.
temperatures ;Tand T, and volume averaged density
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yields are obtained in the plasma current range 3-4MA at 3.4T, withys<<4gtriangularityd

> 0.3 and edge sheag;S 3.5. More highly shaped configurations witk 0.6 and § > 4 have

also been investigated but the plasma current was limited to 2.5MA due to machine operating
limits. The solid line in the figure is an approximate representation of the upper bound of the
data, drawn proportional tqlgz; a similar dependence is observed for the two campaigns. There
no sign of saturation of the;\,E2 dependence of the attainable yield, despite the limit being set by
MHD-triggered loss of confinement and the termination tending to occur earlier as the power is
raised. This is explained by the increase in the rate of rise of central density and temperature at
higher power, sustained until the power flux and pressure gradient build up at the edge sufficiently
to trigger the termination event (usually an ELM or ‘outer mode’, section C), transiently leading
to higher stored energy and more peaked profiles.

B. Effect of increased divertor closure

A useful figure of merit which characterises the
particle recycling level in an ELM-free H-mode  2.00
is the ratio of the rate of increase in the plasmazi.7s
electron content compared with the neutr% 1.50
beam fuelling source; in the MKkl divertor thisg’ll25
ratio was generally greater than 1. Values of ;5. i .
this figure close to or even less than 1 have s
been obtained in the MKIIA divertor campaign, 9
consistent with the increased closure anNﬁ 0.5

T

T

9}

°

°
[

T T

T

particle removal rate. The data in Figure dij__o.gf o, ot
summarise the particle balance in terms of , | 8

plasma content, wall inventory and pumpea] 15

particles for hot-ion H-modes under similar NBa . . ’

heating as a function of number of gas-fuelleé Lor
atoms. The principal difference is the greate\r/g osk ° oMK |
particle removal by the cryo-pump in MKIIA, 3 o oMkl
as predicted, due to the development of higher % o5 10 G 2.0
neutral gas pressures and larger pumping Total puffed gas (x102 D)
conductance In the Mkl campaign favourable Figure 4: Particle balance over the first second of neutral

low recycling conditions were obtained cml)}aeam heaFlng in ELM-free hot-ion H-modes. The changes
. . . . in the particle contents of the plasma, wall surfaces, and
without gas fuelling following X-point . .
cryo-pump inventory are plotted as a function of total

formation and after extensive vessel and targgs fuelled particles over the same interval. The NB
conditionind‘s, whilst for MkIIA the optimum heating is 177MW in all cases which corresponds to a
performance was obtained with a modest gaarticle input of 1.4x 10°* ™.

bleed before and during the heating and there




was no need for special conditioning other than routine overnight beryllium evaporation. There
is evidence that at the extreme of low recycling without gas fuelling in MkIIA, the target density
can pump out too much, resulting in excessive NB shinethrough losses and pigkegute 4
indicates that the walls become depleted under strong divertor pumping at low gas fuelling rate,
implying they represent a particle source of significant strength compared with the external
sources. ExperimeriLPsin which the inner-wall surfaces of the vessel were selectively loaded
with hydrogen showed that these surfaces are important contributors to the wall sources during
ELM-free periods. These results support the decision to install more extensive graphite cladding
on the inner-wall surfaces in order to reduce hydrogenic outgassing and desorption (induced by
charge-exchanged neutrals) from exposed inconel.

C. MHD termination events
1. Classification and characteristics of termination events

High performance hot-ion H modes are affected by a variety of MHD instabilities which limit
the achieved performance, by triggering a serious loss of confinement. A similar variety of
phenomena have been observed in the present campaign as those previouslﬁemm@lgt
central MHD events (including sawteeth), giant
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(ECE) and Soft X-Ray (SXR) measurement‘?:igure 5: Time traces for a plasma whose performance

the activity appears to be close to the 33 jimited by an outer mode (OM) and a giant ELM
surface. This is illustrated by the ECE data i{G.ELM). A range of localised electron temperature

Figure 5 where the effect of the OM can b#aces are shown from the axis to the edge, together with
seen as a prompt degradation in transport at Qﬁ’ neutron rate, Pand magnetic pick-up coil signals
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radial locations. The effect of the ELM is similar, but, in addition, due to the large number of
ionisations at the plasma edge as evidenced by ghepike, a cold wave diffusively propagates

from the edge inwards. From detailed analysis of SXR emissivity profiles, the OM activity has
been identified as an ideal kink, by comparing the relative phases of measured SXR signals with
those expected from the computed distortions of the SXR emissivity profile in the presence of
the kink eigenmodes. By the same technique, it has been possible to discount the presence of
tearing modes as a cause of the OM. The mechanism for the loss of confinement is not understood,
but appears to imply a non-local dependence of transport. The confinement can sometimes recover
after an early OM decays. One factor in the usual irreversibility of the loss of fusion performance

is the difficulty to separate the ion and electron temperatures following the collapse when the
density is high; this is particularly true following giant ELMs and late OMs.

2. MHD stability analysis

Analysis of the pressure gradients close to the
. ) ) ) Pulse No: 34500, t=13.25s, n=1, §=0.978

plasma edge indicates that the ideal ballooning
limit always appears to set the upper bound tg
the experimental values. In consequence of thg |
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significant neoclassical bootstrap curren§ REGION
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density associated with such pressure gradien@,
the edge can also become unstable to ideal kir§< S5
modes. Hot-ion H-modes approach the limit$
of both ideal ballooning and kink stability and o 12 |
so from the theoretical viewpoint both classes 005 010 015 020
. Edge current

of MHD .mO('je Would.appe.allr tO. play a role Ir}:igure 6: Edge MHD stability diagram of normalised
the termination. The identification of the OMpresyure gradient (= g, Rp’B;?) versus normalised
as an ideal kink close to the plasma edge agge current (= dige/Jo). The lines to the right of the
supported by MHD stability analysis ofstable region are contours of the ideal kink growth rate.

discharges exhibiting OMs. Further evidenc-éhe trajectory of a pulse which exhibited outer modes

) } ) . and ELMs is shown.

is provided by the observation that negative

current ramps of -0.2t0-0.3 MA'gan delay the OM onset. Ideal kink growth rate contours in

the space of normalised edge current density and pressure gradient for a particular discharge are
plotted in Figure 6 and the trajectory describing the time evolution of this discharge, based on
the measured data, is shown, marking the time of an early OM onset when the trajectory is
moving further into the kink-unstable domain. Termination by a giant ELM eventually occurs at
the time when the ballooning limit is reached. The edge pressure gradient in some other discharges
without OM can however remain at the ballooning limit for several 100ms before a giant ELM
occurs. So far there is no direct conclusive experimental evidence to confirm the existence of

ballooning modes when the edge pressure has saturated at the ballooning limit, although very
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recent fast magnetic pick-up data suggest the presence of modes with n > 5 and larger amplitude
on the outboard side, reminiscent of ballooning. These characteristics suggest that neither
ballooning nor ideal kink modes alone are sufficient to cause a giant ELM. Reaching the ballooning
limit in combination with some other factor, possibly simultaneous proximity to the kink unstable
region, appears to be necessary.

D. Predictive transport model

A neoclassical transport model for the edge transport barrier has been found to describe well
many features of the JET hot-ion ELM-free H-mode, and has been incorporated into the time-
dependent 11/2-dimensional predictive transport codes JETaF@ PRETOR’. A new code

has also been developed in which JETTO has been linked to the Scrape-Off Layer (SOL) code
EDGE2D/NIMBUS with continuity of plasma quantities and fluxes imposed at the interface,
located inside the separatrix surface. Core transport is described using a summation of non-local
Bohm, local gyro-Bohm and ion neoclassical terms. The form of the transport coefficients is the
same asin referen]t?eTransport at the edge is modelled assuming that within a layer of thickness

A located just inside the separatrix, heat and particle diffusivities are related as follows:

D=Xe=Xi =Xi * (1)

wherey,"*°is the neoclassical ion thermal diffusivity. The thicknsstaken to be of the order
one ion banana-orbit width, i.e.

D=¢".py (2)

wheree is the inverse aspect ratio gnglis the poloidal ion larmor radius. By making detailed
measurements of the edge ion and electron temperature profiles the assumption defined by
equation (2) has been tested. Figure 7(a) shows typical edge profile data taken during an ELM-
free phase; the width for many discharges at different plasma currents does approximately
follow the T”Zdependence implied by (2) but the observed poloidal field dependence is weaker,
Figure 7(b)A consequence of the neoclassical barrier described by equation (1) is that the heat
flux through the barrier at low collisionality is independent of ion tempeﬂﬁtwith:

Oheat 0 rlzzeff (3)

In ELM-free H-mode simulations, following the application of heating the edge transport
barrier is activated and the temperature-independent edge heat flux implied by equation (3) is
then the main factor responsible for a near-linear rise of stored energy similar to the experimental
observations. The non-local Bohm part of the core transport responds to the development of
edge temperature pedestal which, in turn, causes a reduction in core transport; this combination
of core and barrier transport models quantitatively reproduces the evolution of experimental
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does not fully support the poloidal fleldFigure 7: (a) lon and electron temperature profiles for

dependence of the barrier thickness. The edg@se 37444 (2.6MA/2.54T) from which the transport
barrier model also gives insight into the role dfarrier width A is determined and (1) plotted against

recycling in confinement and stability of thditted dependence on temperature and plasma current
hot-ion H-mode. Equation (3) links'™"hotion H-mode plasmas

confinement quality with recycling through the edge density; main-chamber recycling which
penetrates across the separatrix is expected to be especially deleterious in this respjé%t. The T
dependence of the edge pressure scale lefdgittnplies that there is a maximum limiting edge
density in order to remain below a given consigmte.g. as set by ballooning at constant edge
shear and poloidal field. The modellegh(a) is close to both the ideal ballooning and kink
limits, as observed experimentally. If the time of the termination is defined by reaching the edge
ballooning limit, its appearance is satisfactorily predicted, provided only that the recycling
coefficient is adjusted to match the experimental density rise.

E. Combined ICRH and NB heated hot-ion H-mode

Up to 9.5MW of hydrogen minority (H-minority) ICRH has successfully been combined with
high power NB heating in the hot-ion H-mode achieving a substantial increase in D-D neutron
emission. The discharge illustrated in Figure 8 reached the highest D-D neutron rate for the
MKIIA configuration to date. With ICRH the rate of rise of neutron emission is significantly
faster, but the termination generally comes earlier; sawtooth activity is also more abundant but
can be ameliorated by the use of a double H-minority resonance in order to broaden the heating
profile. Computations with the PIdRicode show that approximately 30% of the rf power is
delivered to the plasma ions via the low-energy components of the H-minorit(}darmlmonic
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Figure 8: Time traces for hot-ion H-modes comparing
NB-only (discharge #38356) and combined heating
(denoted NBRF, discharge #38179). The traces shown
are for the heating powersyB and Rsg, diamagnetic
plasma stored energy y{, neutron emission, central
ion and electron temperatures ang Dtensity.

[ll. OPTIMISED CURRENT PROFILE AND INTERNAL TRANSPORT BARRIER
FORMATION

A. Current profile control and performance enhancement

A number of previous experiments in JET have exploited some form of current profile modification
for improved confinement. The PEP+H-m8thoduced high fusion triple product ang{Q
values by the formation of ITB associated with reversed shear in the plasma core due to
modification of the current profile as a result of deeply penetrating pellet injection. The high
bootstrap current, hig, modé’ had substantially enhanced confinement, and active current
profile control using Lower Hybrid Current Drive (LHCD) has been used successfully to raise
the axial g >1 prior to formation of the hot-ion H-mode, thus eliminating sawteeth during the
ELM-free phase and improving the initial neutron yt&ldhese discharges tended however to
limit due to early ELM and OM onset which may have been attributable to a reduction in the
internal inductance and edge shear. By taking advantage of the evolving current profile during
the current rise and applying heating in such a way as to help preserve a favourable transient g
profile, substantially enhanced confinement has been obtained within a significant proportion of
the plasma volume in several devites, due to ITB formation, giving rise to potentially

10



significant fusion performance improvement. In the previous Mkl divertor campaign, ITB was
seen during electron heating by Lower Hybrid (LH) waves during a fast current ramp, but attempts
to use NB heating were unsuccessful at that time. The technique has now been applied with
considerable success in the JET MKIIA divertor campaign using high power combined NB +
ICRH, and has demonstrated its potential as the basis of a possible candidate for high fusion
power production in JET. This has been facilitated in part due to the reduction in the minimum
density required for NB injection due to the technical improvements referred to in section |,
giving the freedom to tailor the timing of the heating waveform to the evolving current profile
whilst the density is still low.

B. Conditions for establishing ITB with combined NB+ICRH

A low triangularity discharge configuration capable of relatively fast initial current ramp-up of

> 0.5 MA s'was used for the majority of the experiments, the highest current ramp which
avoids MHD activity and anomalous current penetration being adopted. Without additional heating
sawteeth appear at about 2s after the plasma current has reached the flat-top value of 3MA.
When high power heating is applied before the onset of sawteeth, ITB forms at a radius depending
on the timing; early heating results in ITB formation at small radius which then moves radially
outward and terminates disruptively. Such a case is illustrated in Figure 9(a), where the existence
of the ITB is evidenced by the narrow region of steep ion temperature gradient. When MHD is
present during the current rise there is evidence of significant current profile rearrangement
from the observed change in internal inductangeu(id reduction in central q value leading to
earlier disruptive termination. The effect of the ITB is also observed on the electron temperature
profile, and, to a lesser extent, on the electron density profile. With early ITB formation the
transport remains in the Low-confinement regime (L-mode) outside the ITB, right out to the
plasma edge; this type of discharge is usually subject to fast rotating n=1 MHD mode structures,
and eventually disrupts due to a 2,1 mode caused by re-connection between large islands located
at g=2 and g=1.2-1.4, identified from soft X-ray camera measurements. Later heating leads to
H-mode edge transition which prevents formation of the ITB. However, the H-mode can be
delayed by interrupting the current ramp to allow the current to diffuse for about 0.5 to 1s before
applying high power heating when the current ramp is resumed. This technique produces a
phase with larger radius ITB + L-mode edge followed by ITB + H-mode edge about 0.5s later
[Figure 9(b)]. The H-mode phase is generally ELMy, but can also exhibit short ELM-free periods.
The ITB + H-mode regime is not always but usually terminated by a giant ELM rather than by
core MHD activity. For ITB formation there appears to be a power threshold of about 17MW
although it is possible to step-down the power during an ITB phase below the formation threshold;
in these power step-down cases core MHD is observed to develop which is different to the high
frequency modes which cause disruptive termination; the modes have n=1 character but are
slowly rotating, located close to the q=2 surface, and degrade the confinement. The g-profile has
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Figure 9: (a) Evolution of ion temperature profile from charge exchange recombination spectrosco3/4B,

2.5 <, < 3MA) with early power waveform and 1MW (ICRH) pre-heating and (b) with late power application and
no pre-heat

been inferred from equilibrium reconstruction , OP“'Se No: 38119
under the constraint of a single polarimetry | 7 3 73°
channel and the results suggest that, within the , 5|7 130
uncertainty of this reconstruction procedure,
. —25
reversed shear is not necessary for ITB. 2.9 -
©
. . - i I
formation; broad current profiles and weakf: e Pressure —} 0=
shear appear to be sufficient. The pressug profile % =
o B\ Toroidal —15

rotation

gradient at the ITB location is very steep, as ; o
shown in Figure 10, and the shape of the

pressure profile is very similar to that of the 0.5
toroidal plasma rotation. However, thereis | e, s

(0]= | | | |

evidence that NB-induced rotation is not 0 0.2 0.4 0.6 0.8 1.0

needed for ITB formation, nor the presence of ra

. . Figure 10: Profile of thermal plasma pressure and
a strong central particle source, since the ITB” . . o .
toroidal rotation profile in presence of internal transport

has been established with low power NB e
heating by substituting higher power ICRH.
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C. High fusion performance discharges with ITB

The highest neutron rates in this regime are obtained in the combined ITB + H-mode. Figure 11
shows the time evolution of a discharge which achieved a neutron rate of18'5 s for

25MW total heating power. The neutron rate and stored energy remain approximately constant
over a period which exceeds an energy confinement time (0.4s). The D-D neutron rate is similar
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Pulse No: 38437 to the best MKIIA hot-ion H-modes, but as

201 (MW) NBI

10kt S Re—r " there is no large derivative of the stored energy
g;wd.a o) 'i'i_ﬁ\i:Aﬂ\_\ the loss power is much higher. Particular
4 features of this regime are the very high central
giﬁe (1019 m-3) - ion temperatures=@0keV) and simultaneous
2 — | high electron temperatures (15keV). The

§§ T, (0) (keV) — neutr.on rate Per MJ stored energy is higher than
18/ a typical hot-ion H-mode, due to more peaked

0.8 Dy (V) profiles; this difference means it is not possible

O'SWMWWWMM to make a straightforward comparison of fusion
[ Neutron rate (101%/s) ¢ triple product B(0)teTi(0) between the two
o——1 | Lmode  Hmode 8 regimes since the relationship between triple

6.0 6.5 7.0 7.5 . .
Time (s) product and @;(equiv) depends on the ion

Figure 11: Time evolution of a high fusion yield puls@ressure profile shapes. There is no evidence

with shear optimisation (B= 3.4T; 2.5 < |, < 3MA) of impurity accumulation within the ITB,

with central H-minority ICRH and high power NBtypical values of average#= 1.6 having been

Injection observed. The role of ICRH (H-minority
scheme) in the high performance ITB + H-mode regime is quite similar to that in the hot-ion
ELM-free H-mode, discussed in section Il E; due to the particularly high therm@lirothe

centre, there is significant direct ion heating. Good agreement is obtained between the measured
neutron flux and computations based on plasma profile measurements using the TRANSP and
PION codes. As in the case of the hot-ion H-mode, the ion heating could be further optimised for
D-T performance by using multiple frequencies to reduce tail formation.

IV. ELMY H-MODE IN ITER-LIKE CONFIGURATION
A. Steady-state fusion performance

Steady-state ELMy H-modes have been obtained in large volume, moderately shaped
configurations whose geometrical parameters are similar to those of ITER. Steady-state fusion
yields and core plasma parameters approaching reactor-like values have been demonstrated in
the MKIIA divertor, as shown by the discharge in Figure 12. To be particularly noted are the
stationary values of neutron emission apjteT;(0) in the range 4-% 107 keV.m>.s , with

good patrticle control by the divertor leading to constant density and purity being maintained.
The discharge in Figure 12 achieves 8 @ERH93-P ELM-free scaling atyg= 2.5 and the

scaled thermal energy confinement time would therefore be within the margin required 6y ITER
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Neutron rate

B. Current and q dependence of ELMy H-mode confinement

The confinement in long duration H-mode phases lasting many confinement times has been
investigated systematically as a function of q and plasma current, including high current and
power cases, at the ITER relevant valuesgfrgthe range 2.3 to 3.5. These discharges, which
avoided the use of gas fuelling, typically achieved 50% of the Greenwald limit. The confinement
results, normalised to ITERH93-P, are summarised in Figure 13. They indicate that the ITER
confinement requirement is generally met & % 2.6, including high current discharges at
4MA. There does, however, appear to be some degradatigy<a? ¢, which is associated with

the appearance of large amplitude n=2 mode activity; this activity is a property of the low g
regime, as distinct from an effect of high current operation, since it affects the low current
discharges as well. The deleterious n=2 activity is not always observed; in similar experiments
with the MKI divertor such events were observed only rarely and therefore the problem is not
considered to be fundamental although it might point to the need to avoid particular ranges of
low edge q values.
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Figure 12: Time evolution of a steady-state ELMyrigure 13: Normalised confinement time relative to
H-mode at high current atyg= 2.5 ITERH93-P scaling (kb) plotted versusdj for steady-

state {y > 317z) ELMy H-modes. The solid symbols
represent discharges which were affected by strong n=2
MHD mode activity

C. Dimensionless parameter scaling of ELMy H-mode

ELMy H-mode confinement has also been studied by establishing the dependence on key
dimensionless parameters which relate to the fundamental transport processes at work. In
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particular, normalised larmor radipg$ ([ T1/2/Ba), collisionalityv* ([ nT/Bz) andp have been

varied such that* and 3 reached their ITER values whi& was varied to within a factor of 3

of the ITER value. As far as possible, the discharges were carefully designed such that the
dimensionless parameter scans were orthogonal and only one parameter was varied at a time,
with 3 <p*/p*1Ter < 7, 1.0 */v* 1g.r < 2.8, and 1.0 By < 2.2. The purpose of this approach

is to elucidate, in particular, the size scaling of confinement in the ELMy H-mode frgom the
dependence in order to provide a firmer basis for the extrapolation to ITER. In order to satisfy
the dimensionless parameter constraints the density was varied in a range which corresponds to
70%-80% of the Greenwald limit in these experiments. The results of the study are shown in
Figure 14 by comparing the experimental variationgf \Bith that predicted form ITERH93-P

scaling law which can be re-written in terms of the dimensionless parameters as follows:

BTe(ITERH93-P) [0 p* 27, y* 028 g2 @

The experimental data of Figure 14
support thep* and v* dependence of
ITERH93-P but B appears to have a very 1
weak B dependence in contrast to tige
degradation implied by the scaling law. This
can be considered as a favourable result quE
ITER. The p* dependence implies that them
dominant transport process is close to gyro-
Bohm in nature, since the latter implies a

T

3 . . m (3 (scan)
p* “scaling. The ELMy H-mode discharges v (scan) ¢
. . .. V¥ p* (scan) 3
in these experiments had low radiating ol 1 L g
fractions; in N gas-seeded ELMy H-modes the Bt !
ITER H93-P

confinement degraded at high radlatln1g—igure 14: Normalised confinement time, expressed as

fractions and no longer followed gyro-Bohrr]BTE . plotted Versus Breiga.p. Three scans gf* are
p* dependence and this result indicates the neggbwn as solid triangles, squares and circles. A scan of

for further development in this af’e%_ B is indicated by crosses andwi scan by diagonal
crosses

V. SUMMARY OF CANDIDATE SCENARIOS FOR D-T OPERATION

In order to satisfy the performance objectives of DTE1 scenarios with high D-T fusion power
production are required in which the electron power balance is changed sufficienbakycle
heating to facilitate detection. The ELM-free hot-ion H-mode is, at present, the most extensively
investigated regime for maximum fusion power production in JET. At up to 17MW NB heating
power the D-D fusion performance in the MKIIA divertor is very similar to that obtained previously
in the MKI configuration at the same NB power. Therefore, when full NB power is available it is
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expected that similar performance to the best results from the Mkl campaign will be obtained.
D-T projection§ based on the best MKkl discharge indicated $h&aOMW D-T fusion power

should be achieved under the assumption that the target plasma deuteron content is replaced by
50:50 D:T and the 140kV deuterium beams from one of the two NB injector systems are replaced
by tritium beams at the same power and voltage. On the basis of a simple transient definition of
fusion amplification factor Q in which the absorbed additional heating powg) ifiinus the

rate of change of plasma stored energy (dW/dt) appears in the denominator of the term for the
thermal fusion power, the best Mkl campaign discharge translatgstedRiv)= 1 even without
correcting for the-particle heating contribution itself. This means that10MW is predicted

for Py,s= 16MW and dW/dt = 8MW. In cases where the input power was stepped down to the
loss power quasi-steady conditignasting for 1s were achieved in whichh{Qequiv) > 0.8

would be maintained on the above definitiog{P 6MW for P,,;= 8MW and dW/dt= 1MW).

It is arguable that quasi-steady conditions will be most favourable for deteetiegting since

the auxiliary heating contribution to the electron power balance will be minimised whilst high
confinement is maintained, in contrast to power switch-off experiments where the heating is
turned off completely. ThesepQ(equiv) projections can be regarded as pessimistic since the
NB power will be increased by 4MW to 24MW when the 140KV injector is operated in tritium,
and the D-D neutron yield shows @Bﬁ’dependence. In addition, supplementary ICRH has now
become established as a reliable method for further increasing the neutron yield, and analysis of
the D-D results indicates that a significant part of the improvement is thermonuclear in origin.
The ITB + H-mode with optimised current profile is established as a competitive alternative
candidate for maximum fusion performance in D-T, but to date there is less operational experience.
More development, including further optimisation of the current rise and heating waveforms,
use of non-inductive current drive (LHCD + phased ICRH), and optimisation of the H-mode
through plasma shaping are all foreseen as potential methods to increase the performance and
duration of the enhanced confinement phase. Finally, in D-T the ITER-like ELMy H-modes will
allow a high fusion power demonstration and provide direct experimental information on the
isotope dependence of ELMy H-mode confinement and power threshold. Systematic
dimensionless parameter scans similar to those described are also foreseen in 50:50 and tritium-
rich plasmas in order to assess the explicit mass dependence which is needed for reliable
extrapolation to ITER operation.
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