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ABSTRACT

High power combined NB+ICRF (H)D heating experiments have been carried out in the JET
MKIlla divertor configuration, both in deuterium (DD) and in deuterium-tritium (DT) plasmas.
Results from a wide range of RF injected power, up to 9.5 MW, NB power up to 22 MW, plasma
currents, up to 4.2 MA, and toroidal field values, up to 3.6 T, show a clear improvement in
electron temperature, DD reactivity and stored energy with respect to NB only discharges. High
energy Neutral Particle Analyser (NPA) data show that acceleration of the NB injected Deuter-
ons takes place at the second harmonic deuterium resonance. This is confirmed by numerical
simulations with the PION code. Experiments have also been carried out in ?)rIB idating
scenario. ICRF heating has been an essential ingredient in the DT experiments in the ELM-free
Hot-lon regime, contributing to the achievement of a record fusion power of 16.1 MW and a
record stored energy of 17 MJ.

1. INTRODUCTION

Experiments in Hot-lon ELM-free H-modes have long been carried out at JET [1]. High con-
finement and DD fusion performance have been achieved transiently in this regime using Neu-
tral Beam (NB) Heating. During the Preliminary Tritium Experiment (PTE) significant DT fu-
sion power was first produced in an ELM-free plasma [2].

Already during the pre-PTE experimental campaign increased neutron yield was observed
with combined NB and lon Cyclotron Resonance Frequency (ICRF) heating [3]. In the MKI
divertor configuration promising experiments were carried out, which showed improved con-
finement and performance when using ICRF to supplement NB heating in ELM-free H-modes
[4], in particular in combination with Current Profile control by Lower Hybrid Current Drive
(LHCD) [5,6].

The properties of ELM-free Hot-lon H-modes with combined NB+ICRF heating have
been further explored in deuterium (DD) plasmas in the MKlla divertor campaign at high plasma
current of 3 to 4.2 MA and high toroidal field of 3.4 T to 3.6 T, with total power up to 25 MW.

Despite its transient character, the Hot-lon ELM-free H-mode has been viewed in JET as
the most promising route for the Deuterium Tritium Experiments (DTE1) to achieve high DT
fusion power and transient Q, thereby allowing the study of alpha particle heating [7] and Alfvén
Eigenmode stability. ICRF heating has been an essential ingredient in the DT experiments in the
ELM-free Hot-lon regime, contributing to the achievement of a record fusion power of 16.1
MW and a record stored energy of 17 MJ [8].

Most of the experiments described in this paper have been carried out using ICRF tuned to
fundamental hydrogen minority resonance, coinciding with the second harmonic deuterium reso-
nance (&cp), close to the plasma center. In this (H)D scenario with ICRF only, absorption by
the hydrogen minority is dominant ; the resulting fast ion tail, which is well confined for the JET



plasma parameters, extends well into the MeV energy range and provides mostly electron heat-
ing by collisional transfer to bulk electrons.

Absorption at the higher cyclotron harmonics, which strongly depends on the perpendicu-
lar velocity of the resonating particles, becomes significant in plasmas with an existing fast ion
population, e.g. with NB injection, or with high bulk ion pressure [9,10]. Both these conditions
are satisfied in the Hot-lon regime, hence a significant amount of RF power is expected to be
absorbed at@.p, providing direct bulk ion heating, acceleration of the injected NB ions and
increased DD reactivity. Damping abg, has also been used in JET in the Optimised Shear
Regime to achieve record DD fusion performance [11]. In TFTR core ion heatingah&s
been demonstrated in DT supershots plasmas [12].

The extent to which the high energy tail provides bulk ion or electron heating is governed
by the ratio of the typical energy of the tail to the critical eneggEdefined as the energy at
which the collisional rate of fast particle energy transfer is the same for background electrons
and ions [13]. lon heating is privileged by minimising the resonant fast ion tail acceleration. The
deuterium tail energy has been varied in the ELM-free Hot-lon regime by splitting the ICRF
power amongst up to 4 different frequencies, thereby spreading the resonance over a 30-40 cm
region covering the plasma center and the low field side. Both operation with a single frequency
(monochrome) and multiple frequencies (polychrome) will be discussed in the paper.

The results of experiments using different heating scenariog)[II-Md 9% harmonic
tritium in DT plasmas, will also be presented and compared with the standard (H)D and (H)DT.

The paper is organised as follows. An overview of the combined heating experiments in
ELM-free H-mode in deuterium plasmas is presented in section 2, while in section 3 the high
power experiments in DT are summarised. Results of numerical simulations of both DD and DT
scenarios are discussed in section 4. Finally, summary and conclusions are given in section 5.

2. COMBINED HEATING EXPERIMENTS IN ELM-FREE H-MODE IN DEUTE-
RIUM PLASMAS

The ICRF system on JET has been designed to operate with a wide range of fundamental and
multiple harmonic scenarios, with the frequency band covering the range 23 MHz to 56 MHz;
each antenna consists of four independently phased straps, and there are four such antennas
installed in different toroidal positions [14]. The main technical problem for ICRF heating in the
ELM-free H-mode is the low coupling resistancg Rwer, for the same plasma-antenna dis-
tance, compared with ELMy H-mode or L-mode (fig. 1). However, the absence of ELMs and
large transients allows the plasma to be brought closer to the limiter, without degrading the
confinement, and the antennas to be operated at high voltage. Coupling Resistance feedback
control of the plasma-antenna was successfully used to maigtaih.B -2Q during the ELM-

free period, thereby allowing coupling of up to of 9.5 MW of ICRF power in difbtén)

phasing at 51.2 MHz (fig. 2).



3.8 MA/3.4 T NB+ICRH (dipole 52 MHz)
solid line  : Pulse No. 38195 with R¢ feedback
dashed line : Pulse No. 37781 without R¢ feedback
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In the paper the experimental data used are as follows : electron temperature from Elec-
tron Cyclotron Emission measurements, ion temperature profiles from Charge Exchange
Spectroscopy, line integrated electron density measured by a Far Infrared Interferometer, and
density profiles given by LIDAR Thomson Scattering.



2.1 (H)D heating scenario

The time evolution of the main plasma parameters of a NBI only and a NBI+ICRF ELM-free
Hot-lon H-mode in deuterium at 3.8 MAand 3.45 T is shown in fig. 4. Addition of ICRF to Hot-
lon H-modes results in increased core electron temperature, typically from 12 keV up to 14 keV
(fig. 5). For similar power levels the electron temperature profile is more peaked with mono-
chrome ICRF than with polychrome. An increase in core ion temperature, or the same ion tem-
perature for higher density, is also observed. This can be attributed to a combination of two
factors : firstly direct input from ICRF to the ion power balance, as will be discussed below, and
secondly the effect of increased electron temperature on the ion power balance. Simulations
with the TRANSP code [16] suggest that in the combined heating case ion-electron equipartition
Is substantially reduced, up to half of the calculated value in the NBI only case. The higher
electron temperature also translates into higher values of the critical ergrggativhich the
injected beam ions heat electrons and bulk ions at equal rate, typically for these plasmas in the
range of 200-250 keV, and therefore a higher fraction of ion heating with respect to electron
heating.
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The maximum stored energy reached at the end of the ELM-free phase is also increased
by the addition of ICRF, up to a record, for the Hot-lon H-mode in DD, of 14.5 MJ with 25 MW
of total heating power. The contribution to the stored energy from NBI and ICRF driven fast
ions is estimated to be up to 2 MJ at the beginning of the ELM-free phase2avid around
the peak of neutron emission for discharges with RF power abeveMW, for RF power
below 4 MW it is in the range of 0.5 - 1 MJ. TRANSP calculations indicate that the heat diffu-
sion coefficieni(es is similar to the NB only discharges. The total thermal confinement, normal-
ised to the ITERH93-P ELM-free scaling [17], is higher in NB+ICRF than in NB only cases
(fig. 4). This is in agreement with what has already been observed in MKI combined heating
ELM-free experiments [18] and in general in discharges with peaked rather than broad power
deposition profiles.

For comparable levels of total input power, discharges with ICRF show higher values of
Dqa and CIlI light in the main chamber, with increased ratio of carbon to deuterium recycling
(fig. 6). No significant differences are found in the recycling and impurity influxes in the divertor
region; the higher recycling is seen even at modest RF power levels, but appears to increase with
RF power. #40343 NB only
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used during the ELM-free phase of combined o}
heating discharges. This, in combination with? >
the already mentioned increase in recyclings 1
results in slightly higher edge density andv20
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------ Pulse No. 40343 (NB only - gas)
———— Pulse No. 40346 (NB only - no gas)
Pulse No. 40305 (NB+ICRF - gas)
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a given total input power the typical duration of the ELM-free phase appears to be reduced when
the proportion of ICRF to NBI power increases.

On the other hand, there is evidence that discharges with NB + modest ICRF (3-4 MW)
reach the terminating ELM event at higher values of stored energy than with NB alone, even
when the fast ion contribution to the diamagnetic stored enekgy M/taken into account.
Measurements of edge density, ion and electron temperature close to the position of the edge
transport barrier suggest that the maximum pedestal pressure, before the giant ELM, is higher
with NB+RF than with NB alone (fig. 8). A detailed analysis is in progress, but already numeri-
cal analysis, carried out both with the TRANSP code and with a simplified model for NB [20],
do not suggest significant differences in the fast ion population in the outer plasma region in the
two types of discharges. ICRF is not expected to contribute directly, either because of orbit
effects or because of interaction with NB injected ions, to the fast particle population in this
region [21].

In the standard Hot-lon ELM-free regime, high power is injected when sawteeth are al-
ready present; the occurrence of a large sawtooth late in the ELM-free phase leads inevitably to
a performance degradation which extends beyond the g=1 surface and it is often followed closely
by a giant ELM [22]. In the MKI divertor campaign it was found that Hot-lon ELM-free H-
modes with combined heating were mainly terminated by sawtooth activity, unless LHCD was



used to broaden the current profile [5,6,18]. The observation of sawtooth-free periods in Hot-
lon H-modes is not understood: equilibrium reconstruction with the EFIT code indicates that,
within the error bars, q(0) remains below 1 during the ELM-free phase. On the other hand, in
NB only discharges the fast ion injection energy does not seem to be sufficient for fast particle
stabilisation of the unstable internal kink mode. Calculations for MKlla high performance deu-
terium and DT discharges show, however, that a significant stabilising contribution can arise
from ICRF driven hydrogen ions [23], and it is found experimentally that discharges with mod-
est RF power exhibit good stability with respect to core MHD. In common with NB only pulses,
the high performance phase of these discharges terminate generally with a combination of exter-
nal kink modes, the so-called Outer Modes, and a giant ELM. As a result of the identification of
the Outer Mode as an ideal external kink, driven by the edge current gradient [24], a method for
mitigation of the Outer Mode by a continuous current ramp down at ~ 0.2 MA/s during the
ELM-free phase was successfully developed, and was used in all the experiments discussed in
this paper [19].

Measurements of magnetic fluctuation spectra, with up to 1 MHz sampling rate, indicate
that core localised Toroidal Alfvén Eigenmodes (TAE) can be excited during the high perform-
ance phase of combined heating Hot-lon ELM-free discharges [25]. These modes are thought to
be driven by trapped energetic ions with energies above 500 keV [26], which can be easily
produced by (H)D minority. An ICRF power threshold for excitation of AE modes has been
identified : discharges with 3 MW of RF power in polychrome scenario do not show the pres-
ence of TAE, which can however be seen above the 4 MW power level. In such conditions, the
amplitude of the AE decreases with time, until they disappear completely close to the peak of
performance [27].

Discharges with NB + ICRF are characterised by increased DD neutron yield (fig. 2) up to
5.2 x 10° neutrons/s, which is the highest DD yield ever achieved in the ELM-free Hot-lon
scenario. The scaling of DD neutron yield with 6

4 MKINB
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not obvious if and by how much the TAE ac- _ ,,Puise No. 38179 Pulse No. 38182
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Ttai U Picre Utsp / Mo ast; heretsp is the deuterium slowing down time angk43; is the meas-

ured fast deuterium density. For the two cases in fig 11, despite the fact that the vajggs of P
Otsp/ np rast@re similar, the measured tail temperature is clearly higher in the monochrome than
in the polychrome discharge. lon heating from collisional transfer from fast to bulk deuterons
should, therefore, increase when using polychrome operation at modest RF power levels.

2.2 (H€)D heating scenario

A limited number of discharges have been carried out using tﬁgﬂﬂieating scenario at 3.8
MA/ 3.45 T, with ICRF power ranging from 2 to 5 MW. Heating at the fundamentalede-
nance has long been explored in JET [29] and has recently been exploited in the DTE1 campaign
to generate bulk ion heating in ICRF only discharges [30].
RF theory predicts that minority heatinguate; should yield more ion heating than the
minority wy schemebecause the high mass and low mass to charge ratic efdtéd result in
less energetic minority tail and higher critical energy,f Unfortunately, as it will be discussed
later, the comparison with the (H)D scheme is complicated in the Hot-lon scenario by non-
negligible, ~40-50%, damping at &, which can also supply some direct and indirect ion heat-
ing. The (Hé)D heating scenario also suffers from a weak damping per pass and competition
from direct electron damping could be impor-  _____ Pulse No. 40346 NB
tant, especially in the high electron pressure  —— s No. 40404 N+RE (3D
conditions of the Hot-lon regime. O T
For the experiments described here com
parison of DD fusion performance with typi-g gi || Do Fse o a0sse (NB)

cal Hot-lon discharges is also made difficultz ww
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in the range 08 — 4 % ofthe density, and hence 5 Db neutron rate
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by the high level of DT neutrons, which con-£
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which has approximately the same total input power. Discharge #42434 A% He3 con-
centration. In the two combined heating cases electron and ion density and bulk ion temperature
are similar. At the beginning of the high power pulg@)increases faster in the (H)D case, and
the last sawtooth happens earlier ; such differences, although within the typical variability of the
ELM-free Hot-lon regime, may be a result of the different fast ion distribution. Towards the end
of the ELM-free phase the electron temperature profile appears to be more peaked if‘)lfhe (He
case, and J0) is also marginally higher. The high performance phase is terminated in both
cases by an Outer Mode, followed by a sawtooth and a giant ELM. The diamagnetic stored
energy W is higher by about 1 MJ in the (H)D case, which again is suggestive of a difference
in the fast ion component. The fact that the (H)D pulse has about 2 MW more of injected NB
power for the first 0.4s is probably significant in the light of the general experience with ELM-
free Hot-lon H-modes, but it is difficult to quantify in terms of its effect on performance.

Arough estimate of the DD neutron rate, taken as the difference between the total and the
DT neutron rate, suggests that DD reactivity is higher in the (H)D case by about 20 - 25 %.
Since the bulk ion pressure is very similar in the two discharges, the excess DD neutrons can be
attributed to acceleration of beam particleswd2

The NB case has clearly higher Ti(0) and DD reactivity and lower Te(0), but also much
higher NB power during the first 0.2s. The NB+ICRF case, however, shows a continuous in-
crease of ion temperature until the Outer Mode appears, while in the NB fQ)sgaiurates.

3. HIGH POWER HOT-ION ELM-FREE EXPERIMENTS IN DT PLASMAS

Following the positive experience in deuterium plasmas, ICRF was used in most of the deute-
rium-tritium (DT) experiments in the ELM-free regime [8].

The DT Hot-lon experiments were carried out first in the standard 3.8 MA/ 3.4 T scenario
and later at 4.2 MA / 3.6 T. For the first set of experiments, the same ICRF frequencies cases
were used as in the DD, while at higher field the full frequency range of the ICRF antennas was
exploited, using up to 57 MHz for (H)D and 37 MHz for tha-2 scenario.

In the high power discharges considered here the walls were loaded with ohmic and ICRF
heated pulses until the measured plasma mix was close to 50:50 DT. A DT continuous gas bleed
was also used, as in the DD discharges, although with a slightly higher flow. The standard
polychromatic hydrogen minority scenario at 3MW power level was used for most of the DT
experiments, but a combination of hydrogen minority d&fiti@&monic tritium heating at higher
RF power was also tried. For DTE1 one of the NB systems was converted to inject 100 % tritium
at up to 155 kV energy, while the second NB system injected 100 % deuterium at 80 keV. The
total NB power available was in excess of 22 MW, higher than in the DD campaign.
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in fig. 13. For the combined heating dischargezz 10r
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varies from 40 %, measured by thg Bnd Ty~ Fig.13: time evolution of plasma parameters for DT dis-

intensity at the plasma edge, to 50 %, as ind.iharges at 3.8 MA /3.4 T with NB only (Pulse No..4.2677)
and NB+ICRF (Pulse No. 42676). From top : additional

cated by Neutral Particle Analyser data. heating and DT fusion power, edggyDdiamagnetic
The comparison of the discharges is madored energy, central ion and electron temperatures.

difficult by the fact that the NB only discharge

suffers from a large sawtooth halfway through the high performance phase The analysis of the
stability of DT plasmas in the Hot-lon ELM-free regime with respect to core and edge MHD is
presented elsewhere [23], and there are indications that the fast ion population driven by ICRF
strongly contributes to stabilisation of sawteeth. The central electron temperature reaches 14
keV in the NB+ICRF case, before a degradation is observed coinciding with the appearance of
edge MHD activity ; in the NB case(D) recovers well after the sawtooth, reaching ~ 11 keV.
The central ion temperature is in the range of 23 keV for the NB+ICRF case and marginally
lower, ~22 keV, with NBI alone.

The diamagnetic stored energy just before the giant ELM is above 15 MJ in the combined
heating pulse and around 13.5 MJ with NBI only. The corresponding thermal stored energy is in
the region of 12 MJ in both cases.

A second set of NB+ICRF experiments at 4.2 MA/ 3.6 T was carried out, using the full
NB power available, ~ 22 MW, and taking advantage of the increased confinement and MHD
stability of the high current and toroidal field. A new record DT fusion power of 16.1 MW was
achieved, together with a record diamagnetic stored energy in excess of 17 MJ, with 25.4 MW
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4. NUMERICAL SIMULATIONS OF NB+ICRF ELM-FREE HOT-ION H-MODES

In parallel to the transport analysis with the TRANSP code, detailed simulations of DD and DT
discharges have been carried out using the PION code, which includes a self-consistent treat-
ment of RF damping and tail formation [9,31]. The code has recently been upgraded to deal with
polychromatic scenarios. The NB ion distribution, deuterium or tritium, is taken into account by
using the NB source rate profiles calculated by the CHEAP code [20] as function of time. In the
following, the full simulation, NB + ICRF, is compared with a simulation of an artificial NB
only case with the same plasma parameters of the actual discharge. This allows any direct ICRF
contribution to the ion power balance and the neutron yield to be isolated from the effects due to
increased electron temperature, which can be best assessed by comparison of actual NBI only
and NBI+ICRF cases. It is worth noticing that, because the electron temperature and hence the
critical energy kgt are typically higher in the ICRF heated discharges, the PION code tends to
overestimate the bulk ion heating in the simulation with NBI alone. As a consequence, the gain
in bulk ion heating computed by taking the difference between the PION simulations with and
without ICRF is somewhat underestimated.

For the cases considered here, the best match to the measured DD neutron rate is found for
hydrogen concentration in the regiorn2of 3 %, which is within the error bars of what is meas-
ured in the experiments.
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4.1 Deuterium plasmas with (H)D heating scenario

Pulse No: 40305 ICRF power absorption (PION code)

Both monochrome and polychrome scenarios
have been simulated, to assess the effect of
spreading the resonance on the power deposi-3'o
tion and, more specifically, on the power split ;5
between species.

For a typical polychrome scenario, theg *°
code suggests (fig. 15) that initially most off |
the power is absorbed by the hydrogen minor-
ity. With increasing bulk ion pressure a larger 1.0
power fraction, up to 40%, is absorbed by the os
deuteron population. Direct electron damping

Total ICRF coupled power

To Hydrogen

To Deuterium

Direct electron damping

increases with electron pressure and is typically - 56 30 35 a0
responsible fog 10 % of the ICRF power ab- Time (s)
sorption. Fig.15: time evolution and of ICRF power absorption,

. . computed by the PION code, for Pulse No. 40305
Most of the improvement in DD neutron

yield with ICRF is due to particles with relatively low energy, with only 5 % of the neutron rate
originating from energies above 150 keV (fig. 16).

The power absorbed by bulk ions or collisionally transferred from deuterium and, in a
lesser extent, hydrogen tail is found to be roughly 50 % of the injected ICRF power, with 66%
coming from deuterons. Since the power deposition is peaked on-axis, ICRF provides a substan-

tial, 0 30 - 35 %, contribution to the ion power balance in the plasma core (fig. 17).

Pulse No: 40305 t = 13.25: PION code
Collisional power transfer to bulk ions

3
NBI + ICRH
0.4
— "\ NB + ICRF
o)
—
X
= "NB only" — 0.3
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Y :
w 0.2 NBI Only
il
Z
LLIh‘O
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0 L ‘ ‘ ! g 0 \ \ \ \ 8
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E (keV)

Normalised minor radius (m)

Fig.16: calculated DD neutron yield (PION code) asFig.17: calculated collisional power transfer profile to
function of deuteron energy for Pulse No. 40305 clodmulk ions (PION code) for Pulse No. 40305 close to the
to the peak of DD neutron rate. The full NB+ICRF simupeak of DD neutron rate. The full NB+ICRF simulation
lation is compared to a fictitious NB only case (see textls compared to a fictitious NB only case (see text).
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In comparison to the monochrome scenario, use of different frequencies to spread the
ICRF power deposition yields results in a much reduced acceleration of the deuterium tail, a
reduction of 20 % in fast ion energy and an increase of 5 to 10% in the power transferred
collisionally to the bulk ions. A more detailed study of the differences between monochrome,
polychrome, high and low RF power scenarios is presented elsewhere [32].

Simulations have also been carried out with the TRANSP code for NB+ICRF Hot-lon H-
modes. As already mentioned, it is found that in the combined heating case ion-electron
equipartition is substantially reduced, up to half of the calculated value in the NBI only case. It
is more difficult to quantify differences in the NB ion heating fraction due to the increased
electron temperature, since ion heating already accounts for more than 80 % of the injected NBI
power and the observed variations in the range of 10% are well within the uncertainties of the
TRANSP modelling. On the other hand, it has to be noted that TRANSP does not have a self-
consistent model for ICRF absorption and evolution of the deuterium distribution function ;
hence, any enhancement of DD reactivity due to an RF driven deuterium tail is not taken into
account. Nevertheless, TRANSP results for these cases show good agreement with the meas-
ured neutron yield and stored energy, again suggesting that contribution from a high energy
deuteron tail is small.

4.2 Deuterium-tritium plasmas with (H)DT heating scenario

The overall physics picture of ICRF absorption and heating does not change substantially in
going from (H)D to (H)DT. Nevertheless, in deuterium-tritium plasmas other resonances appear
because of tritium and fusion born alpha particles, which could provide competing absorption
mechanisms. More specifically, the third harmonic tritium resonance and the second harmonic
alpha particle resonance coincide with the fundamental hydrogen and the second harmonic deu-
terium resonances. PION code calculations show, however, that such damping mechanisms are
negligible in the JET DT plasmas analysed in this paper.

The simulation of one of the highest DT fusion performance discharges, #42974 at 4.2
MA / 3.6 T, shows excellent agreement with the measured DT neutron rate (fig. 18) and the
diamagnetic stored energy, with the fast ion contribution due to RF accounting for 1 - 1.5 MJ.
The calculations indicate that, at the peak of performance, the non-thermal DT fusion due to RF
accelerated deuterons is of the orde2 of8 %.

As in the equivalent (H)D cases, ICRF power is initially absorbed almost exclusively by
the hydrogen minority. By the end of the ELM-free phase, absorpties-gieZcounts for ~ 1.0
MW. Due to the increased electron pressure with respect to the DD cases, direct electron absorp-
tion via Electron Landau Damping (ELD) and Transit Time Magnetic Pumping (TTMP) is in the
region of 0.5 MW or 15 % of the injected RF power. The partition of the power damping and
collisional transfer to bulk ions and electrons is shown in fig. 19, highlighting the substantial
contribution due to ICRF to the bulk ion input power.
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_Pulse No: 42968

4.3 Deuterium-tritium plasmas with mixed
(H)DT and 2wt heating scenario

The PION calculation for the mixed (H)DT +

2wt scenario indicates that most of the power
tuned to the tritium resonance is absorbed d'g
rectly by bulk electrons via ELD + TTMP. Only —
about 1 MW, out of 2.5 MW, is absorbed by |
tritons at the second harmonic resonance (fig. ‘
20), with a negligible non-thermal contribution e

PeLorrmme (20c1)

¥

to the DT reactivity. T———
o PELD/TTM‘P (20cr) g
In total roughly 70 % of the ICRF power 13 ‘ 13 ‘ 14

Time (s)

applied at &t is calculated to be transferred
Fig.20: time evolution of ICRF power absorption (PION

to bulk electrons, either throth EI‘D-I-T-I-MPcode) and power partition between different species for

or collisionally from the triton distribution. DT Pulse No. 42968, with mixed (H)DT andZT ICRF
heating scenario.

5. SUMMARY AND CONCLUSIONS

Following promising results during the pre-PTE and the MKI divertor experiments, an exten-
sive series of combined NB+ICRF Heating experiments in ELM-free Hot-lon H-modes has
been carried out during the deuterium phase of the JET MKIlla Divertor campaign. Up to

15



25 MW of total power were injected into single-null divertor plasmas with plasma current up to
4.2 MA and toroidal field up to 3.6 T. Most of the experiments were carried out using the (H)D
heating scenario, either with single (monochrome) or multiple (polychrome) resonance posi-
tions; the (H%)D scenario was also tested.

The addition of ICRF results in increased core electron and ion temperature and stored

energy, up to a record of 14.5 MJ. The addition of ICRF enhances the DD fusion yield by up to
30%, extending the DD neutron yield for ELM-free Hot-lon H-mode to 5.2'%ridutrons/s.
For moderate RF power, up to 3 - 4 MW, fusion performance scaling with input power and
stored energy is equivalent to that with NBI alone. Discharges with modest RF polychrome
power, show increased sawtooth stability in comparison with NBI only cases, and terminate
with a combination of external kink modes and a giant ELM.

Simulations with the PION code indicate that up to 40% of the ICRF power is absorbed at
the 2ocp resonance by bulk and NB ions. Experimental confirmation of the presence of a Deu-
teron tail above the NB injection energy is provided by High Energy NPA data. Tail acceleration
is minimised by polychrome operation, with a reduction of 20 % in fast ion energy and an
increase of 5 to 10% in the power transferred collisionally to the bulk ions with respect to
monochrome cases. ICRF power provides a 30 - 35 %, contribution to the ion power balance in
the plasma core.

ICRF has been used in all but one of the 8 high power DT discharges in the ELM-free Hot-
lon regime. The addition of ICRF power at tha-2 resonance produced mainly electron heat-
ing and did not raise the fusion performance, but use of ICRF at the (H)DT scenario contributed
to the achievement of a record DT fusion power of 16.1 MW and stored energy of 17 MJ.

The good agreement found between the experimental data and the simulations with the
PION code indicates that we have a correct theoretical picture of the overall role that ICRF
heating plays in the Hot-lon ELM-free H-mode regime. The analysis of the (H)D heating sce-
narios has once more highlighted the complex interplay between absorption at the fundamental
resonance and at higher harmonics with a pre-existent resonant fast ion population, in our case
the injected NB deuterons. It has also demonstrated that ICRF heating can make a substantial
contribution to the power input to the bulk ions in the plasma core.

In the MKIla campaign progress has undeniably been made in the use and optimisation of
ICRF heating in the Hot-lon ELM-free regime, but several problems still remain open. In par-
ticular, in order to exploit the full power capability of the ICRF plant a method has to be found
to apply higher power while avoiding increased recycling and without compromising sawtooth
stability. One solution may lie in thorough high power conditioning of the ICRF antennas and
careful tailoring of the time evolution of the applied ICRF power. The power could, for exam-
ple, be limited at the beginning of the ELM-free phase and increased only later, once the bulk
ion pressure has increased. A second route could be the use ofablﬁbr(emmg scheme. This
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method, which could provide more bulk ion heating than the (H)D scenario, is severely power
limited in the frequency range needed for operation at 3.4 T, but at higher values of toroidal field
the frequency necessary, 37 - 42 MHz, would allow injection of substantially more ICRF power.
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